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The report describes an investigation into the fretting-fatigue and
fretting wear of two materials: Ti-6Al-4V, of which ther:a were two
supplies from different sourcses - IMI and AMMRC, and Inconel 718 supplied
by AMMRC. Tests were carried out in normal air at temperatures up to |
600 C in the case of the IMI Ti-6Al-4V, and up to 700 C in the case of |
the Inconel 718.

\[/ SUMMARY |
|
|

The main findings are as follows:

(1) The plain fatigue strength, the fretting-fatigue strength, and
fretting wear of Ti-6Al-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 (IMI 318) is reduced
slightly as the temperature is raised from room temperature to 500 C.
This reduction is thought to be due to the deterioration in the
fatigue strength rather than any specific effect on the fretting H
behaviour. |

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

e

(5) The plain fatipue strength of azed Inconel 718 rose by a factor of k
1.2 as the taemperature was raised from room temperature to 540 C. At ;

700 C creep interfered with the tests. |

|

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

f

{

(7) The fretting~fatigue strength of aged Inconel 718 was not altered by |
increasing the temperature from room temperature to 280 C, but was F
increased by a factor of 2.1 as the temperature was 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.,

e oo

(9) The fretting wear of aged Inconel 718 showed a marked decrease at a
slip amplitude of 40 pm at 280 C and at all slip amplitudes at 540 C
compared with the wear at room temperature and at 280 C at 10 um
slip amplitude. The changes were mirrored in a reduced coefficient
of friction.

(10) The improvement in fretting-fatigue strength of aged Inconel 718 at
540 C and 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. At 540 C the glaze oxide forms at all amplitudes
of slip, but at 280 C the glaze oxide only forms at slip amplitudes
greater than 20 to 22 um.
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1. Introduction

Complex machines comprise a large number of separate components in con-
tact with each other. If the machine is subject to vibration or if certain
of the parts arc cyclically stressed it is possible that periodic small
relative movement typical of fretting will occur at areas of contact unless &
this has been foreseen and overcome in the design. The result of fretting '
is the production of wear debris which if it escapes can lead to loss of
fit and may also initiate wear in other parts of the machine. A more ‘
serious consequence is the initiation of fatigue cracks which may propagate
causing failure of one of the components. Fatigue strength reduction
factors of between 2 and 3 are common where fretting is concerned, and thoy
tend to be higher for the high strength materials. In the authors'
experience with a wide variety of materials from high strength steels to
titanium alloys the fatigue strength at 107 cycles at room tenperature when
frotting is present is usually in the region of 150 MN/m? although the UTS
may be between 800 and 1200 MN/m? (1,2). In practice surface treatments
are applied to overcome the problem if it cannot be dealt with at the design
stage.

S —————

At clevated tomperatures in oxidising atmospheres oxide films on metal
surfaces grow to greater thicknesses and generally have good protective
properties where they are not unduly stressed. The suggestion has becn
made that they may constitute an effective surface treatment in reducing
the effects ol fretting (3). There is some evidence that fretting wear is
reduced on mild steal as the temperature is raised to 500 C (4,5,8), but
there is little information on the fatigue behaviour of materials at high
temperatures in the presence of fretting.

The most inportant components in a gas turbine engine are the rotor
discs and the turbine blades attached to their peripheries which operate
at temperatures up to 600 C in an oxidising atmosphere. The blades are
fixed to the disc by dove-tail or fir tree roots and therefore involve
contact in this region. Vibration in a rotating disc is a common
experience 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 fretting is also possible under the bolt heads. Initiation of
fatigue cracks in the disc at thesce areas can lead to catastrophic failure of
the disc. With these considerations in mind and with the peneral absence of in-
formation on hirh temperature fretting—iati ue the following investijaticn was
carried out on two alloys, Inconel 718 and Ti=tAl=-4V, which are of interest in
these applications.
2. Plan of experiments
2.1 Introduction

As one of the main objectives of the present investigation is to study
the effect of fretting on the fatigue properties of two alloys, i.e.
Ti=-6Al=4V and Inconel 718, and how this eftect changes with temperature, o
series of fretting fatigue tests as well as plain fatigue tests have been
conducted to try and clucidate the mechanisms of fretting fatigue. Also,
to obtain a better understanding of the processes occurring during frettin:
tatigue it has been decided to carry out a further series of fretting wear
tasts,

2.2 Choice of variables for fretting fatigue and plain fatigue tests

There are two series of experiments, the first was performed to
construct fretting {atigue curves, and the second was conducted to obtain [
plain fatigue curves in the absence of fretting. ‘

The experimental schedule given in Fig. 1 summarises the plain
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fatigue and the fretting fatigue tests carried out, Details of the
testing conditions are given in Table 1.

Number of cycles to failure and amplitude of slip were chosen as
dependent variables, whereas mean stress, alternating stress, clamping
Dressure, test temperature and micyustructure were choseén as independent
variables.

Materials

Two different batches of Ti~6Al1-4V alloy have been used in this
series of tests, having two diffarent microstructures and mechanical pro-
pertics, The first batch was supplied by Army Materials and Mechaniss
Research Center, U.S.A., and the second onra was supplied by Imperial Metal
Industries, U.K. The first will be referred to as AMMRC and the latter as
IMI 318 in the present investigation.

One batch of Inconel 718 alloy, supplied by Army Materials and
Mechanics Research Center, has been tested in the aped 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 varying
the microstructurc.

The mean stress for the fretting fatigue tests at all testing tempe-
ratures and for plain fatigue tests at 600 C conducted on IMI 318 alley
was 247 MN/m2. It was found impossible with the abova conditions to
obtain fatigue curves in the absence of fretting at any of the temperatures
below 60C C, For this reason, the mean stress was increased to enable
plain fatigue curves tu be obtained. An adjustment for the fatigue
strength has been made to enable a comparison between2the fatigue and
fretting fatigue results at 2 mean stress of 247 MN/m”.

The mean stress for the plain fatigue and fretting fatigue tests con-,
ducted on Ti-6Al-4V alloy (AMMRC) at all testing temperatures was %00 MN/m“,

The mean stress for the plain fatigue and fretting fatigue tests
conducted on Inconel 758 alloy at all testing temparatures in the annealed i
condition was 256 MN/m“, but increased to 550 MN/m“ in the aged condition,

Testing temperatures for Ti-6ALl-4V alloy (IMI 318) werevaried from
room temperature tu 600 C. Four tamperature levels were used, i.g. roem
temperature, 200, 400 and 600 C (273, 473, 673, 873 K). Testing tempera-
tures for Ti-6Al-4V alloy (AMMRC) were room temperature and 100 € (283 and
373 X). Testing temperatures for Inconel 718 alloy in the aged condition
were varied from rcom temperature to 700 C. Four temperature levels were
used in the present investigation, i.e. room temperature, 280, 540 and
700 € (293, 553, 813 and 973 K). For Inconel 718 allov in the annealaed
condition tests have been conducted at rocm temperature and 600 C (293
and 873 K). It should be pointed out that 600 C for the titanium alloy
and 700 C for Inconel 718 alloy are above the maxinum temperatures at
which they would normally be used. However, they were chosen to give a
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 failure in this range of 100,000 to 10 million cycles.

The clamping pressure has been chosen to be 32 HN/m2 for all the
fretting fatigue tests.
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2.3 Choice of variables for fretting wear tests

Many fretting wear tests have been conducted using such contact sur—
face configurations which gave very small initial contact area at the
start of the test compared to the final contact area at the end of the
fretting test. Moreover, the normal contact loads applied in those tests
were small., 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 some cases this ratio
ranged between 250 and 750. Consequently, a large portion of the test
duration, possibly more than 50% of the test duretion, was run at very
low nominal mean contact pressure far away from the presumed value.

For this reason, and because it was decided to use such cuntact
surface configurations in the present investigation, i.e. hemispherical ended
rider on flat surface; the first series of tests was carried out using
different radii for the hemispherical end of the rider and fixing all the
other variables. The objective cf this series of tests was to determine
the optimum radius of the hemispherical rider which would give the minimunm
ratic 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 as near as possible to the required
tost pressure. Alsu as a result of these tests it was possible to determine
the normal load to be used in the subsequent tests, These preliminary tests
have been ccnducted on Ti-6Al-4V alloy (IMI 318)%

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

Due to shortage of material tests were only conducted on Ti-8Al-4V
alloy (AMMRC) in the as-received condition and Inconel 718 alloy in the
aged condition.

To correlate fretting wear results with those in fretting fatigue
some of the variables in the fretting wear tests were chosen tu be the same
as those found in the fretting fatigue tests. So, the frequency in the
fretting wear tests was SO Hz., As the slip amplitude value (peak to peak)
in the fretting fatigue tests varied between 10 and 36 um, Table 2, it was
decided to use two levels for the amplitude of slip, i.e. 10 and 4C um.

The testing temperitures for Ti-6Al-4V (AMMRC) was rcom temperature and
100 € (293 and 373 X) and for Inconel 718 alloy room temperature, 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
fretting 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@bar of fretting cycles chosen for the titanium alloy was
105 and 3.5 x 10 cycles and for Inconel 718 alloy was 8 x 10% and 106
cycles. To gain some knowledge about the prucesses involved in the early
stages of fretting tests, additional tests have been conducted for 6000
cycles.on both materials,

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

2.4 Data collection

Data were obtained through experiments for the above mentioned

3.
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variables. Observations between the dependent variables and the indepen-
dent ones were conditional, i.e. data were recorded for variations in one
independent variable while other independent variables were kept constant.

3.  Experimental equipment and specimens
3.1 Introduction

As it was decided to conduct two different types of test in the present
investigation, i.e. fretting fatigue and fretting wear tests, two completely
different arrangements werc prepared.

8.2 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 dynamometer

2. Furnace

3. Temperature measurement and control arrangement
4. Fretting fatigue device

5. Specimen and bridges.

The detail description of these elements is given below.
3.2.1 TFatigue testing machine and dynamome ter:

The fatigue testing machine used for this investigation is the Avery
Midget Fulsator, a push-pull machine.

The components of the machine are assembled on a rigid cast iron base.
The machine is driven by an olectric motor. The motor drives an eccentric
with an adjustable throw, linked in turn by means of & connecting rod to an
elastic leaf spring which transfers, via a moving headstock, the alternating
load produced to the specimen. The value of the alternating load can be
varied, according to requirements, by adjusting the driving motor eccentric.

The specimen is secured by suitable grips at one end to the moving
headstock and at the other to the dynamometer. The latter comprises an
elastic steel ring and a reading microscope. The amount of load being
applied at any time is indicated by the amount of dynamome ter deflection.

The deflection is indicated by a marrow band of light which is superimposed
on a2 magnified graduated scale within the microscope. A calibration chart
supplied with the machine allows the microscope re~ding to be converted into
actual load units. A calibration curve h-s been done on a Mayes testin;
machine and it was found that the difference between tie obtained calibration
and that of the supplier is only about 0.5%,

The dynamometer is secured to a crosshead which can be c¢isplaced along
the machine base by weans of a screw and crank mechanism. This device
allews the application of a constant static pre-lcad, either tensile or
compressive, and furthermore, allows the accommodation of specimens of
widely differing lengths,

An automatic cut-off switch is incorporated adjacent to the moving
headstock and this will operate if a specimen breaks.

The indication of the number of reversals of load apvlied to a specimen
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is indicated on a counter which is mounted on the driving moter at the
rear of the machine.

The specifications of the machine are as follows:

Maximum load 3000 N
Maximum pulsating load 1500 N
Minimum pulsating load 110 N
Motor specd 300Q rpm

J.2.2 Furace:

A furnace has been constructed tuv surround fatigue specimens being
tested in the Avery push-pull fatigue testing machine with fretting bridges
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 to its axis to accommodate
the specimen and bridges. The furnace is split longitudinally into two
halves., The furnace has a radial hole at the midway of its length which
is perpendicular to the first hole. The radial hole is used to accommcdate
the prongs of the proving ring which hold the bridges against the specimen.

Figure 3 is a schematic dwawing of the furnace and Plate 2 is a phote-
graph of the furnace assembly with the top half removed, showing the speci-
men with the bridges clamped on to it by means of the proving ring.

The furnace is heated by means of twc resistance elements in each half
of the furnace. The four heating elements are made of Ni-Cr alloy and are
connected in series to give an ocutput power of 1 kW.

The two halves of the furnace are tightened together with four
tightening screws. The outside dimensions of the furnace are:

110 mm diameter and 90 mm length

Initially, the furnace main cutside body was made from sindanyo (heat
insulating material) backed with heat insulating wool, while the inside
surface and the two flat faces of each half c¢f the furnace were made uf
stainless steel sheet. Careful temperature surveys in both longitudinal
and radial directions revealed 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 the results of the temperature surveys after
improvement .

The furnace is supported by an adjustable support which allows its
position with respect to the specimen when the latter is clamped on the
machine to be adjusted in such a way that no contact exists between the
specimen or the proving ring prongs and the furnace.

8.2.3, Temperature measurement and control arrangement:

Initially the arrangement used was as shown in Fig. 8. The thermocouple
is chromel-alumel which is inserted in the furnace so that the hot j.nction
is very near to the left-hand foot of the fretting bridge. The induced emf
from the thermocouple is recorded by a temperature measuring recorder
(Speedomax). The terminals of the thermocouple are also connected to a
control unit to cut off the electrical power supplied to the heating elements
of the furnace when the specimen reaches the test temperature. Also there
is a cut-off switch superimposed over the automatic cut-off switch of the

et it
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fatigue testing machine and this will operate if a specimen breaks to cut
off the electrical power supnlicd to the heating clements of the furnace.

Unfortunately, this arrangement suffered from a fluctuation in the test
temperature. For example, when the control taemperature was adjusted to 300 C,
the recorded temperature (f the specimen fluctuated batween 250 and 350 C.

Accordinglv, a modification has been introduced in the arrangement. The
new arrangement is shown in Fipure 9. The mudification consists of:

1. Usin; two thermocouples . one for temperature control which is
located radially at the midway of the furnace length with the
hot juncticn as near as possible to the heating element, while
the second thermocogple records the temperature of the specimen.
2. Using a variac which controls the input voltage to the furnace to
suit the testing temperature.

This mudified arrangement reduced the fluctuation in the test tempera-
ture to ¥ 1 C for Cifferent test temperatures ranging from room temperature
up to 400 C, and t 2 C for temperatures above 400 C.

The temperature recording instrument was calibrated using a millivolt
potenticmeter. An emf corresponding to a certein temperature was applied
to the Speedomax and the Speedomax reading was recorded. This step was
repeated at Jdifferent temperatures. The emf vs temperature table was takenp
from the National Bureau of Standards, Circular 561, Imf is expressed on
the international temperature scale of 1948, The table used is for refe-
rence junction 0 C, so a compensation for rcom temperature was made berfore
starting the calibration. The calibration resulted in the following
relationship:

Recorded temperature = 0.996384 x true temperature + 4.7
where the two temperatures are in degrees centigrade.

3.2.4, Fretting fatigue device:

The fretting fatigue device is shown in Plate 3. The fretting was pro-
duced by clamping a pair of bridge pieces 19 mm in length and 3.5 mm wide,
each having two feet of dimension 1.5 x 3.5 mm (Fijure 10) which were
machined from the same material as the specimen and had the same heat treat-
ment condition, and were given the same surface finish on the gauge length
of the specimen. The bridyes were clamped on to the prepared flats of the
specimen by means of a proving ring, The clamping, load was applied by means
of screwed prongs along one diameter of the ring and measured by the
resulting contraction of the perpendicular diameter. Steel balls pressed
intc the outside of the ring at either end of this perpendicular diameter
served as measuring peints for a micrometer. Plate 3 shows the proving ring
with the prings holling the bridges on to the specimen.

Since the proving ring was located cutside the furnace it was made c¢f
mild steel, but the prongs were inserted inside the furnace and therefire
they were made of creep resistant material - Nimonic 90 alloy.

wWhen the specimen was stressed by a sufficiently hich altermatinc load,
tangential movement between the bridge feet and the flat surfaces of the
specimen results, which produces the frettin;; acticn.

The proving ring was calibrated with dead weights and its diameter was
measured, The results are shown in Fijgure 1l. The calibration showed a
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linear relationship between applied load and the proving ring diameter
as follows:

D = Do + 0.00372 - 0,0005789 P

where D * ring diameter at room temperature and zero load in mm.
D = ring diameter at load P, mm
P = clamping load, N

3.2.5 Specimen and bridges
3.2.5.1 Specimens:

The specimens are machined from 4.76 mm diameter rod and they have a
length of 150 mm. The centre portion of the specimen, as shown in Plate 3
and Figure 12, has two parallel flats machined on it of 28 mn minimum
lenth, reducing the thickness over this section to the following values:

1.56 mm for all Ti-6Al-4V (IMI 318) fretting fati,ue specimens and
600 C fatigue specimens,

0.7 mm for Ti-6Al-4V (IMI 318, fatigue specimens tested at room temperature,
200 C and 400 C,

0.8 mm for Ti-6Al-u4V (AMMRC) fatipue and frettiny fatigue spocimens,
0.5 mm for all tests conducted on Inconel 718 alloy (aged conditicn),
1.6 and 1 mm for all tests conducted on Inconel 718 alloy (anncaled

condition).

The ends of the flats are given aS0 mm radius to aveid abrupt change
in section. The ends of the specimen are threaded to secure it in the
grips of the machine.

Due to the shortage in the materials some of the room temperature
Inconel alloy 718 and Ti-6Al-u4V alloy (AMMRC) have been made with the flat
portion = 12 mm in length and the cverall length was 92 mm.
3.2.5.2 Bridges:

A description of the bridges has been given in Section 3.2.4.

3.2.5.3 Specimens and bridres material:

It was decided to fret bridpes against specimens of the same material.
Also the bridjes hal the same heat treatment and the same surface finish
as those of the specimen.

The materials used in this investigation were Ti-6Al-4V and Inconel
&lloy 718 >

3.2.5.3.1 Ti-6Al-u4v

This a - B titanium alloy was supplied by two suppliers: 1) Imperial
Metal Industries (Kynoch) Ltd. (Birmingham), commercially known as IMI 318
2) Army Materials and Mechanics Research Center (AMMRC), both of them in
the form of 9.5 mm and 4.7 mm diameter rods, the chemical analysis of
which is:




IMI 318 was

(AMMRC) was in the § worked condition.

Weirht %
Element 9.5 mm 4,7 mm

Al 6.35 6.47
\% 4,24 W15
Fe 0.08 0.05

0.003 »

0,17 <0.2 |
23 balance

in the hot rolled and annealed condition and Ti-6Al-4V

IMI 318 Ti-6A1-4V (AMMRC) E
|

Ultimate tensile strength® 1037 MN/m2 1126 MN/m2

0.2% proof stresst 966 MN/m? 1015 MN/m® |
Elastic modulus 106 x 103 MN/mQ 106 x 103 MN/m2 ii
Poisson's ratio 0.361 0.361 j
Hardness® 321 VHN 336 VHN ﬁ
Density 442 g/em’ 4,42 g/cn® “
Elongaton in 25 mmt 20.6% 20.2% 5
Reduction in area® B7.4% L6% |

NOTE: ®Experimentally determined.

Plates 4a-d show

microstructure of Ti=6Al-4V (AMMRC) in the as received condition.

3.2.5.3.2 Inconel alloy 718:

<

the micrustructure of the IMI 318 while Plates 5a-d show

This is a nickel-base alloy which was supplied Ly Army Materials and
Mechanics Research Center, Watertown, Massachusetts, U.S.A., in the form of
9.5 mm and 4.7 mm diameter rods, the nominal chemical analysis of which is:

Element

Ni (plus
Cr
Fe
Nb
Mo
T
Al

The material

D T s et earas

|

|

|

Weight % Element Weight $ &

Ca) 50 - 85 Co 1.0 max ‘

17 = 21 C 0.08 max i
Balance Mn 0.35 max
4,75 - 5.5 Si 0.35 max
2.8 = 3.3 P 0.015 max
0.65 - 1.15 S 0.015 max
0,2 - 0.8 B 0.006 max

was in the hot formed and annealed condition with the

followiny; physical propertias for 9.5 mm diameter rod:

Ultimate tensile strength® 968 MN/m°
0.2% proof stressh 515 MN/m2 :
Hardness® 273 VHN 4

Density

8.19 g/cm3




Elongaticn in 25 mm® 49 .9%
Reduction in arca® 46.3%

NOTE: ®Experimentally determined.

The majority of the two specimens were piven a heat treatment process
to develop the maximum mechanical properties. The heat treatment was as
follows:

l. Solution heat treatment at 954 ¢ for one hour/air coul.

2. Aged at 718 C for 8 h, furnace coouled at the rate of 15 C/h to
620 C, held at this temperature for total apeing time of 18 h,
air cool.

This treatment was carried cut in a horizontal tube vacuum furnace.
Only a limited number of specimens could be treated at any time. A prube
was put with each batch and was sectioned and examined for internal
structure and hardness in order to check the heat treatment process.

The same heat treatment was used for both specimens and oridges. The
final physical properties of the heat treated 4.7 mm rod were as follows:

Ultimate tensile strength® 1316 MN/m2
0.2% proof stress® 1072 MN/:::2
Elastic modulus 200 x 108 MN/m2
Poisson's ratio 0,294

Hardness® 450 VLN

Density 8.22 ;;/cm3
Elongation in 25 mm® 15.5%

Reduction in area® 40%

WOTE: “Experimentally determined.

Plates 6a,b show the microstructure of Inconel alloy 718 in the aved
condition. Plates 6c¢,d show the difference in microstructure between the
as received (annealed) and the aged condition when they were etched to
reveal the precipitates. It is noticeable that Ni CH, Laves CDC and MoC
phases were precijpitated at the grain boundaries ag\! inside the grains in
the ajed material.

3.2.5.4 Specimen and bridire preparaticn

The bridges were machined from the 9.5 mm Jiameter rod to the required
dimensions given in I'igure 10.

The specimens were cut from the supplied rods into the required len th.

They were then threaded at their ends and milled to produte the pamallel

flat surfaces according to the thicknesses piven in Section 3.2.5.1 but wawe

0.3 mm oversiged as a grinding allowance. Most of the Inconel 718 speci-
mens were then treated (see Section 2.2) according to that heat treatment
given in Seetion 3.2,5.3.2. After heat treating the Inconel 718 specimens,
the flat surfaces of Loth the Ti-6A1-4V and the Inconel alloy 718 spocimens
were [round,

The specimen flat surfaces and the feet surfaces of the bridpe were
then polished through a series of silicon carhide papers of successively
increasing fineness up to 600 grid,
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Final surface preparation was left until specimens and bridpes were
required for testing. This preparation consists of polishing the surfaces
with 0 and 00 grade emery paper. This stage of rraparation pave a surface
roughness of 0.1 um as C.L.A. on 2 surface roughness measuring instrument .
(Talysurf). Care was taken to ensure that all visible scratches were re- 11
moved so as not te provide possible sources of fatijue failure. After
that both the specimen and bridges were thoroughly degreased by washing in ,
trichloroethylene.

3.3 Fretting wear test arrangement

The fretting riy was originally constructed by Overs (7) as a cross-
cylinders fretting ri;, but was adapted for the present investipgaticn to
fret a spherical rider on a flat specimen., The modified arrangemant has |
the facility of measuring and recording the friction force as well as the
normal contact load simultaneously. The principal elements of the arrange-
ment are shown in Plate 7 and schematically in trigure 13. Those elements
include: b

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. Heating furnace.

6. Temperature control and recording arrangement.
A detailed description of these elements is piven below.
3.3.1 Specimens

It was decided to fret a spherical rider ajainst a stationary flat
plate specimen of the same material, with the same heat treatment conditicn,
and the same surface finish. The oscillatory motion of the rider was parallel
to the polishing direction of the flat specimen, i.e. parallel to the longi-
tudinal Jdirection of the flat specimen.

The flat plate specimen was machined from 9.5 mm diameter rud and was
50 mm long, 9 mm wide and 3 mm thick. It had two holes drilled in it to
fix 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 spherical surface of
100 mm radius at the other end. Detailed drawings of the flat specimen and
the rider are shown in Figure 14,

The flats were polished through a series of silicon carbide abrasive
pavers of successively increasing fineness up te 600 grid. The final surface
preparation was left until they were required for testing. This preparation
consisted of polishing the surfaces with O and 00 grade emery paper. This
staye of preparation gave a surface rouchness of 0.1 ym as C,L.A. on a
surface roughness measuring instrument (Talysurf). Care was taken tu ensurc
that all visible scratches were removed. Finally the flat specimen waos
thoroughly degreased by washing in trichlorcethylene.

The spherical surface of the rider tip was given the same polishing and
cleaning procedure as the flat specimen. The polishing was done by placing
it in the chuck of a bench drill and it was rotatin; at 2400 rpm whilst '
carefully polishing it Ly hand, taking care not to damage its prufile.
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3.3.2 Oscillating movement system

This system was constructed to produce oscillatory tangential relative ‘
motion between the rider and the flat specimen. A close-up view of the
system is shown in Plate 8 while Figure 15 shows a detailed drawing of it.

The system consists of a Lent shaft holding at one end the rider and
rigidly connected at the cther end to the driving spindle of a Goodman's
electromagnetic vibration generator, Model 390A. A power amplifier with a H
built-in, low distortion uvscillator drives the vibration generator and so £ |
rreduces the oscillatory motion of the driving spindle, which is transmitted
via the transmission shaft to the rider.

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

The transmission shaft was hollow to allow cooling water to pass
throuh it so as to avoid overheating of the shaft and the strain gauyes. ?
It reduced the shaft cruss-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 vibration generator was supported on a horizontal hingzed support ‘
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 adjusted.

A steel plate was firmly attached to the traensmission shaft to provide f
a ygap between it and a fixed probe,

3.3.3. Oscillatin; movement control and measuring arrangement

The vibration penerator was driven by a Ling Altec 5 VA power oscilla-
tor which enabled two of the main variables in fratting wear tests to be
controlled, i.e. amplitude of relative motion and frequency. All the tests
were performed at 50 Hz, i.e. the same frequency as that previously used
in the fretting fatigue tests, see Section 2.3. The frequency was checked
by means of a stroboscopic light. Two amplitudes of motion were used, |
10 um and 40 um, see Section 2.3. !

A Wayne Kerr vibration meter model B731B 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 formed 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 vibration amplitude, within limits, and vice versa.

A calibration was carried out to find the relation between the meter
reading and the actual amplitude of motion at the rider. This was done by
measuring simultaneously the amplitudes at the steel plate, x, um, and at
the end of the transmission shaft near the rider, x um when the shaft was
oscillating. The calibration results showed a straight line relationship
as follows:

x1 =1.09 x

This difference has been taken into consideration when adjusting the slip
amplitude.

11.




3.3.4 Normal fore and friction force measuring and recording arrangement

In order to decide on a normal contact force and frictional force
measuring method, the usual considerations of sensitivity and independent
measurements of both of them were considered. Wire electrical strain

\ gauges offer a conwenient means of meeting these requirements. Furthermore,
| electrical strain gauges make it possible to record forces as a function

of time, which in addition to being 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 axis
to the transmission shaft axis (Fipure 16), and the way in which they were
electrically connected in the bridge circuits (Figure 17), enabled 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 thestrain gauge
neasuring instrument were amplified using a multi-channel amplifier and fed
to a U-V recorder (direct recording Visicorder oscillograph Model 2106).
This arrangement provided a means for recording continuously and simultaneously
the fricticn force as well as che normal contact load.

Many calibrations and studies have been done to study the followiny:

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

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

3. The effect of raising the specimen temperature on the recorded normal and
frictional forces.

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

Details of these calibrations and studies are given in Appendix B illustrating
the convenience of this measuring and recording arrangement for the present ?
work. Typical recorded charts for the friction force during a fretting test
are shown in Plates %a,b.

p
{
3.3.5 Heating furnace E
|
'

A furnace previously constructed by Overs (7) was used to surround the
rider and the flat specimen during the high temperature fretting wear tests. t
The furnace was a vertical shaft type one closed from the top side as shown i
graphically in Figure 26. A slit was cut into the furnace wall to accommo- f
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 i
preventing any contamination from dust particles. The inside of the furnace i
was dome-shaped and constructed from a fused alumina tube. This provided an |
excellent dust-free enclave. A heating element (Pyrobar) 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 material. The inner space between the dome and
the outer surface was filled with heat insulating wool (Triton Kao wool
ceramic fibre).

To reduce heat transfer to the vibration jenerator and the strain
gauges during high temperature tests, cooling water was passed through the
transmission shaft. At 540 C test temperature the temperature at the outer
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wall of the furnace was 140 C and at the strain gauges was 60 C,
3.3.6 Temperature control and recording arrangement

The modified temperature measuring and control arrangement described
before in Section 3.2.3 and shown graphicslly in Figure 9 was used in the
high temperature fretting wear tests. The control thermocouple was
located inside the frettin;; wear furnace with its hot junction as near as
possible to the heating element, while the recording thermccouple 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 surface topography in
both the fretting fatigue and the fretting wear specimens.

3. Surface profile measurements using the Talysurf.

Other techniques such as sectioning of the surface, micrchardness
traverses, TEM, EBMA, X-ray diffractometry, 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-6A1-4V (IMI 318) alloy
4.2.1.1 Fretting fatigue results

Fretting fatigue tests on the identical Ti-6A1-4V zlloy (IMI 318) in
the mill annealed condition have previously been conducted by Wharton (8)
and repetition of those tests was unnecessary and inadvisable due to
shortage of material, Tests were therefore cgnducted only at 200, 400 and
600 C. _All specimens were tested at 247 MN/m” tensile mean stress and
32 MN/m“ 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. Conseguently, it was found f
impossible to run tests at 600 C for more than 10® cycles because of the ‘
creep effect. In any case this temperature would be considered too high
for this material.

The two specimens which were tested at 200 C with alternating stresses
more than 140 MN/m2 have more 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 107 cycles and the strength reduc-
tion factors (based on the fretting fatipue strength of the alloy at room
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temperature) are as follows:

Temperature Fretting fatigue strength Strength reduction

9% ‘N /m2 factor
R.T, 247 + 85 1.0
200 47 t 77 1.1
400 247 £ 77 X1
600 247 + 70 1.2 i

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

4,2.1.2 Plain fatigue results 1

Ti-6Al-4V (IMI 318) specimens in the mill annealed condition were %
tested in the absence of fretting at room temperature, 200, 400 and 600 C.
Unfortunately, it was found impossible to obtain plain fatigue curves at
any of the temperatures below 600 C ax the same mean stress used in the
fretting fatigue tests, i.e. 247 MN/m°. For this reason the mean stress 1]
was increased as the test temperature decreased to enable plain fatigue ‘;

curves to be obtained. The results are shown in the table below.

To compare the fatigue and the fretting fatigue results, an adjust- %
ment for the fatigue results was made to determine the fatigue stresses }
at 247 MN/m2 mean stress, This adjustment was made using the modified ‘
Goodman's law (see Appendix C) and the results are given in the table. At
600 C, the fatigue tests were conducted at 247 MN/m“ mean stress, SO no
adjustment was necessary at this test temperature. S-N fatigue curves in A
the absence of fretting for the adjusted values of the strength at 247 MN/m?
mean stress were produced as shown in Figure 28.

The plain fatigue strengths at 107 cycles and the strength reduction “
factors (based on the plain fatigue strength of the alloy at room tempera- |
ture) are as follows:

Tempegature Plain fatigus strength Strength reduction E
C MN/m factor |
R.T. 247 + 430 1.0 t
200 247 ¢ 380 1.13 i
400 247 + 295 1.45 f

600 247 t+ 130 3.3

It seems from the results that there is a sipgnificant decrease in the
plain fatigue strength as the temperature is raised. 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 10% cycles for specimens tested at 600 C,
otherwise the specimen would be subjected to compressive stress during part
of the stress cycle. The high value of the strength reduction factor at
400 and 600 C is due to creep.




4.2,2 Ti-8Al-4V (AMMRC)
4.2.2.1 Fretting fatigue results

Fretting fatigue tests have been conducted on Ti-6Al-4V (AMMRC) in the
as received cond;tion at room temperature and 100 C, All specimens were
tested at 400 MN/m2 tensile mean stress and 32 MN/m? clamping stress. The
obtained results are shown graphically in Figure 29. All 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 tempe-
ratures. The fretting fatigue strength at 107 cycles is 400 1 83 Mi/m2,
These results agree reasonably closely with those cbtained for Ti-6Al1-4V
(IMI 318), see Section 4.2.1.1.

4.2,2.2 Plain fatigue results

Plain fatigue tests have been conducted on Ti-6Al-4V alloy (AMMRC) in
the as received ccndition at room temperature and 100 C, All specimens
were tested at 400 MN/m? 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 strength of the alloy as the temperature is
raised from room temperature to 100 C. The plain fatigue strength at 107
cycles at the two testing temperatures is very similar, namely 400 ¥ 290
MN/m? at room temperature and 400 t 283 MN/m2 at 100 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.

4.2.3 Inconel alloy 718 (annealed)
4.2,3.1 Fretting fatigue results

A few fretting fatigue tests were carried cut on the materizl in its
annealed condition at room temperature and 600 C as exploratory tests. The
stressing condltlons were a tensile mean stress of 256 MN/m2 ané a clanping
stress of 32 MN/m2, Few tests were conducted because this material is
usually used in practice in the aged condition and also there was a shortage
of material.

Figure 30 shows the results obtained. These results show an improvement
in 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 frettzng fatigue
strength at 10’ cycles at 600 C seems to be around 256 * 210 MN/m2.

4.2,3.2 Plain fatigue results

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

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 «f the alloy in most practical
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 room
temperature, 280, 540 and 700 C under the following stress conditions:

Tensile mean stress = 550 MN/m2

Clamping stress 32 MN/m2

This high mean stress value was chosen so that the fatigue curves in
the absence of fretting could be obtained with the same conditicns, 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 Jdetermination of a complete curve impossible at this high tempera-
ture.

The results obtained are shown graphically in Figure 31. The curves
in this figure show that the fqtigue limit of aged Inconel 718 alloy in
the presence of fretting at 10’ c¢ycles endurance is 550 120 Mi/m? at
room temperature and 280 C. However, at stresses above this, the life at
280 C is approximately an order of magnitude yreater than the life at room
temperature. At 540 C, the fretting fatigue strength at 107 cycles is
improved dramatically as it rises to 550 t 250 MN/m2, although at higher
stresses the curve approaches the room temperature curve. This behaviour
has the same trend previcusly found in the 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 Flain fatigue results

Plain fatijue tests have been carried out on the aged specimens at
room temperature, 280, 540 and 700 C, under stress conditions the same as
that for fretting fatigue tests, see Section 4.2.4,1., Twc tests only were
performed at 700 C because the specimens tended to creep at the higher
alternating stresses.

The results obtained are chown 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 fatigue strength at 10’ cycles of 550 t 325 MN/m27 The room tem-
perature curve shows that the plain fatigue strength at 10’ cycles is
275 MN/m?, i.e, somewhat lower than the fatigue strength at the higher
temperatures. The elevated temperatures curve shows longer fatigue lives
at lower stresses than that of the room temperature one; however, at the

higher stresses the fatigue lives of the room temperature specimens are
longer.

On comparing the fretting fatigue results with the plain gatigue
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 number of cycles (275 MN/m2),

4,3 TFretting wear results
4.3.1 Preliminary frettin;; wear tests

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

After conducting the fretting wear tests, the projected area of the
fretting scar was determined using an optical microscope. The results are
shown graphically in Figure 32,

The initisl 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 at 10 cyclcs instead of at zero number of cycles.
A compensation for this has been taken into consideration when the curves
were drawn,

The results show that the optimum radius of the spherical surface is
100 mm as it gave the smallest ratio of initial pressure to final pressury.
This gave an average value for the pressure throughout the test = 23 MN/m®,
Consequently, it has been decided to increase the normal load from 2.5 N
to 2.75 N to get an average value for the pressure closer to the value usad
in the fretting fatigue tests. Also it was decided to use a rider tip with
spherical surface radius = 100 mm in all the following tests. Obviously,
larger radii approach the ideal case, i.e. flat on flat contact, but it was
found difficult to use a larger radius than 100 mm as this has the
following disadvantages:

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

2. The location of theé 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 buen determined by measuring
the volume of material removed from the rider or the flat specimen which
was in the form of & spherical segment and assuming the wear scar to be
completely flat. This volume was calculated using the formula

i T h (h2 + 3r2)

Vs 5
& Vr2 2
and h=R-¥YR€ =p
where V = wear volume in mm3
r = the scar radius in mm
R = the radius of the spherical surface of 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.

) ol i 2 S

r=_1 2 3 mm
m
where r = the measured 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 slip direction

r, = the measured radius of the scar of the rider parallei to the
slip direction,




4.3.3 Fretting wear results of Ti-6Al-4V alloy (AMMRC)

This series of tests was conducted on the material in the as received
condition at room temperature and 100 C at slip amplitudes of 10 and 40 um.
It has generally becn noticed during 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 possibla to the specified
value of the test. After the initial two minutes the slip amplitude became
stable, but, during 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 arc shown graphically in Figures 34 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 serics of tests. The series of plates (21-29)
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, duc to
leaving the test running overnight without observation and the next morning
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 um slip amplitude and
for test duration of 6 00O cycles there were many tiny points of contact,
as shown in Plate 21. This makes it difficult to calculate the volume

of 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 fretting damage. As the slip amplitude is increased, the fretting
damage increases. This is true for both testing temperatures, although
it is more remarkable at room temperature as shown in Plates 21-26.

Toc 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 the testing I
temperature was raised from 20 C to 100 C. This is true for both of the

slip amplitudes used in this series of tests. This is demonstrated by T
Plates 24~29. The little differcnce observed at 10 um slip amplitude, H
(Figure 36) is within the scatter of results. s

4.3.4 Fretting wear results & Inconel 716 (aged)

This series of tests was conducted on the material in the aged condi- i
tion at room temperature, 280 and 540 C using two slip amplitudes, 1C anc |
40 um. It was generally noticed during these tests that the amplitude or i
slip fluctuated in the first two minutes of the test. The slip amplitude i
was frequently readjusted to keep it as close as possible to the specified 1]
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 ym 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




? increases. This is true for the fretting rosults at rvom temperature

; with both 10 2nd 40 um slip awplitude and for the specimens tested at 280 C
with 10 ym slip amplitude. This can be seen in Plates 30-32 for tests
conducted at room temperature with 40 um slip cmplitude. At 280 C, as the
amplitude of slip was roiscd from 10 um to 40 yun, there was a remarkable
Jecrease in the rate of metal removed per cycle, which decrcased further

at 540 C at both .f the slip amplitudes. Plates 33 and 34 show this for the
specimens tested at 540 C with 40 um slip amplitude. It was also found
that the rretting damage in the early stages of the fretting tests conduc-
ted at room temperature with the two slip amplitudes and those at 280 C
with 10 um slip amplitude was very small compared with the large values
found iIn the case of 280 C with %0 um slip amplitude and the 540 C ones
with the two slip amplitudes.

The results in Figures 38-40 show that the slip amplitude has a cun-
siderable effect on the fretting damage. At 540 C (Figure 40) there is a
slight increase in the fretting damage as the slip amplitude is increased
from 10 to 40 um, while the rate of metal removal per cycle is the same.
At 280 C, as the slip amplitude increased from 10 to 40 uym, there is a
marked increase in the fretting damage in the early stages of rretting,
but in the long run the fretting damage is the same. It was also found
that, at 280 C, the rate of metal remcval decreased as the amplitude
increased. The behaviour at room temperature is completely different in
contrast with that at 230 C. In the early stages of fretting at room
tenperature, it was found that as the slip amplitude increased the fretting
Jdamage increased, becoming more pronounced as the test continued.

The results were redrawn as shown in Figures 41 and 42 tc demonstrate
the effect of testinc temperature on the fretting damage. At 10 um slip
amplitude, (Figure 41) it was found that there is no sipnificant difference
between the fretting damage procduced at rocm temperature or 280 C, while
there is @ marked difference at 540 C where the rate of material removed
is much lower than in the other two cases. Alsc the amount of material
removeld in the early stage of the fretting test is much higher at 540 C
than at 20 and 280 C but approaching each other in the long run. At 40 um
slip amplitude (Figure 42) it was found that, as the temperature increased.
the fretting Jamage in the early stages of the test increased while the
rate of material remove! decreased. It appears from Figure 42 that the
frettinquamagesat the three test temperatures becomes similar
after 10" to 10™ fretting cycles.

4.3.5 Friction measurements

Friction force has frequently becn recorded during the fretting wear
tests, and typical oscillograph 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 piven in Appendix E.

4.3.6 Friction results for Ti-6Al-4V alloy (AMMRC)

Variation in cvefficient of friction with number of cycles in tests
performed at room temperature and 100 C is shown graphically in Figures
44 and 45. The friction results at room temperature (Figure 44) indicate
no increase in the coefficient of frictivon in the first 500 cycles and then
it increases gradually until it becomes steady at w0t cycles, but starts to
drop slightly at 10° cycles. At 100 C (Figure 45), the coefficient of
friction remains approximately constant in the first 400 cycles and then
rapidly increases t. a maximum value followed by a rapid fall and then
rapid increase again to reach another maximum value at 3 000 to 6 000
cycles, after which a gradual fall again occurs which continues throughout
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tbe rest of the test at 40 pm slip amplitude, but starts to increasec
gradually again at 10° cycles at 10 pm slip amplitude.

It seems that the slip amplitude has scme effect on the coefficient
of friction. In the early stage of the fretting test, the coefficient
of friction is hisher at 40 ym slip ampiitude, with a slight decrease in
the coefficient of friction as the number of cycles increases. The 10 um
slip amplitude curves always have the lowest anl the hiphest values for
the ccerficient uof friction. All these cbservations apply for both the
reem temperature and 100 C results.

To investigate the effect of temperature on the coefficient of
friction the previcus results have been redrawn as shewn in Pigures 46
and #7. At 10 um slip amplitude (Figure 46) the 100 C curve fluctuatcs
whilc 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 fretting test as well as the highest value throughout the
test. In additicn, there is a sipnificant difference in the coefficient
of friction throughout the test as the temperature increases. These ob-
servations also applv in the case cf 40 um slip amplitude (Figure 47) but
on a much smaller scale.

4.2.7 Friction results for Inconel 718 alloy (aged)

Variation in coefficient of friction with the number of cycles is
shown graphically in Figures 48-50. There is little effect of the number
of fretting cycles on the coefficient of friction except, generally
speaking, that the coefficient of friction remains approximately constant
in the early stage of the fretting test, followeld by a stage characteriscd
by an increase, decrease, or fluctuation of the ccefficient of friction
between maximum and minimum. The onset o¢f the second stage and its
duration depends on the slip amplitude and the test temperature. Following
the second stane, in the third or final stage the coefficient of
friction becomes apuroximately steady again, except at rvom temperature
with 10 uym slip amplitude where it increases with number of cycles, with a
different value from that in the first stage.

One of the gffects of the slip amplitude on the ccefficient of
friction is the existence of the fluctuaticn in the coefficient of fricticn
in the second stage in the tests carried out at 10 um, whilc this fluctua-
ticon is absent at 40 um, Also it was found that the value of the coefficient
of friction in the first stage is always lower at 10 um than at 40 um.
These vbservations apply at all test tompcratures.,

The effect of temperature on the coefficient of friction is shown in
Figures 51 and 52. It was found that, generally speaking, the mean value
of the ccefficient of friction in the first stage, the maximum value in
the second stage, and the mean value in the third stapge, decreased at both
slip amplitudes as the temperature was increased. It was also found that
the coefficient of friction attained a steady value after about 6 000 cycles
in the tosts performed at 280 and 540 C at 40 um and at S40 C at 10 um
(see Fijures 50 and 52). '

4.4 OQptical microscopy in plan




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-6:1-4V alloy (IMI 318) showed deep ridges
and valleys due to roughening of thc surface. They also showed evidence
of material transferred between the specimen and the bridye 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 400 C at
247 ¥ 93 MN/m? which failed after 75S 000 cycles.

In contrast with the features found on titanium alloy (IMI 318),
Ti-6A1-4V 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 ip
Plate 13 for a specimen tested at 100 C at 400 * 91 MN/m2 which failed
after 81 000 cycles.

Examination of the Inconel alloy 718 (aged) specimens tested at rcom
temperature at all stress levels and thosc tested at 280 C tested at
alternating stresses below ¥ 260 MN/m2 showed features different from
those tested at 280 C at alternatiny stresses above 200 MN/m? and all the
540 C and 700 C srecimens. In the former the scars have the same
features as the titanium alloys, i.e. transferred material and ridges
and valleys surroundec by compactsd debris. Plate 14 for a specimen
tested at 280 C at 550 ¥ 114 MN/m“ which endured 12.6 x 10% cycles
revealed at higher magnification exactly the same features as those shown
in Plate 13. The latter case did not show the ridges anc valleys
structure previously cbserved, but showed lar;e smooth, slightly
furrowed, grey areas. These grey areas arc moderately lizht-reflecting
and are at a hicher elevation than the surrcunding areas, which suggests
that they were load bearing areas. These areas were observed previously
by Stctt et al (9) ané have been referred to as jlazes. Plate 15 shows
one of tBese ¢laze arcas formed on a specimen tested at 540 C at 550 ¥
260 MN/m” which failed after 981 000 cycles. It also reveals a set cf
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 fracturas always occurred at the
boundary between the slip and non-slip regicns as shown in Plate 12.

6.4.2 Fretting wear specimens

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

Examination of the scar produced on the rider showed that it is
identical in shape and features to that formed on the mating surface, i.ec.
the flat specimen, as shown in Plates 16 and 23 fcr rider and flat speci-
men respectively of Ti-6Al-4V alloy (AEMRC) tested at room temperature
with 10 um slip amplitude for 3.5 x 10~ fretting cycles. For this reason
it was decided to cxamine the flat specimens in the optical microscope as
well as in the scanning electron microscope.

All the flat specimens were examined directly after stopping the
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fretting test and before doing any cleaning operation on themn, taking care
not tc disturb any locse cdebris which mcy 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 for an
Inconel alloy 718 specimen tested at room temerature at 40 um slip
amplitude for 6 00O frettin; cycles. This debris cculd easily be removed
by brushing the specimen with a soft camel-hair brush as shown in Plate 30.
Plate 30 is actually of the specimen after ultrasonic cleaning but there
was no significant difference after brushin:; and after ultrasonic cleening.
This suggests that the adherent dlebris, if any exists, strongly adheres to
the surface and is not removed by ultrasonic cleaning.

Examination of the Ti-6A1-4V alloy (AMMRC) showed that the scar has
mottled dark grey areas of compacted debris and black areas of uncompac=
ted debris. As the number cf fretting cycles increases the area covered
by the compacted debris increases. This applies for specimens tested at
room temperature and 100 C at both 10 and 40 um 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, formsin the early
stages of the fretting test at the outer edge of the scan, progressing
towards the centre of the scar as the number of fretting cycles is increascd,
as shown in Plates 24-26. The mottled 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 um slip amplitude.
This alsc applies at 40 um slip amplitude as shown in Plates 24-25 ancd
also at 100 C as shown in Plates 27-29. The observations reveal that as
the slip amplitude is raised from 10 ym to 40 um, the scar size increases,
as is demonstrated by Plates 21-23 at 10 um and Plates 24-26 at 40 um
slip amplitudes. There is no significant change in the scar size as the
temperature is raised from room temperature,(Plates 24-26) to 100 C (Plates
27-29).

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

Optical observation of Inconel alloy 718 specimens tested at room
temperature at 10 and 40 um 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 fretting
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 um 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 13la). 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 long time to re-build itself,
and this is why the surface underneath it has a metallic appearance.

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

Comparison between Flates 20 and 141 for Inconel alloy 718 specimens
tested at 280 C at 40 um slip amplitude leads to the suggestion that the
slightly furrowed smooth grey area 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 srey area mentioned above and
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shown in Plate 19. This suggests that they have different properties.
Alsc tne 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 should be mentioned here that the specimens tested at
280 C at 10 pm slip amplitude show these black areas but no grey glaze
areas.

The specimens tested at 540 C at both 10 and 40 ym slip amplitude
show the same features as those tested at 280 C at 40 um 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 morc
rapidly than at the cuter edge of the scar.

4.5 Scanning electron microscopy

All the specimens were examined in the Cambridge Sterecscan 600
scanning electron microscope to study the surface morphology of the scars.
The procedure for preparing the specimens consisted of washing them cars-
fully ultrasonically with trichloroethylene and then drying in hot air.
Each pair of bridges, having twc feet, when clamped onto the specimen
produced four separate fretting damage areas, twc on each side of the
specimen gzauge length., Failure of the specimens in every case was found
to occur at cne 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 dlrectlcn is indicated by an arrow.
Also the tilt angle was approximately 45° from the normal to the surface
unless specified.

4.5.1 Examination of fretting fatigue damage to Ti~6Al-u4V allcy (IMI 318)

The general impression obtained of the damaged surfaces was of trans-
fer 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 spgcimen and bridge foot from a test conducted at 600 C with
247 = 62 MN/m“ which survived 10° cycles without failure. Plate 35 shows
material transferred to the specimen from the bridge foct. This is visible
in Plate 36 at the bcttom 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 fcot and shows the rerion
from which transference occurred to the specimen surface.

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

1. Formation of ridyes which may be caused by the ploughing action of
the asperities or welding 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 MN/m?
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 t 93 MN/m?2 which failed after
750 000 cycles, Plate 39, and on a bridye foot fretted against a
specimen tested at 600 C at 247 * 124 MN/m2 which failed after
119 000 cycles, Plate 40.
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2. Removal of larpe thick particles caused by surface fatigue or welding
and breaking ol welds, Plate 4l shows a large particle which has been
pushed backwarcs and forwards in the transferred material and will

eventually become detached,on a specimen tested at 400 C at 247 %108 MN/m?

which failed after 222 000 cycles. Flate 42, of a specimen tested at
247 t 154 MN/m2 which failed after 137 000 cycles, shows a deep
depression made by the reciprocating motion of a large ,drticle which
has eventually become detached (see alsc Plate 41). The removal of
material by adhesicn micht result in severe crackin: cf the underlyin;
surface. Plate 43, of a specimen tested at 400 C at 247 ¥ 170 MN/m2
which failed after 118 000 cycles, reveals a large crack in material
transferred from the bridge foot to the specimen, which was running
perpendicular tc the fretting direction and propa;ated out of the
fretting scar. The bottom of Plate 44 reveals a crack in the under-
lyinb surface due to material removal in a specimen tested at 400 C .
247 % 124 MN/m? which failed after 183 000 cycles.

3. Delamination. Plates 45-47 demonstrate the removal of material by de-
lamination. Plates 45 and 46 for a bridse foot fretted against a
specimen tested at 600 C at 247 * 154 MN/m? which failed after 97 000
cycles showing in the first plate delamination of smeered, 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
partlcle from the surface resulted in that form of surface damage
shown in Plate 47 fov a specimen tested at 400 C at 247 ¥ 77 which
failed after 11 x 106 cycles.

It seems that the relative frequency of the above three processcs
depends on the testing conditions. Further reciprocatin; motion between
the fretting surfaces ccuses:

1. In the first process, i.e. formatiun of ridges, smearin: of those
ridges as demcnstrated in Plate 39. This could lead to the uevelopment of
a layered structure as shown in Plate 48, for a specimen tested at 200 C

at 247 * 93 MN/m? and failed after 940 000 cycles, which rceveals the layer
structure in the vicinity of the site of fatijue fracture;

2. in the seccnd process reattachment of the lar e separated particles
again to, the surface as shown in Plate 35, and occasionally acting as a
barrier to the movement of transferred material, especially the delamina-
ted platelets;

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

a) reattached again tc the surface as shown in Plate 49 for a specimen
tested at 400 C at 247 ¥ 93 MN/m2, which failed after 8 814 000
cycles. Repetition of this process in the same site resulted in
the piling-up of platelets and led to the layered structure as
shown in Plate 48. As the temperature was raised to 400 C, these
piles of platelets became more marked (Plates SO and 51). Plate
50 is an oblique view of transferred material, found on a surface
of specimen tested at 400 C at 247 ¥ 109 MN/m5 which failed after
222 000 cycles, revealing its layered structure and the piled-u;
platelets., Plate 51 shows a latar stace with the development of
a large protuberance on the surface of a specimen tested also at
4OO C at 247 * 93 MN/m? 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 riles of platelets grew tolarge proportions, sometimes
having the appearance of an elephant's trunk. This is shown in
Plates 52-55 which are for material transferred tc the bridge
foct from a specimen tested at 600 C at 247 ¥ 170 MN/m2 which
failed after 24 000 cycles. llate 52 shows elephant's trunk
grcwths at sites A and B, Plate 53 shows the formation at site A.
This is shown at hi;her magnification in Plate 54, where it can
be seen that the individual platelets have a very reprcducible
shape. Flate 55 shows a less organised build-up of platelets in
the neighbourhood of the elephant's trunk.

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

4.5.2 Examination of frettin.: fatigue damaje tc Ti-6Al-4V alloy (AMMRC)

Plate 58 is a general view of the impression made by one gf the bridge
feet on a specimen tested at room temperature at 400 * 84 MN/m“ which was

after 20 x 10° cycles. A region of compacted debris is visible

around the major part of the edge ¢f the secar, with a rougher area in the

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 stresscs as well as higher ones,
except that at higher alternating stress the damage is more severe as shown

61 for a specimen tested at rcom temperature at 400 * 176 MN/m2

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 sgecimen tested at 100 C at 400 * 83 MN/m? which did

after 12 x 100 cycles. Comparison between it and Plate 58 _ives

an indication that there is no difference between the dama;e produced at
room temperature and that at 100 C.

It seems that the material was removed in c¢ne or mere of the fellowing

largely by welding; and breaking of welds from all over the scar
area, resulting in the production of loose debris as shown in
Plate 60;

occasionally by break-up of the compacted debris into small flakes
as shown in Plate 63 which is a close-up of the compacted Jebris
at the bottom left corner of Plate 61. Ancther example at higher
magnification is §hcwn in Plate 64 for a specimen tested at 100 C
at 400 ¥ 151 MN/m“ which failed after 14l 000 cycles. This is
shown at a higher magnification in Plate 66, where it appears
that the underlying material reveals the microstructure of the
alloy. Although there were a few isolated cases of delaminaticn,
this series of specimens showed nc evidence of the piled=up
platelets and the layered structures which were seen in the
Ti-6A1-4V alloy (IMI 318).
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Once the material was detached, it was pushed out of the scar area due
to the relative movement between the fretting surfacegs, to dccumulate with
some wrinkliny at thc edpes, as shown in the series of Plates 67-70, fer a
specimen tested at 100 C at 400 # 152 MN/m? which failed after 122 000 cycles.
Plate 67 shows that the faticue fracture lies at the edge of the scar,
while the other plates at larger magnification show the debris found at the
top left corner.

4.5.3 Examination of fretting fatijgue damajge to Inconel 718 alloy (aged)

Examination of svecimens tested at rovem temperature revealed that re-
moval of material Ly disruption of the surface due to adhesion was the
damaging feature on short life specimens, i.e. at hiph stresses. FPlate 71,
for a specimen tested at rcom temperature at 550 ¥ 260 MN/m2 which failed
after 131 000 cycles shows & large particle which has been pulled out of
the surface by achesion forces which is likely to hecome detached leavin;:
a deep depression similar to the cne alcongside it. Plate 72, for a speci-
men tested also at room temperature at 550 * 300 MN/m2 which failed after
83 000 cycles, shows how the removal of metal by achesicn 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 causeld by adaesion and delamination. Plate 74, at the
fracture site or a specimen tested at room temperature at 550 & 120 HN/m2
with a life of 107 cycles, shows a large particle of material about to be
rulled from the surface by adhesion, resuiting in a secondary fatigue crack
running perpendicular to the fretting Jdirection. The rest of the area
shows evidence of delamination with the materiel that is about to be
removed riddled with fine parallel cracks at right angles to the direction
of muvement, Plate 75. Only one case of piled-up platelets has been feound
as shown in Plate 76 for a specimen tested at room temperature at 550 %

132 MN/m2 which failed after 566 000 cycles.

At 280 C, there is already evidence of the formaticn of a glaze un
the specimens testel at stresses of 550 ¥ 260 MN/m2 or greater. Such a
¢laze is characterised, accordin, to Stott et al (10), by many distinct,
well-formed, small abrasion grooves, parallel tc the direction of sliding.
Plates 77 and 78, for a specimen tested at 550 ¥ 350 MN/m2 which failed
after 212 000 cycles, show such glaze formation, althoush this is breaking
down by delamination., Also, & layered structure has been found in this
specimen as shown in Plate 79.

At 280 C, with intermediate stress, i.e. 550 % 260 MN/m2, which failed
after 1 780 000 cycles, the nlaze has aiso been found as in Plates 80 and
81, which broke down by delamination, sometimes resultin; in the initiation
of fatigue cracks perpendicular tc the direction of movement. Also there
is evidence of adhesion resulting in plastic deformation as shown in Flate
82, This is shown in hicher magnification in Plate 83, which reveals
signs of plastic deformation by rotating blocks in a particular crystal
with evidence c¢f mechanical twinning below the glaze. Plate 84, for the
same specimen, shows smaller regular accreticns of transferred material.
The similarity between this transferred material and the structure of blate
83 suggests that the former may Le individually transferred blocks of rotated
material.

The low-stress, lung-life specimens tested at 280 C showed no siyn of |
glaze formation, but only adhesion. The general appearance of a specimen
tosted at 550 # 114 MN/m2 which endured 12 x 107 cycles is shown in Plate
85. Plates 86 and 87 at the site of the fatijgue fracture of a specimen l

tested at 550 ¥ 143 MN/m? which failed after 4 600 000 cycles, show




secondary cracks perpendicular to the direction c¢f fretting and roughened
areas due to surface disrupticn by adhesion with some particles just about
to be detached from the surface.

At S840 C, at all stress lewvels, the ;eneral features were the forma-
tion of glaze disrupted by delamination or adhesion, the damage being more
severe at higher stresses. This severe damage to the glaze by adhesion or
creer of underlyin; material is shown in Plates 38 and 89 for a specimen
tested at 550 * 350 MN/m? which failed after 56 000 cycles, while Plate 90,
fer a brid. e fcot fretted acainst this specimen, shows how the ylaze was
disrupted by delamination, resulting in fine debris shown at the tep of the
picture or in the furmaticn of nlatelets as shown in Plate 91. Further
fretting results in pilin; up of these platelets (I'lates 92 and 93) to
form such structures as the elephant's trunk one described before. This is
shown at hiyher ma nification in I'lates 94 and 95. At low stress levels,
the damage to the 'laze layer is less severe, mainly caused by delamina-
tion, althourh there is some damase caused by adhesion., Flate 96 shows one
of the large areas of slaze oxide found on a specimen tested at 550 = 240
MN/m® and endured 2 650 000 cycles, while Plate 97 shows how this glaze
oxide was Jdisru;ted ly delamination. Plate 98 is a higher magnification of
the previous one revealing the multi-layer nature of the surface film, each
layer about 5 um thick. Plate 99, for a bridye foot fretted against the
previcus specimen, shows large arcas of glaze oxide, while P’late 100 shows
how the delaminated platelets can pile up, growing to large proportions
and having; the appearance of a moose's neck. This is shown at higher ma -
nification in Plate 101, where it can be seen that the inldividual platelets
are plaze oxide having a very reproducible shape.

A larce plaze area has bean found on a specimen tested at 700 C at
550 1 228 MN/m? and failed after 4 180 000 cycles (Plate 102). Also some
smooth arvas were found but these contained systems of parallel cracks at
right angles to the direction ¢f movement (Plate 103). In other areas
severe surface breakdown had occurred (Plate 10%). This is shown at
hipher magnification in Plate 1lu5, which reveals cleava e facets.

4.5.4 Examination of fretting fatigue damage to Inconel 718 alloy (annealed)

Examination of the annealed specimens showed that at room temperature
there was no glaze formation and the surface was disrupteld by delaminaticn
or adhesion; "late 106 shows a specimen tested at 256 & 170 MN/m2 which
failed after 673 OUQ cycles.

At 600 C, there is evidence of glaze fermation which was disrupted
mainly by delaminaticn and sometimes by adhesion; Plates 107 and 104 show
a specimen tested at 256 1 170 MN/m? which endured 2439 00C cycles and bruke
at the grips.

4.5.5 Examination of the fretting wear damage to Ti-GAl=-4V alloy (AMMRC)

The general feature observed in the fretting scar produced at room
temperature at 40 um slip amplitude is the production of fine loose Jebris

in the early stage of frettin;, i.e. after 6 00 fretting cycles (Flate 109).

This fine loose debris might be produced by the action of abrasion or
adhesion, leavin;, roughened areas full of this loose debris (Plate 11U),
while some of it was pushed ¢ut around the scar, (I'late 10¢9). Plate 11l
shows the configuration of that Jdebris found outside the scar and it seens
that it has irregular shape with particle size ranges between 1 and 7 um.
Plates 109-111 show the fretting scar before cleaning. After cleaning it
ultrasonically, although the loose debris outside and inside the scar has
been removed (Plates 112 and 113), there is still some fine adherent debris.
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Further fretting, i.e. after lOs cycles, produces a layer of compacted
debris due to sintering of the fresh loose debris, as shown in Plate 114,
which is breaking down at some places. As fretting continued, the
processes of building up and 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 um 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 40 to
10 uym, the same type of damage was still observed but not as severe as 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 um 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.

Raising 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 oktserved in the Inconel 718 alloy. These are of
a flat sgecimen tested at 100 C at 40 um slip amplitude which fretted for
3.5 x 10° cycles, Distinct, well-formed, parallel tracks can bec observed
on the compacted laysr which has a thickness of about 5 um. Another example
is shogn in Plate 122 for a specimen tested at 100 C at 10 um 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 10 and 40 um slip amplitudes.

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 um 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 frec from it as shown in Plates 125 and 126 for 8 x 10" fretting i
cycles. The areas free from this layer start again to produce debris, as 4
can be seen in the centre of the scar in Flate 125. Further fretting ¥
produces more debris, reforming the compacted layer, followed by removal, !
the process continually repeating itself, Plates 127 and 128, after 100
cycles, show the process in the stage cf break-up and reconstitution of
compacted debris intc small flakes. The thickness of the ccmpacted Jebris 1
appears to be 1-2 um, i

The same processes occur in the same sequence when the amplitude of
slip is increased from 1C to 40 um but they proceed faster. Comparison
between Plate 123 and Plate 129 of specimens tested at 10 and 40 um 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 alsc confirmed by
Plate 130, of a specimen tested at room temperature at 40 um slip amplitude
and fretted for 8 x 10% cycles., Comparison between this plate and the
corresponding plate (Plate 125) shuws that in the former the compacted
layer has been reformed, while the latter has not yet started. Flate 131,
of a specimen tested at room temperature at 40 um slip amplitude for 10 i
cycles, shows the same feature as the corresponding one tested at 10 um ;
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slip amplitude (see Plate 128). It has alsc been found that the compacted
layer thickness is somewhat larger with the 40 um slip amplitude than with
the 10 um, ranging between 2-4 um, In general, the glaze film has not been
observed in the specimens 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 um
as shoHn in Plate 132 of a specimen tested at 4C um slip amplitude for

8 x 107 cycles.

At 280 C, the specimens testod at 10 um slip amplitude show that the
same processes as at rocm temperature were involved but they proceeded
faster at 280 C, resulting in thicker compacted laver or occasionally in
the accunulation of compacted layers one above the other. Plate 133 of a
specimen fretted € 000 cycles shows the formation of the compacted layer
most of which has been disrupted, while Plate 134 shows an intermeliate
stage, after 8 x 10" cycles, where the compacted debris has reformed again.
This is shown at higher magnification in Plate 135 to demonstrate the
multi-compact layers stacked one over the other. Plate 136 shows a later
fretting stage, i.e. after 106 fretting 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 absent on this
group of specimens.

Examination of the specimens tested at 280 C with 40 um amplitude of
slip reveals the following facts:

l. the process starts with the production of fine debris, followed
by sintering of this debris to form a compacted layer, break-up
of this layer, rebuilding~up of a new layer and the repetition
of this process as the fretting contiﬁues. This is demonstrated
by Plates 139-141 after 6 000, 8 x 10" and 100 fretting cycles

respectively;
2. the compacted debris always has the glaze characteristics of f’
distinct, well-formed, small abrasion grooves, parallel to the

direct&on of séiding. This is shown in Plates 1u42-144 after 6 000,
8 x 10" and 10  cycles respectively. The latter is shown at
higher magnification in Plate 145;

3. the fine debris produced is phervidal and has a particle size of
1l to 2 umg
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4. this compacted glaze layer breaks up and is removed by delamina-
tion as is clear in Plate 143, and results in the formation of
plate-like frapgments, see Plates 139-142;

5. the glaze film has a thickness of about 5 um and is composed of
fine compacted debris of 1-2 ym 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 fretting action;

6. in the lonyg run, the glaze layers may be accumulated one over the
other as shown in Flate 146 after 1l0° fretting cycles, which
reveals the stacked layers;

7. it seems that the glaze layer has formed in less than 6 000 fretting
cycles.

These features on the 280 C specimens tested at 40 um slip amplitude
have also been observed in tests at S40 C with 10 and 40 um slip amplitudes.
Plate 147 of a specimen tested at 10 um slip amplitude for ¢ 000 fretting
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cycles, confirms that the slaze has formed in less than 6 000 cycles, that
it is being remcved by delamination and that its thickness is about § um.
Plates 148 and 149, of a spetimen tested at 10 um slip amplitude for 10°
fretting cycles, shcw the glaze layer together with some adherent turned-
cver delaminated fragment revealing the nature of this layer. This
fragment at the right of Plate 149 shows that it has been passed over by
the mating fretting surface, revealing thet the parallel abrasion grooves
on the substrate are extended over the fragment. Llates 150-152, of a
specimen tested at 40 um slip amplitude for 8 x 10  cycles, show the

glaze layer and how it has been removed by delamination. Its thickness is
about 5 um, )

Se 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 of the test. This procedure allows full play for any conjcint
acticn that there may Le between fretting and the fatigue process itself
and can be likened to a corrosion fgtlgue test. It has the advantage of
more closely resembling the conditicn in which fretting-fatigue occurs in
practice but has the disadvantase that as the alternating stress is
varied, so is the alternating strain, which causes variaticn of the ampli-
tude of movement at each stress level.

F 5.2 Ti=-6Al1-4V (IMI 318) results
5.2.1 Discussion of the plain fatigue results

From the results cobtained 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 Figure 53 for the fatijue
strengths at 107 cycles. .

The present results have been caluulated from the actual results
obtained using the modified Goodman relationship (see Appendix C). Frost
et al (11) gave a general equation:

o_|n
to=00, (1= =21 (1)

t

where * o is the fatigue limit (or strength at a given endurance)
when a tensile mean stress % is present,

t g_ is the fatigue limit (or strength at the same endurance)
at zero mean stress,

o is the tensile strength

t i
n is constant ! E

It seems from this relationship that n depends on the material, test
temperature and maybe many other factors. When n equals 1 this equation l
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




need a large number of spocimens., As thare was a shortage of matarial
available for this series of tests, n was considered &s 1. Nevertheless,
it was found that the jresent results were in jvod arreement with many
other published data.

Woad and Favor (12) have reported a value of 247 * 400 MN/m? ag room
temperature for Ti-GAl-4V alloy having tensile strength of 980 MN/m“,

Syers (13) has peported a value of 350 % 350 MN/mq at room temparaturc
which was reduced tc 270 ¥ 270 MN/m* as the temperature was increased to
350 C. These values were for sheet specimens 1.5 mm thick tested in a
repeated tensile wmode (R = 0). Using the medified Goodman relationship
these values corresponled to 247 ¥ 409 MN/m® and 247 T 279 MN/m? at rcom
temperature and 350 C respectively. The Ti-6A1-4V alloy possessed the
following mechanical properties:

0.2% proof stress 865 HN/m2
Tensile strencth 970 Ml*l/m2
Elongation 8%

Although the above quoted values ciffer slightly to the present results
(see Figure 53) it was found that the latter were in good agreement with
those of Hogppner and Goss (14). They found that the fatigjue strength of
annealed Ti-0Al-4V, 1.25 mm thick at room temperature, in direct stress
tests,is 417 ¥ 341 MN/m* which corresponds to 247 % 434 MN/m? after
adjustment using the modified Goodman relationship.

Partlo (15) found a value of 570 HN/n at room temperature in rotatin
bending tests for specimens annealed at 925 C followed by air cooliny and
hav1n~ an ultimate tensile strength of 1010 NN/m‘. yvield strength of 880
MN/m and 17% elongation. This was a specimen of 6.9 mm diameter, His
value corresponds to 247 T 434 MN/m? which is approximately the same as
the present results.

Also Fersimo (16) found in rotatin: bending tests on a_specimen of
13 mm gauge diameter that the fatijgue strength was 538 MN/m at room tempe-
ratura, reduced to 490 at 204 C. This means that his results at 247 MN/m?
mean stress are 408 and 373 at room temperature and 204 C respectively.
These values are very close to the present results, see Figure §3.

Although the present results and the quoted ones are in good agree-
ment the slirht Jifference between them may be attributed to (11):

1. the effoect of using specimens of different shape and size;
2. surface finish effecty

3. the effcct of using different types of tests, i.e. rotatin:
bendiny and direct stress fatirue tests;

4. the effect of usin; Jdifforent batches with different mechanical
preperties;

5. the error arising from calculating the adjusted fatijue strength
in the present investication and in the quotad one by taking
n equals 1 in equation (1).
5.2.2 Discussion of fretting fatigue results

The results shown in Figures 27 and 28 show a dramatic reduction in |
the fatijue strength at room temperature due to fretting. The stren;th g




reduction factor is about $§ based on the plain fatigue strength at room
temperature. The already low fretting-fatigue strength at room temperature
daecreases further, but not Jdramatically, as the temperature is successively
raised to 200, 400 and 600 C. The similarity between the valucs of the
strength reduction factor at different temperatures in the case of plain
fatigue, see Section 4.2.1.2, and the corresponding values in the case cf
fretting fatijue, see Section %.2.1.1, suggests that this Tfurther
deterioraticn is due to the reduction in fatigue properties rather than
any specific agrravation of the fretting Jdamage. The bi; dfference 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 would be considered too hiyh for this material.

Although the effect ¢f temperature on the fatigue strenygth in the
presence of fretting is not particularly marked, there is a significant
decrease in fatigue life at stresses above the fatigue limit as the tempe-
rature is raised. This is no doubt due to the dramatic decrease in the
plain fatigue life at higher temperatures as shown in Firure 28.

Syers (13) reported a fretting fatigue strength value of 115 ¥ 115
MN/m? at room temperature corresponding to a reduction of 7% based on the
plain fatigue strength. As the temperature was raised to 350 C the
fretting fatigue strength reduced to 95 ¥ 95 MN/m*, corresponding to a
reduction of 65%. The reduction in fretting fatigue strength due to a
temperature rise from ruvom temperature to 350 C was 17%. His tests were
conducted on 1.5 mm thick sheet material with 93 MN/m? clamping pressure.
when the clamping pressure decreased to 46 MN/m2, the fretting fatigue
strength at room temperature was 80 ¥ 80 MN/m<.

Hoeppner and Gross (14) have found that the fretting fatigue stren;th
of 1.5 mm thick sheet of annealed Ti-6Al1-4V alloy when tested at room
temperature with a clamping pressure of 21 MN/m? in direct stress tests
is 133 ¥ 109 MN/m? (extrapolated). Althourh there is a slicht difference
between the quoted results and the present results, they are generally 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 found that the mechanism of fretting
fatigue failure invclves the formation of adhesive welds at the early
stages of frettiny 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 fatijue damage is essentially
of the delamination type.

Although the nature of the surface damage caused by fretting at
elevated temperatures does, however, display features which are not scen
at room temperature, it seems that there is not much difference between the
mechanism of fretting fatigue at room temnerature and that at elevated tem—
pﬂrﬁtms .

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 stages material removal may be by surface fatigue, see Plates 4l and
42, or by delamination (Plates 45, 46, 47 and 49). These results are in
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agreement with those at rocm temperature (8,13).

The present obhservations sy sest that the layered structure or the
piled-up platelets are always assdciated with delamination and that de-
lamination is cbserved even at the shortest life, i.e. at the highest
alternating stress level (see Plates 44=-43, 56 and 57).

One of the main Jdifferences in the surfaces fretted at higher teme-
ratures has been the comperative alsence of crocks and the evidence of
greater plasticity. This is mayle due, as menticned above, to the welding
mechanism being less active as the temperature is increased, and the
shorter the fretting staje associated with this mechanism. The cracks
shown in Plates 43 and 4% may have been produced in that early staye and
propagated as the test continued. This is based on the well-established

act that a fatigue crack is initiated at about the same moment that
maximum adhesion is developed between the frettin; surfaces (17). Alsc
Waterhouse (17) pointed out that there is no evidence that the subsurface
cracks which result in plate-like particles lifting from the surface sub-
sequently develop into fatigue cracks propagating into the bedy of the
material. So, the proposed mechanism of fretting fatigue at hish tempera-
tures involves:

1. & very short sta~e of frettiny associated with the formation and
breakin; up welds and results in the pruduction of louose
particles and crack initiation. The duretion of this stage
decreases as the temperature increases, It also depends on the
nature of the material and the envircnment, and the reactivity
of the material to the environment and the lcading conditicns;

2. the continucus reciprocating movement causin: a rise in the tem-
perature of the surface and the locse particles of saveral
hundred derrees, which means that plasticity is increased. The
deformation caused by the fretting action is so ygreat that the
material is welded back on to the oricinal 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 isclated oxide particles entrapped in
the interface act as the dislocation obstacles postulated in
Suh's delamination theory of wear. This is also the reason why

it is more marked as the temperature increases;

4, the previously initiated cracks, if any exist, propagating due to
the atresses.

Due to the nature ¢f this series of tests it was difficult to determine
the duration of the first staye and if delaminaticn process is effective
also in this stage or not.

5.3 Ti=-6Al1-4V (AMMRC)
5.3.1 Plain fatigue results

Although the strength reduction factor is approximately the same for
this alloy and 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
between the fatigue strengths at 107 cycles, as shown in Figure 53. This
may be attributed to two main reasons:

1. the effect of using two different batches with different




mechanical properties and difrerent microstructures; )

| 2. as discussed in Section 5.2.1, the error arising from calculating
the adjusted fatigue strength due to considering n = 1 in
equation (1),

However, it seems that the results obtained comparatively agree with those |
quoted in Figure 53,

The suggestion which can be put forward from thcse results is that
there is no significant difference between the fatigue strength at room 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 TIretting fatiguc 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 shown in
Figure 53. This leads 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 Wharton (8). Also the results agree reasonably well with
the quoted ones mentioced before in Section 5.2.2.

The final conclusion is that there is no distinction between the fatiguc
behaviour of this alloy at the two testing temperatures in the presence of
fretting. This confirms the previously mentioned suggestion, see Section
5.2.2, that any deterioration in the fretting fatigue properties is attribu-
ted to the reduction in fatigue properties rather than any specific aggrava-
tiond the fretting damage, as there is no significant difference between
the plain fatigue strengths at the two testing temperatures. This also leads
to the suggestion that the operating fretting fatigue mechanism may be the
same at both temperatures.

5.3.3 Examination of fretting fatigue damage and the mechanism of
frettingy fatigue failures

Although the fretting fatigue strength of this alloy is approximately
the same as that of IMI 318, it seems that their fretting fatigue mechanisms
are somewhat different, which leads to a dilference in apmearance of the
fretting damage.

In contrast with the observations on IMI 318, adhesion is the most
predominant cause for metal removal rather than delamination. Also it
seems that it is effective throughout the test as it was found in the short
life specimens as well as the long life ones. |

Bethune and Waterhouse (20) found that the adhesion developed between
matal surfaces in fretting initially increases lineariv with amplitude of
slip, passing through maximum at 40 ym. As the resultant slip amplitudes
in the present series of tests are always less than 40 ym, and as adhesion
is the predominant mechanism, so, raising the alternating stress should
result in increasing the adhesion, This was true from the observations cf
the fretting damage at low stress, Plate 58, and at high stress, Plate 6l.

The suggestion, which has previously been put forward in Section 5.3.2,
that the fretting fatigjue mechanism involved may be the same at both testinc
temperatures, has been confirmed by the observations of the fretting ratijue
damage, see Plates 58 and 62,

The fretting fatigue mechanism which can be 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 roughening
of the surface. This process seems to be effective from the start
of the fretting action until the end of the test;

2. sintering of the loose debris 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
layers;

4. material may occasionally be removed by delamination process
especially from transferred material and compacted layers. Due to
the nature o< this series of tests it was difficult to determinc
when the declamination process started to be effective. Hcwever,
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
at the edges of the scar.

5.3.4 Fretting wear results

The results shown in Figures 3% and 35 reveal the linear relaticnship
between the vclume of material removed and the number of fretting cycles at
both testing temperatures and slip amplitudes, Uhlig (21) proposed a quan-
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 tc verify his equation. His equation alsc predicts a
linear relationship between fretting damage and amplitude of slip. Although
the present results cannot show whether this 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
fretting damage increases. There is agreement between this findinyg and that
of the fretting fatigue results, see Section 5.3.3, in that the frettin
fatigue damage increases as the alternating stress increases. Also it was
found that raising the test temperature from rocm temperature to 100 °C had f
no significant effect on the fretting damage as shown in Figures 36 and 37.
Again this agrees with the previous finding in Secticn 5.3.2 for the
fretting fatigue strength and in Section 5.3.3 for the fretting fatigue
damage. These findings lead to the conclusion that:

e e

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 proposed earlier in Section 5.3.3.

5.3.5 Friction measurement results

The frictional 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 dama;e.

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 Figures 44 and 45 vive the general form
for the coefficient of friction versus number of fretting cycle curves.
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. Turther frettin; causes a slight fluctuation of the coefficient
of friction below and above the steady state valuc¢. The starting value of
the coefficient of friction was about 0.2-0.4 while the final value after
3.5 x 106 cycles was about 0.7-0.9. Milestone (22) found corresponding
values of 0,2-0.3 and 1.1-1.2 respectively in tests conducted on the same
material, which are in reasonable agreement with the present results.

From the shape of the curve can be sujgested & ;eneral idea of the
mechanism involved duriny frettini:

1. the first stage: the relative reciprocating motion results in
smearing the asperities present on the surface, resulting in
smoothin;, of the surface and consequently a slight reduction in the
coefficient of friction. This process is more effective and wore
noticeable at higher amplitudes rather than at lower; nctice the
slijzht decrease in the coefficient of friction between the start of
the test and 400 frettiny cycles at 40 ym slip amplitude, Figures
44 and 45, During this stage also the fretting action results in
breakinc of the original surface-oxide film and causes its removal
from the surface and the production of leuse debris, leaving claan
metzl surfaces in contact. As this process is more severe in the
case of 40 um slip amplitude, a higher coefficient 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 on the fretting surfaces
will occur, followed by breaking of these welds, resulting in
rouchening 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 stage starts after abcut 500 to 1 000 fretting cycles dependin,
on the fretting conditions. As the processes invelved in staqe 1
are more effective at the hijher amplitude, the number of cycles re-
quired to remove the oriyinal oxide layer, and consequently to start
the second stage, will be smaller. This is true at the two testing
temperatures as shown in Fijures 44 and 45. This is also the reason
for the earlier start of staje 2 at 100 C rather than at rcom tempe-
rature as shown in Figures 46 and 47 for both slip amplitudes.

3. third stace: which is the steady sta;c and starts by debris
produced from the previous stages Dbein;, compacted by the combined
effects of pressure and fretting action and results in the formation
of a smooth dense layer. Further frettin; causes the disrupticn and
removal of this layer with the producticn of fine debris. The pro-
cess of formation and removal of this compactad layer is repeated as
fretting continues. The presence of the smooth compacted layer
lowers the coefficient of friction which rises when it is removed.
This is why the coefficient of friction fluctuates around a steady
state value during this stage. As the amplitude of slip increases,
the fretting damage 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 coefficient of friction at 40 um slip amplitude is lower
than that at 10 ym at this stage, see Figures 60 and 61, and why
this stage starts earlier in the 40 um tests. Also, this is the
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reason for the lower coefficient of friction at 100 C, see
Figoures 46 and 47.

It is obvious from the analysis given above that study of the variations
in the frictional force during the frettin; tests provides information which
cannot be obLtained by, for example, study of the volume of metal removal or
scanning electron microscope cbservations. The following facts emerge:

1. the adhesion starts as early as 500 fretting cycles;
2. the compacted layer forms us early as 3 000 cycles;

3. from the number of fluctuations c¢f the coefficient of friction in
the early stage. can be determined how often the compacted layer
is reformed.

However, the study of the frictional force alone cannot provide infor-
mation such as how in the third stage the compacted layer is removed. This
question 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 fretting
wear

The three-stage fretting mechanism mentioned above, see Section §.3.5,
has been confirmed by cbservations of the fretting damaje in the scanning
electron microscope. f4Although 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 um slip amplitude at 6 000 fretting cycles as
shown in Plates 117-119. The different processes mentiocned in this
mechanism can be seen clearly in Plates 109-122., A clear example of
adhesion and production of debris is shown in Plates 118 and 119. An
example of the larye quantity of fine loose debris which will later be
compacted is shown in Plates 109 and 110 before cleaning the speciiien;
this should be compared with Plates 112 and 113 aftercdeaning. An example
of the compacted layer is shown in Plate ll4,partially removed, revealin
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 specimens tested at
room temperature at 40 um after 6 000, 105 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 111. 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 surface, and its bottom part
uncharged, leads to the suggestion that they are more likely to be metallic
particles covered with 2 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 agpears that they belong to one
population giving a fatigue strength at 107 cycles of 550 T 325 MN/m2 re-
duced to 550 # 275 MN/m2 at room temperature.

The results of rotatiny; beam tests (23) on bar specimens given the
same heat treatment are as follows:
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Fatigue strength at Adjusted fatigue strength at
Test temperature 107 cycles (om = 0) 107 cycles (om = 550 MN/m2)

¢ MN/m2 MN/m2

20 634 389
316 758 452
538 655 382
649 606 321

Although there is some difference between the present results and the
quoted ones for the reasons mentioned before in Section 5.2.1, they are
still comparable. For example, Brown et al (24) found that the grain size
has a pronounced effect on the fatigue properties of the allcoy when they
conducted fatigue tests at 454 C. It should be pointed out that the

average grain size of their alloy was 20 um while that the present inves-
tigation was 11 um,

Only two specimens have been tested at 700 C due to interference from
creep at the higher alternating stresses. This temperature in any case
would be considered tco 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 cf the elevated temperature specimens
are shorter due to the creep of the material at that level of stress.

5.4.2 Fretting fatijue results

In contrast with the fretting fatigue behaviour of Ti-6Al-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 107 cyclas at 540 C;
2. the improved fretting fatigue strength at 10° cyclaes at 280 C;

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

4, the longer fatigue life at stresses above 260 M)l/m2 at 280 C com-
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 Incoloy types in the temperature region 150 to 800 C by Stott
et al (10) 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 cbservations revealed that no glaze
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formed at any of the specimens tested at room temperature, As the tempe-
rature was raised to 280 and 5S40 C the glaze formed. This is in geood
agreement with the results of Stott et al (9,10) who found a transition
temperature above which the pglase formed. This conclusion from the
present results is that the observations of Stott et al are not only
applicable to the case of sliding wear, but also to fretting wear. The
more impertant additional finding in the case of frettins is that there
is a tramsition slip amplitude, 2s well as a transition temperature,
above which the ylaze forms. It seems that the value of the transition
slip amplitude depends on the material and the testing conditions, but
this needs more investigation and should be the subject of future work.

The present results reveal that at 280 C the specimens tested at
stresses >550 ¥ 260 MN/m?, correspondiny to 24 um slip amplitude, have
evidgnce of plaze formation, while those tested at stresses <550 ¥ 215
MN/m®, corresponding to 20 um slip amplitude, have no evidence of jlaze
formation. All the specimens tested at 540 and 700 C have evidence of
glaze formation. The above observations were confirmed by results
obtained from the fretting wear tests. From the above mentioned obser-
vation it is possible to explain the four observations mentioned above
in this section, as follows:

1. it is apparent 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 cdamayge which leads tc the initiation of fatigue
cracks in the presence of fretting;

2, for the glaze to give effective protection it must:

a) form rapidly with the onset of fretting since it is known that
fatijue cracks are initiated in the early stages of the process
17, 29);

b) be stable and not break down easily or if it does,
c¢) be capable of repairing itself rapidly.

At room temperature these conditions are not met, althouyh 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 occurrin; at all, is not rapid encugh tc 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
marks of the latter. As there is no glaze formed at rcom temperature,
it is expected that the fretting fatigue strength,as well as the fretting
fatijue lives, is drematically reduced.

At 280 C the glaze layer is formed above the transition slip
amplitude, but below it there is an oxide layer which is not a glaze.
This is why the fretting fatigue strength at 105 cycles is improved.
This is alsc the reason for the longer fatigue life at hipher 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 107 cycles is improved. At high
stresses creep of the bulk material led to crackiny 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
fatigue action and the increased shear stresses in the fretting region
has caused creep of the bulk material leadinn to cracking of the surface
layer. This is why the point at 700 C lies between 280 and 540 C curves.
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5.4.3 Observations of the fretting fatigue damage and the fretting
fatigue mechanism

It is clear from the observations mentioned in Section 4.4.3 that
there are many mechaunisms involved in the fretting fatigue of this alloy
depending not only on the test temperature but also on the slip amplitude.

At room temperature, there is no glaze formed, and the classical
mechanism of metal removal by adhesion is involved in the early stages of
the fretting fatigue combined with delaminaticn in the later stages. It
seems that this mechanism is alsc involved at 280 C below a certain slip 1
amplitude, the transition amplitude of about 22 um, where there was no
aevidence of glaze formation,

wWhere glaze is formed, as in the case of 280 C above the transiticn
slip amplitude, and at S40 and 700 C, the metal was removed mainly by de- |4
lamination with few isolated, if any, cases by adhesion, but at the high f;
tamperatures 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 bulk material leading to cracking of the ?
vlaze layer, 4

5.4.4 Fretting wear results

The results shown in Figures 38-40 reveal the linear relationship
between the volume of material removed and the number of fretting cycles
at all test conditions. This acrees with the provused equation of Uhlig
(21). His equation also predicts a linear relaticnship between fretting
damayge and amplitude of slip. Although the present results cannot say
whether the linaar relationshij 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 um slip amplitude, the rate of
material removed is larger compared with that of 280 C at 40 um slip ampli-
tude and 540 C. This is because in the latter case a protective atherent
&laze oxide layer has been formed which did not exist in the former case.
The fact that at 280 C at 40 um slip amplitude the rate of material 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 keep pace with the fretting action.

The similarity in the behaviour at room temperature and 290 C with
low slip amplitude, see Figure 41, and also the same behaviour at 280 C with
40 um slip amplitude and 540 C, see Figure 42, sup_.ort the propesed fretting
mechanisms given in Sectimn 5.4,3. Also it is ccnfirmed by the fact that,
during the tests conducted at room temperature and 280 C at 10 um slip
amplitude, as the number of cycles increases the amplitude of slip
decreases (due to rougheniny of the surface), and readjustments have
frequently been made to keep the slip amplitude constant.

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

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

Bill (20) conducted fretting tosts on a nickel base alloy (Ni-20 Cr-
2A1) at temperatures up to 816 C. He found that fretting wear was reduced
with increase in temperature up to S40 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 um slip amplitudes after about 550 000 cycles, corresponding to
| 44 m total path length.

Hurricks (6,27,27) in his fretting studies of mild steel at elevated
; temperatures found that a thick oxide layer formed at temperatures above
: 140 C which had a protective and lubricant effect thereby reducing the
fretting damage.

Stott et al (9) found from their sliding wear tests on nickelchromium
alloys at temperatures from 20 to 800 C that above a certain transition
temperature relatively low wear was observed after & time but below which
it remained relatively high throughout. They attributed this behaviour
to the formation of the glaze layer above the transition temperature.

They stated also that ance the glaze is formed, very little further wear
occurred for the high chromium content alloys. Their results are in good
agreement with the present ones.

S5.4.5. Frictional force measurement results

It appears from the study of the friction results shown in Figures
48-52 that there are principally two different mechanisms involved in the
fretting wear of this alloy, one at rocm temperature and the other at
elevated temperatures.

At room temnerature, see Figure 48, the coefficient of friction starts I
in the first stage with a moderate value of about 0.0 which increases |
suddenly in the second stage after a certain number of fretting cycles to
reach approximately a steady value of about 0.9, Further fretting causes
a slight fluctuation of the coefficient of friction arvund the steady I
value. These values are comparable with those of Stott et al (9) on a {
nickel-chromium alloy having 20% chromium., The room temperature fretting E
wear mechanism consists of three stages. The first stage is characteriscd
by smearing of the asperities present on the surface resulting in smoothing
of the surface and consequantly the ecefficient of friction is reduced
slightly. This process is more effective and more noticeable at the higher
amplitude rather than at the lower one. The slight decrease in the f
coefficient of friction in the fivst stage at 40 um slip amplitude in @
Figure 48 should be noted,

Also in this stage the fretting action results in breaking up of the
oripginal 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 active at 40 um slip amplitude, it is expected to
result in a higher coefficient of friction in this stage at this amplitude,
see Figure u8.

In the second stage, once there are two clean metal surfaces in contact
together from stage 1, welding of the asperities on the fretting surface
occurs followed by breaking of these welds resulting in reughening of the
surfaces and interlocking of the roughened surfaces. These cvents are

LM




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

The third stage, the steady stage, starts by compacting the debris
produce! from the previous stage under the combined effects of pressure
and the fretting action and results in the formation of a smooth compacted
layer. Further fretting causes the disruption &nd removal of this layer
with the production of fine debris. The process of formation and removal
of this compacted layer is repeated as the fretting continues. The
presence of the smooth compacted layer results in a decrease in the
coefficient of fricticn while its absence results in an increase., This
is why the coefficient of friction fluctuates arcund a particular value

during this stage. The hich 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 that found by Stott et al (9)
which is abcut 1.5, This may be attributed to the large difference in the
starting surface finish in the present werk, i.e. 0.1 um c.l.a., and their
work, i.e. 25 ym c.l.a. and also the much higher amplitude. The conly
difference in this stage between the room temperature and the high tempe-
rature mechanism is that clean metal is never exposeld as new oxide layers
form rapidly on the surfaces at this high temperature.

In the second stage the glaze starts to form at some isolatecd areas
of the fretting surfaces by one of the mechanisms proposed by Stott et al
(9,10). These kolated areas grow with further fretting until they cuver
the majority of the fretting surfaces. As these areas grow, the coefficient
of friction decreases.

The third stage is the same at both room temperature and high tempera-
ture except that the compacted debris in the latter is of the glaze type
which is associated with a drop in the coefficient of friction, i.e. about
0.9 at room temperature while at 540 C it is about 0.15.

At intermediate temperatures, i.e. 280 C, the alloy exhibited two
completely different behaviours at the two testing amplitudes, i.e. 10 and
40 um. At the lower amplitude the alloy behaves as at room temperature,
which suggests that the room temperature mechanism is involved in this
case. At the higher amplitude the alloy behaves as at S4Q C which suggests
that the high temperature mechanism is involved in this case. The scanning
electron microscope observations, see Secticn 4.4.5, confirm this idea.

One of the clear observations when studying the effect of temperature
on the fricticnal behaviour of the alloy is as the temperature is raised
the coefficient of friction decreases, see Figures 51 and 52. This is
true for the two amplitudes and for all the stapes. This is because as
the temperature increases the thickness of the cumpacted layer as well as i
the thickness of the layer of loose debris increases. Consequently, the ’
coefficient of friction decreases.

Another important observation is that as the temperature increases,
see Figure 52, or as the slip amplitude increases, see Figure 50, the
transition from a high coefficient of friction to a low value, i.e. the
second stage of the high temperature mechanism, begins and ends earlier.
This observation reveals the role of slip amplitude as well as temperature |
in glaze formation. Also the role of temperature is consistent with the
observations of Stott et al (9) who suggest that the transition from a
high coefficient of friction to a low value occurs within the period when
slaze is first observed. Their Jdata showed that as the temperature in-
creased the time at which the glaze was first observed decreased. This




shows the similarity between sliding wear and the fretting wear in this
respect.

5.4,6 Observation of the fretting 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 confirmed by the fretting
wear damage study and the friction measurement study, Sections 5.4.4 and
5.4.5. respectively. It was also found that the fretting wear and the
fretting fatigue mechanisms are consistent. Although the fretting wear
results could not give a value for the transition slip amplitude at 280 C,
the fretting fatigue 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 how these two types of tests are comple-
mentary to each other.

One of the important pieces of evidence which cannot be obtained from
the wear or friction studies is how the material is removed. The scanning
electron microscope observations show 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 supports 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
condition, only an exploratory test has been conducted to study the effect
of the microstructure on the fretting fatigue behaviour of this alloy.
Although there are not enough results, it seems that the alloy has the
same behaviour under frettiny fatigue condition as in the aged and the

annealed condition, except that in the former it exhibited higher frettin; s
fatigue strengths, see Figures 30 and 31. The dramatic increase in the 14
fretting fatigue strencth as the temperature was raised was also found in g

the annealed as well as in the aged condition.

The similarity in behaviour between the annealed and the aged condi- |
tion suggests that the frettiny fatijue mechanisms involved in the former i
are the same as that of the latter. The scanning electron microscope i
observations confirm this fact, Plates 106-108. This also leads tc the ‘
conclusicn that glaze formation is independent of the heat treatment condi- t
tion or the microstructure. More information is needed to clarify this
point and requires further study.
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CONCLUSION

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
significant piece of information to come out of this work is that the
glaze oxide, which had been observed in reciprocating sliding experiments
by Wood and his colleagues on nickel based alloys, is also formed during
fretting where the amplitude of movement is much smaller. The formation
of the glaze in fretting is, however, a function of the amplitude of slip
at lower temperatures. This is illustrated by the observation that at
280 C the glaze only forms at amplitudes above 22 um, 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 formation 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 influence of sliding contribute
much more to the fretting fatigue behaviour than sub-surface interactions
between dislocations and second phase particles.




APPENDIX A

Strain Gaupes Arrangement

It was decided to use 2 normal contact load of 2.75 N. Assuming that
the coefficient of friction ranges Letween 0.2 and 1.2 (22, 29), then the
expected friction force will be between 0.55 and 3.3 N.

Let the normal force = Y
the friction force = X

The arrangement is that of a simple cantilever, i.ec. the transmissicn
shaft, fixed at one end by being rigidly connected tc the driving spindle
of the electromagnetic vibration generatcr, which is subjected tc twc per-
pendicular forces X and Y acting 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 Rl’ s R, and R, individually measure a
strain value €13 €53 € and ¢ resgectively connected together in a circuit
as shown in Figure“l8, then the net strain value, e€_ _, measured by this
circuit is given by s

enet--el+22—ea+eu

Suppuse that the force X causes a longitudinal strain = €, and a
lateral strain = - vsx while the force Y causes a longitudinal”strain €y
and a lateral strain = - vey where v is the Poisson's ratio, then Table 3
Zives the strains experienced by each strain gauge separately according to
its position on the transmission shaft as shown in Figure 16.

So, using the previous rule and the data in Table 3 and connecting the
strain gauges to the strain gauge measuring instrument as shown in Figure
17, two separate circuits were obtained, one for measuring X and the other
for measuring Y 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 gaupges used were foil strain gauses type N11-FA-5 manufac-
tured by Showa Measuring Instruments Co. Ltd., Tckyo, Japan, with gauge
length = 5 mm, resistance = 120 Q, and gauge factor = 2.1.

The strain gauge circuits were connected to a universal mylti-channel

amplifier system, type SE 4000 manufactured by S.E. Laboratories (Enginceriny)

Ltd., North Feltham Trading Estate, Feltham, Middlesex.
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APPENDIX B

Nermal and friction forces arrangement calibrations
and studies

1. Introduction

The calibraticns 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. Fipgure 19 shows
the arrangement.

Before starting the calibraticns both the normal force and the
frictional force measuring arrangements were set at predetermined settings
as given below in Sections 2 and 3.

Zs Normal lcad setting

4ll the adjustments in this section have been conducted under the
transmission shaft's own weicht with the cooling water running. Channel
No. 2 in the 4 0CO-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 measuring arrangement.

The first step is to balance the bridve circuit with the shaft under
its own weight, i.e. Y = weight of shaft, X = O.

The calibration knob was adjusted to give the following readings:

90 divisions H
90 mm - i

Meter deflection in 4 000-system
Light spot displacement in the U.V. recorder

3. Frictional force setting

All the adjustments 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 mcdel MM 400-120 input were used for the frictional force
measuring arrangement.

R

The first step is to balance the bridpge circuit with Y = 275 ¥ and
X =o0.

The calibration knob was adjusted to give the following readings:

LM e e i

80 divisions
120 mm

Meter deflection in 4 000-system
Light spot displacement in the U.V. recorder

4, The relationship between the normal contact force and the light spot
displacement in the U.V. recorder

The calibration was carried out by changing the dead weight Y (repre-
senting the normal load) keeping X constant, as shown in Figure 19, and
recording the corresponding light spot displacement in the U.V. recorder.
The results of the calibration are shown graphically in Figure 20 for three
different values of X (representing the frictional force). These tests
indicate that:

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




s 0.034632 N/mm

the sensitivity at X i
N is 0.035555 N/mm

1N
the sensitivity at X = 2.5

2. there is about 4% variation in the sensitivity when the friction
force changes from 0 to 2.5 N which is acceptable;

3. since the adjustment of the normal contact force in the actual
fretting wear tests would be with zero frictional force, calibra-
tion results with X = O should be used;

4. for normal 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 calibration was carried out by changing the dead weight X (repre-
senting the frictional force) as shown in Figure 19, and recording the
corresponding light spot displacement in the U.V. recorder. The results
of the calibration are shown graphically in Figure 21 for two different
values of Y (representing the normal contact load). These results show
that:

l. the sensitivity at Y

1.5 N is 0.080314 N/mm
the sensitivity at ¥ = 2.5 N

s 0.0686270 N/mm

e

2. variation in sensitivity due to change of normal contact locad 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 resultant
light spot displacement in the U.V, recorder is 80 mm. This is according
to the previously mentioned settings and calibrations, see Sections 2 and
4. Accordingly, a normal force Y was applied to the shaft using a simple
pulley and string arrangement at a point outside the furnace, as shown in
Figure 22 with X = 0. The value of Y was chosen to give 80 mm lijht spot
displacement in the U.V. recorder when the furnace was at room temperature.
Then the furnace temperature was increased and the light spot displacement
was recorded. The results are shown in Table 4. It can be concluded from
these results that there is no significant effect of the testing tempera-
ture on the recorded normal force value represented by the light spot dis-
placement. The scatter in the readings was within the accuracy of the
arrangement.

Ts Effect of temperature on the recorded friction force

The arrangement used in this study is shown in Figure 22. After
setting the normal load and friction force measuring arrangements to the
required setting as given in Sections 2 and 3, a normal force Y and a
frictional force X were applied to the transmission shaft using a simple
pulley and string arrangement. The values of Y and X were chosen to give
80 and 44 mm light spot displacements in the recorder respectively. The
chosen values correspond to a normal force and a friction force at the




rider-flat specimen interface of 2.5 and 3.1 N respectively. The furnace
was heated and the frictional force was recorded. The rcesults are given
in Table 5. It can be concluded from these results that there is no si -
nificant effect of temperature on the recorded friction force.

8. Effect of the inertia force on the recorded normal and friction forces

Since the frettin:® wear tests were conducteld at a test frequency of
50 Hz, the inertia force 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 19 was used with Y = 2,5 N and X = 0, after
setting the normal load and the frictional force measuring arrangements to
the specified settings, see Sections 2 and 3. Then by operating the rig
to oscillate the transmission shaft at 25, 50, 75 and 100 iz and recording
the light spot displacement in the U.V. recorder, the effects of the inertia
force were obtained. The results are shown yraphically in Figures 23-25,
40 and 41. From these results it can be amcluded that:

1. at 40 um amplitude and 50 Hz the inertia force caused & fluctua-
tion in the normal load of ¥ 0.1 N which is less than 4% of the
normal load used in the actual tests, i.e. the effect of the
inertia force con the normal force is nepli,ibleg

2. for a frequency of 50 Hz, a normal load of 2.5 N, and amplitude
of oscillation of 40 um, the resultant noise + inertia curve
(representing the recorded friction force) showed maximum amplitude
(peak to peak) ' of 16 mm and minimum one ¢f 9.7 mm. When the
amplitude was decreased tc 10 um these values changed to 9 mm and
4.5 mm respectively. These values are too hiyh to be neglected.
So the effect cf the inertia force on the recorded friction force
has to be taken into consideration when calculating the friction
force. The cctual curve cbtained for the {rictional force Juring
a frettin;, wear test is in fact a resultant of the interference
hetween two curves, the noise inertia curve, and the pure frictional
force aurve. The resultant curve is obtained by the princivle of
superposition by simply addin; the dis;lacements caused by the
individual curves at every point. Thus, to obtain the actual
amplitude of the frictional force the noise + inertia curve
amplitude should Le subtracted from the amplitude of the recorded
friction force curve.

g




APPENDIX C

Adjustment of plain fatigue strengths

The plain fatijue strengthis obtained from the results were at mean
stresses different from the mean stress at which the fretting fatigue
tests were conducted, i.e. 247 MN/m2. To compare the fatigue results with
the fretting fatigue results, an adjustment was made to the plain fatipgue
results to get the plain fatipue strength at 247 MN/m2 mean stress. This
adjustment was done using the modified Goodman law:

S

a

Sm

where
Sa = the alternating stress associated with mezan 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 specima=n 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 mea
stress levels. If at Sm, mean stress and Sa, alternating fatigue stress
the life is N cycles, th%n at Sm, mean stresS the life will be N cycles,
at an alternatins fatigue stress Sa, vhich is calculated as follows:

Substituting in equation (1)

Sml
Sal =s (1 - g (2)
Sm2
Sa2 =Sl - 53—9 (3)
; Sa % Su - Sm1
Sa2 Su - Sm2
Su - Sm
or Sa, = Sa Su-9S5 : ()
2 - i u oml

Cl.




APPENDIX D

Calculativn of maximum and mean contact pressures
between the spherical surface rider tip and flat
specimen (31)

When two spheres are held in contact topether by a force W as shown
in Figure 33, there is a local deformation near the point of contact
which produces a small circular contact region. If the radii of curvature
R and R, of the two spheres are larye in comparison with a, the radius

the circular contact region, then the results for semi-infinite budies
may be applied. The value of the maximum pressure, P ,» can be obtained by
equating the sum of the pressures cver the contact ardéa tu the compressive
force, W. TFor a hemispherical pressure distrilbution this gives (32):

2ma’¥ _
X

w

For two spheres having identical elastic propertics

a = 1.109 [ & ~ R ] '3

where E is the modulus of elasticity of the materials in contact. The
maximun pressure P is given by:

o HEz(Rl + R2)2 Sk
P = - = 0.388
. 2

2
- l ‘R2 -

For the present case of.zqﬂmrical surface of rider tip pressed intu
a plane surface having R = ®, the maximum contact pressure 1s aiven Ly:

1

v
P =0.388 [WE 4
o) "
f2 g
[wr,) 1/a
T

The mean contact pressure, Pm’ is given by:

and a = 1.109

= W

Pn ® a2
In the present investigation R2 = 100 mm
W = 2,75 N

This gives the values shown in Table 7.

el




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 = A.. Figure 43b shows the noise + inertia force
curve with variable amplitude A, varying between A, and A e
The recorded frictional force c&rve is actually thé(ggéaltant %gm%ﬂg
interference between curves a and b. The recorded curve is obtained
from the principle 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 A_ +A,, . .. By measuring the maximum
ang the minimum vafues 3§mgx$n thefrecoi&@anghart such as that shown in
Plate 9b, the frictional force can be calculated as follows:

Amax * Ap Ai(max)
Amin - Ai(min)

L Ai(max) (1)
A = Bugn ” Bi(min) (2)

adding (1) and (2)

-.. A = + o - A, - A, .
£ Am.ax Apin fimax) ~ “i(min)
2

where A is the amplitude of the frictional force curve (peak to peak).
Since tge maximum frictional force corresponds to half the value of Ap

Amix * Aot " A'(max) £ Ai(min‘
.". The frictional force = = B i L xS

where S is the sensitivity in N/mm.

e biait
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Table 1

Testing conditions for fatijue and fretting fatigue tests

?Material

: e : 1
Heat treatment Type of Test tegperature ' Mean tensile stress

| condition test ' C MN/m?
; : ’ 20 . 371 - u6s
! ' o
| Dmoaes 200 324 - 497
; as received e 400 i 401 - 463
: 600 247
\ —
> = ! 200
T ! ! Fretting | - ou7
g i ! fatigue ;
5 ; 60C i
o :
20
; i Patigue 100 i
' AMMRC#% .
§ 3 3 '
| as received Fretting 20 A
i fatigue 100 L
| Annealea ;| Eretting o | 256 |
i ] | fatigue 600 ] !
i s At
| 3 :
¥ | = '
' ‘
a } ; Fatigue b i i 550
= % t 40 i
i 3 i 700 '
3 f Aged ! A
g { ! 1
3 ' | 20 :
=} | ! i
H : Fretting 280 | 550
! i fatigue 540 |
| | |
] i ‘ 700 i ’
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 fatijue tests was

32 MN/m2.
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Table 3

The strains experienced by each strain gzauge separately

[ Stroin faure e P

No.

1 “Eys "€y

2 “Eys Ey

3 “€y |
4 -ex |
5 vex

6 VE,,

7 VEys VEy i
8 j VEys “VEy i

-~

la

bles 4

Effect of temperature on the recordsd normal force

Testing temperature | Light spot displacement
% mm
21 82
96 78
188 83
339 82
465 78
593 ! 78.5
532 80.5
49y  80.5

Table 5

Effect of temperature on the recorded frictional force

Testing temperature Light spot displacement
C mm
22 Yy
143 48
288 46
457 46
523 41
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The plain fatigue results of Ti-6Al-4V (IMI 318) at room temperature,

Table 6

200 and 400 C before adjustment (obtained from S-N curves before

adjustment) and after adjustment obtained by calculating method given

in Appendix C

Note: The calculation adjusted for Sm = 247.1 MN/m?

Tempegature Nu:;iie:f Sa22 Sm22 z Su : ; Sa12 i ?
C N MN/m MN/m MN/m MN/m ! Remarks 4
o 12 333 800 | 339.77 | 370.66 402.8 E
g 5 900 | 443.16 | 467.88 615.1 ,
§‘ 21 900 | 417 463.33 Ll 8742
§ 60 700 386.11 | 417 § 491.9
g 148 900 | 355.22 | w17 452.6
3 11 370 400 | 339,77 | w17 432.9

| |
12 487 000 | 293.u44 | 324.33 338 Unbroken
16 000 | 370.66 | 4O1.55 503.3
22 900 | 339.77 | 370.66 430.6
9) 11 279 000 | 293.44 | 370.66 371.8 | Unbroken
§ 32 100 308.89 | 370.66 § 391.4
41 800 | 324.33 | 370.66 11
3 468 500 | 308.89 | 370.66 391.4
14 300 | 296.3u | u96.69 516.3
12 047 100 | 123.55 | 463.32 225.2 | Unbroken
13 900 | 247.1 | 463.32 450.5 |
11 587 200 | 185,33 | 463.32 337.9 | Unbroken
o 35 000 | 231.86 | 463.32 Q 422.3 i
S 17 600 | 211,99 | 401.55 | © 312.9 |
41 300 | 200,78 | 4O1.55 266.4 |
12 487 300 | 169.89 | 401.55 | 250.8 ! Unbroken
: 11 702 700 | 185.33 | 401.55 g 273.5 | Unbroken !
13 €02.000 ' 193.05 1 f 284.9 | Unbroken !

b 3
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Table 7

The initial values of the radius cf the contact

area, the maximum pressure and the mean pressure
before starting the fretting wear tests

T |
Temperature | Modulus of elasticity a P, P
Material S N /2 o MN/n? | uN/n?
Ti-6A1-4V 20 1C6 00C 0.152 56.55 | 37.7C
100 102 00C 0.154 55.11 | 36.74
20 200 000 0.123 86.34 | 57.56
Inconel 718 280 186 000 0.126 ! 82.26 | S54.84 :
540 171 000 0.130 ; 77.78 | 51.85 |
. i 1
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ADJUSTING SCREW b PROVING RING

i
RECORDING THERMOCOUPLE CONTROL

THERMOCOUPLE

FRETTING BRIDGES SPECIMEN

|
L HEATING I .
ELEMENT i| | FURNACE CASING
'h AND INSUL ATION
ol
LEADS TO l

T POWER SUPPLY | EAB

Fig.{ 3 ) PLAN VIEW OF FURNACE AND SPECIMEN
WITH FRETTING BRIDGES CLAMPED ON TO IT.
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FIG.(4 ) TEMPERATURE DISTRIBUTION IN THE RADIAL
DIRECTION.
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; — thermocouple
control unit recorder / ~prmp
----- b
& B |
g to the heating element
FIG.(8) INITIAL TEMPERATURE MEASURING AND CONTROL
ARRANGEMENT,

control unit

I

FIG.(9)

recorder

recording
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control
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to the heating eiement
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CONTROL
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mm

2

PROVING RING DIAMETER

155.14
15548
155.22
155.26
155.30
155.34
155.38}
0 ;o 120 2;0 320 abo
LOAD , N
FIG. M  CALIBRATION OF THE PROVING RING.
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Fig. (17 ) STRAIN GAUGES CIRCUITS FOR
MEASURING:A-FRICTION FORCE, B-NORMAL
FORCE.
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Fig.(18) FULL BRIDGE STRAIN GAUGES CIRCUIT.

Fig. (19) ARRANGEMENT FOR CALIBRATING THE
NORMAL AND FRICTION FORCES.
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Fig. (20 ) CALIBRATION RESULTS OF NORMAL FORCE.
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Fig. ( 23 ) THE RECORDED SIGNAL PRODUCED BY
THE INERTIA FORCE IN THE NORMAL
FORCE MEASURING ARRANGEMENT AT
LOpum SLIP.
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Fig. ( 24 ) THE RECORDED SIGNAL PRODUCED BY
THE INERTIA FORCE IN THE FRICTION
FORCE MEASURING ARRANGEMENT AT
2.5 N NORMAL FORCE AND 40 pm SLIP.
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MEAN STRESS 256 MN/ m’

L00k CLAMPING PRESSURE 32 MN/m?
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FIG.30 FRETTING FATIGUE CURVES OF ANNEALED
INCONEL ALLOY 718.
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Fig.({33 ) CONTACT AREA BETWEEN
A RIDER AND A FLAT.
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Aj(max.)

Al(Mln.)

Fig.(43) THE COMBINATION OF THE FRICTION
FORCE AND THE NOISE « INERTIA FORCE
SIGNALS.
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Fig. (| 53 ) EFFECT OF TEMPERATURE ON THE
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Plate 1

400

mm

Overall view of fatigue and fretting fatigue tests system.

Plate 7

50 mm
| Mkl |

The experimental arrangement with
top half of the furnace removed
showing specimen and fretting
bridges.

Dlate

The

fretting fati

hnuing specimen

bridges held by

u

ne
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l Plate 6 Microstructure of Inconel alloy 71t.
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Typical recorded chart for the friction force.

b - Chart speed

= 200 cm/s

a - Chart speed

Plate 9

\i

l1loy

i

/r

N

|

of
M

~

3

24—

O~ >N
— v
— — o

L O
Q 0Lo
-+ O -
@ Lo
—~ Qo w
a ogsr~

i |
16)

3

IMI
m<

fg

(=]
—~O
—~r~ .
T U
' (<1}
4
- O
o>~ >
< O
o oo
— o
o 0O
@ 0o
<+ 0 -
@ wo N
— <O~
a NN




]
| 0o ;1| DYate
Optical picture of Ti-alloy (AMMRC) Same as plate 1. but
100 C, 400 -
000 cycle

Plate 14 l.l]l) Hy Plate 15 40 p

Optical picture of Inconel 718 (aqed) Optical picture of Inconel 16 (aged)
- h 3

40, S50 2 114 MN/m 40°Cc, 950 ¥ Ceo m

1o.0 x 10" (unbroken spocimen ). 61 000 cycl

Plate 10 bt  Plate ) L300 1
Uptical picture of Il—‘lln? (AMMRC ) Optical pirctur lncon \

0C, 10 pm slip, 3.5 x 109 cyel
(sphere).




Optical icture of Inconel 71t
0C, 10 pm alips & x 107 eyecly

Optical picture of Incongl ]t
(8] v
8Cy 40 pm alips 1TUY eyel
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Plate 21 L 200 g

Optical picture of Ti-alloy (AMMRC)
20°C, 10 p m slip, 6000 cycles

-
.
-
R e

Plate 22 | 400 p J

Optical picture of Ti-alloy (AMMRC)
209C, 10 p m slip, 109 cycles

Plate 23 | 400 p |

Optical picture of Ti-allologtPI'IRC)

209C, 10 y m slip, 3.5 x

cycles

Plate 24 ( 400 p J

Optical picture of Ti-alloy (AMMRC)
20°C, 40 u m slip, 6000 cycles

Plate 25 L 400 p |

Optical picture of Ti-alloy (AMMRC)
209C, 40 p m slip, 10° cycles

Plate 26 e

Opti i f Ti-o AMMRC )
?BO cal picture of Ti lloy ( RE )

Cy 40 um slip, ¥ x 10° cycl

Jri-me X e

T S N LU
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i |
' i
l Plate 27 Lo ey Plate 30 Tl 0 j
Optical picture of Ti-alloy (AMMRC) Optical picture of Incomel "1t |
i 1000C, 40 p m slip, 6000 cycles 200C, 40 p m slip, 6000 cycles
3

b TR T oA v e

Plate 28 LA Plate 31 el A
Optical picture of Ti-alloy (AMMRC) Optical picture of Inconel 71t
l1po°C, 40 p m slip, 10° cycles 200C, 40 p m slip, B X 104 cycle

\

Plate 29 l 400 p I Plate 2 I 10U}

OBtiunl Hicturv of Ti-alloy (AMMRC) Optical pic
1009C, 40 p m slip, 3.5 x 100 cycle: ‘l“l“. W0 o lip,

Bl B N e




Plate 33 L 400y Plate 74 | *00p

Optical picture of Inconel 71 Optical picture of Inconcl 71
%40°C, 40 p m slip, 6000 cycle: 5409C, 40 p m @alip, 10° cycle

/”";
Plate 35 L e,
S.E.M. of Ti-¢ Illﬂy (“V” :”H) Same as plate 35 but ot higher
6000c, 247 t 62 MN/m magnification
106 cycles, (unbroken specimen)

- r~——

/\

Plate 17 L300 p , Plate 3o 10 p
Same as plate 3L but for the S.E.M. of Ti-alloy (IMI ¢)
bridge foot 2000C, 247 * 139 MN/n

210 000 cycle:




Plate 39

S.E.M. of Ti-alloy (IHI 318)
4000C, 247 * 93 MN/m2
750 000 cycles

Plate 41 100 p
S.E.M. of Ti-alloy (INI 318)
4000C, 247 * 108 MN/m2

222 000 cycles

Plate 43 100 p
S.E.M. of Ti-alloy (INI 318)
4000C, 247 * 170 MN/m?

118 000 cyclrr

Plate 40 \ 10 p |

S.E.M. of Ti-Alloy (IMI 318)
6000C, 247 t 124 MN/m?
119 000 cycles, (bridge foot)

S.E.M. of Ti-alloy (INI 318)
4000C, 247 * 154 MN/m2
137 000 cycles

Plate 44

S.E.Me of Ti-zlloy (IMI ~1¢t)
400°C, 247 % 124 MN/r
182 000 cyclc




Plate 45 L%y Plate 4o 0
S E.M. of Ti-alloy (IMI 318) Same as plate 4 ut at t
~UD°C. 247 ¥ 154 MN/m position

97 000 cycles, (bridge foot)

Plate 47 ‘ 10 u l Plate 48 10 ¢

S.E.M. of Ti-alloy (IMI 218) S«EeM. of Ti-alloy (IMI 318) ]'
4000C, 247 * 77 MN/m- '000Cc, 247 + 93 MN ;
11 x 100 cycles Q40 000 cycle

Plate 49 | O Plate S0 w
—

SeE4M. Of Ti-alloy (IMI 316) SeE.Me Of Ti- 1lloy
00°C, 247 ¢ 92 MN/s 4000C, .47 % 100 PN,
€14 000 cycles 000 cycl




p“.ate 51 & plate 5? ‘ l /JOO H l !
S.E.M. of Ti-alloy (IMI 3218) S.E.M. of Ti-alloy (IMI Z18)

400°C, 247 ¥ 93 MN/m- 600°C, 247 * 170 MN/m-

479 000 cycles 24 000 cycles, (bridge foot)

N A
7 s

3
} :
.
|
Plate 53 L40 K | plate 54 (L0
| .
é Same as plate 52 at site A Same as plate 53 but at higher
§ magnification
1
)
Plate 55 ( 10 K Plate 56 ( 40 ,
Same as plate 57 but at higher SeEeM. of Ti-lloy (IMI
magnification 600°C, 247 % 1 M
45 000 cycles
B
1

. I ————— "l
v




Same as plate 56 but at higher S.E.W. of Ti-alloy (AMMRC)
nification. 20°C, 400 ¥ 84 MN/i
<0 x 10° cycles (unbre

L

Plate 59 00 Ky Plate 60 hsenional
Same as plate 58 but at higher Same as plate 58 but at hi
magnification for the bottom magnification for the centre
left-hand corner. the scar.

Plate €1 (200 p,

S.E.M. of Ti-alloy (AMMRC) S.E4M. of Ti-ulloy (AMNRC)
20°C, 400 ¥ 176 MN/m: 100°c, 400 % N/

861 000 cycles. 12 x 10° cycl (unb

PEE N e s
s ¥




] K . [

Plate 63 L4 1y,

S.E.M. of Ti-alloy (AMMRC).
Same as plate 61 but at higher
magnification for the bottom

a -’ ¢ -‘g
- 3 : -
\ - ’Q’. PN
A-‘- i ooy
‘ & -.
o Aene
.:“I"/ -
e
ARy
g \"‘4 "'l‘:/
‘5&‘\ N " 9 "k
A B R / \
g ? et e B
Plate 64 p A0p

S.E.M. of Ti-alloy (AMMRC)
100°c, 400 ¥ 164 MN/m
86 000 cycles.

left-hand corner.

Plate 65 Baa Plate 66 Lati i
S.E.M. of Ti-alloy (AMMRC) Same as plate 65 but

20°c, 400 ¥ 151 MN/m magnification.

141 000 cycles.

Plate 67 400 p
+E4Me of Ti-clloy (AMMRC) . t
00 Cc, 400 I 152 MN/ Y

000 Yi 1¢ ¢ rnet 5
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Rt o T EE. " £

! Plate 6° ( a0 Plate 70
Same as plate 67 but at the Same as plate 69 but at
racture edqge. magnitication.

Plate 71 LD Plate 7 L_%0p |

S.E.M. of Inconel 718, aged SefeM. of Inconel 718, sood
0°C, 550 ¥ 260 MN/m: 20°C, 550 F 300 MN/m
131 00 cycles. 83 000 cycles.

' Plate 73 L Plate 74 it
Same as plate 72 but for another SeEeMe of Inconel 716, aged
part of the scar. 0°C, 550 170 MmN/

l 107 cycles (unbroken specicen).




Plate 75 £ 108, Plate 76 i 4 ¥y
Same as plate 74 but at higher S.g.M. of Inconel 718, aged
magnification. 20°C, 550 ¥ 132 MN/m?

566 000 cycles.

Plate 77 L0 by Plate 78 L20 4y
S.E6M. of Inconel 718, aged Same as plate 77 but at another
280°C, 550 ¥ 350 MN/m? area.

212 000 cycles.

Plate 79 L_29¥ ,  plate 80 L S
Same as plate 77 but at another S.E,M. of Inconel 718, =qged
area. 280°C, 550 * 260 MN/m-

1 780 000 cycles.




Plate 81 Bl

Same as plate 80 but for another

Plate 83 W Plate 84 Wl
Same as plate 82 but at higher Same as plate 80 but for another
magnification. area.

Plate 85 | 10 M Plate 86 0 u
s.cém. of Igconel 7185 aged SeE¢M. of Inconel 718, aqged
260°C, 550 = 114 MN/m? 280°C, 550 ¥ 147 MN/

12 x 107 cycles (unbrokennpecimon). 4 600 000 cycles.




Plate 87 g 20 ¢ Plate 89 | 100 b
Same as plate 86 but for another S.Eém. of Inconel 718, aged
area. 540 C, 550 ¥ 250 mMN/n

56 000 cycles.

Plate 89 i Bl Plate 90 Aokl B
Same as plate 88 but for another Same as plate 88 but for tt
area. bridge foot.

Plate 71 il Plate O
Same as plate 90 but for another Same as plate 90 but
Lee rea.

lide i o

1
8
|
;
“4
/




PR —————

1s plate 90 but for another

Plate of LidH g Plate ¢ | E_J
Same as plate 93 but at higher ]
magnification.

Plate 97

i 100 u | Plate ot |

l Same as plate 96 but for another

IFCdde




Plate

Hame

ol

101

plate 100 but

at higher magnit

100 u

ition.




Plate 104 | 100 4 Plate 10

Same as plate 102 but for another Same as plate 104 but at high
rea. magnification.

Plate 106 l 40 p J Plate 107 40 b

S.g.l‘l. of Inconel 718, annealed 1;.[%1"1. of Inconel 718, annealed
20°c, 256 F 170 MN/m- 600°C, 296 170 NN/
673 000 cycles. 249 000 cycles (unbroken specimen).

Plate 108 L Plate 10 i
Same as plate 107 but tor another SeEeMe oOf Ti- y | RO )
AT, 07, 40 pm slip, 6000 cy




Plate 110 l J
Same as plate 109 but at higher
magnification.

Plate 112 MR Plate 117 o AP
Same as plate 109 but after Same as plate 112 but at higher
ultrasonic cleaning. magnification.

: "
Sk oA Plate 11 00 4 |
Sef.M. of Ti-alloy (AMMRC) S.F.M. of Ti-alloy \‘\-,-:;;l—-_\
0Cy 40 um slip, 10 cycles. ”‘l. 40 u 1ip,




Plate 116 Rl J R T PRETY LB
Same as plate 115 but at higher S.g.m. of Ti-alloy (AMMRC)
magnification. 20°Cy 10 pm slip, 6000 cycles.

Plate 118 L29H §  plate 119 LA g
Same as plate 117 but at higher Same as plate 118 but at higher
magnification. magnification.

Plate 120 Lo Plate 121 o SN
s.cém. of Ti-alloy (AMMRC) Same as plate 120 but at hic
100°C, 40 pm slip, 3.5 x 10° cycles. magnification.




Plate 122 L a0 p l Plate 12% 100 |

SebaM. of Ti-alloy ( AMMRC ) SeboMe af Inconel
100°C, 10 pm slip, 10 cycles. 20°C, 10 pm slip, 6000 cyc)

Plate 124 L Plate 125 00 p

Same as plate 123 but at higher S+.EMs of Inconel
) '
magnification. 0°C, 10 v lip; 8 x L \

s

o




s — E i —— ——

Plate 128

Same as plate 127 but at higher
magnification.

40
Ly

S.g.M. of Inconel 718
20°C, 40 pm slip, 6000 cycles.

400 p

Plate 130 ko]

s.g.m. of Inconel 718
20°C, 40 pm slip, B8 x 10 cycles.

Plate 131b W

Same as plate 131a but at higher
magnification.

Plate 13la

| 400 p
s.g.m. of Inconel 718
20°C, 40 pm slip, 10° cycles.

Plate 132 Tl
S.EM. of Inconel 718

Same as plate 130 but at the eda

of the scar at higher magnification.

e




Plate 153 L— "y  Plate 134 bt
S.E.M. of Inconel 718 S.EGM. of Inconel 71t
’bOOC. 10 um slip, 6000 cycles. 280°C, 10 pm slip, 8 x 10 «cy

: 00 1
Plate 135 L29H 4 plate 136 LA

Same as plate 134 but at higher S.[ém. of Inconel Tl“v
magnification, 280°Cy 10 pm slipy, 10" cycless

Plate 137 | 20 p j Plate 138 RN,
Same as plate 126 but at higher Same as plate 137 but at hiagher
magnification. magqnitication.




e

Plate 139 L 20ee Plate 140 ;. 100 B

S.Eaﬂ. of Inconel 718 S.Eém. of Inconel 718 ;
26860C, 40 um slip, 6000 cycles. 280°C, 40 pm slip, 8 x 10 cycles.

Plate 141 L2909 ¥ prate 142 B g
S.EsM. of Inconel 718 Same as plate 139 but at higher

280°C, 40 pm slip, 10 cycles. magnification.

Plate 143 ( 40 p | Plate 144 0 p ‘
Same as plate 140 but at higher Same as plate 141 but at higher
magnification. magnification.
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«E.Me of Ti-=1loy (AMMRC) Sn t

qoa

00 C, 400 v 1

ycleg.

N
I

/i qnif

Plate 145 L Plate 146 bl
Sams plate 144 but at higher Same as plate 141 but

nagnification.

pe gy

Plate
S.EeM

540°C, 10 pm slip, 6000 cycles.

Plate
S ame
£

~

-

5'l==sgai;gyykx

o
N g

magnification.

VRETE

147 L3 Plate 148 LK
of Inconel 718 S«E«M: of Inconal 71

T o - rng
540°C, 10 pm slip, 10 \

but at another S.E.Me of Incon

-
-
.




Plate 151

Same as plate 150 but at higher magnification.

Plate 15:

Same as plate 150 but at higher gnificati




