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B A C K G R 0 u ND

Fretting, particularly in its relationship to reduced fatigue strength
and increased wear, constitutes a serious problem in both fixed and rotary
winged aircraft. The list of aircraft components subjected to fretting
damage is lengthy and includes parts such as spflnes, cables, bearings,
hinges, seals and actuating devices. The list of proposed solutions for
fretting problems is also extensive and involves techniques such as the use
of special surface finishes, shims, adhesives, lubricants, coatings and if
necessary, design changes to control fretting. Finding the correct solution
to a given fretting problem usually relies fairly heavily on the "trial and
error" approach. Furthermore, it has been found that a solution for one
problem is not always successful when applied to another problem. As a
result, tests must be conducted in the actual application; this is an
expensive and time consuming process. This work was undertaken in order to
find a scientific approach to the selection of solutions for fretting
problems. Previous experimental studies of fretting have conzidered the
effect of a variety of variables (1), (2), (3), (4) with major empnasis on
stress, number of cycles, amplitude, frequency, and atmosphere. To make
such information useful in solving the component problems in aircraft, some
parameter-must be selected wh~ich can be predicted in design and correlates
well with the severity of the fretting. A review of these studies indi-
cated that slip amplitude may be such a parameter.

A number of investigators have shown that damage will not occur if
the slip is limited to the elastic region (5), (6). Others (7), (8), (9)
have shown that the wear rate i ncreases significantly when the slip ampli-
tude is greater than abo~ut 70 pim. Thus, it is clear that both surface
damage and wear increase in some manner with increase in slip amplitude.
Complete data for a given material combination would yield plots of wear
rate and surface damage (measured as roughness) as a function of slip
amplitude.

To use this data in air..-aft design or failure investigation, it
would first be necessary to measure or predict the slip amplitude in the
applicatior. With this information, the amount of wear or damage at
that amplitude can be determined by referf~ng to the graphs for the speci-
fic materials in use. If this level of wear or damage is unacceptable,
the designer can either change the design to lower the slip amplitude, or
select another material combination with an acceptable damage level.

One premise (10) that would explain the effect of slip amplitude on
fretting is that fretting is dependent on the simultaneous or subsequen-
tial occurrence of two or more different wear processes such as adhesion,
oxidation, fatigue and abrasion. The possibility of different wear
mechanisms operating under different conditions could help to explain why
a certain fretting countermeasure might be effective under one set of
conditions but detrimental under a different set of conditions (11), (12).
This would also explain the relationship of wear rate to slip amiplitude.
For example, several investigators whe had studied the effect of slip
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amplitude on fretting wear in the 10 to 1000 Urn range, had reported the
existence of characteristic slip amplitudes, usually somewhere between 30
to 70 urn, at which the fretting wear rate may increase by several orders
of magnitude (7), (8), (13). Below this critical amplitude, wear rates
were found to be small and normally difficult to measure.

This stuy is initially concerned with the 0 to 10 pmn range where
surface damage rather than wear occurs. This change is important since
it is also associated with the initiation of the fatigue process. Another
area of interest is the mechanistic, differences in the fretting process at
small and large slip amplitudes, If sijnificant differences were found,
then it would follow that different material and lubricant solutions might
apply at different slip amplitudes or that an understanding of this effect
could possibly lead to the development of lubricant solutions dependent
on the amplitude of microslip.

In addition to being a sensitive indicator of changes in the fretting
wear process, slip amplitudes can also serve as an aid in the understandingJ
of the fretting process.

E X P ER I M E NTA L

TEST APPARATUS

A test apparatus previously used in pivot fretting studies (10) was
adapted for this investigation. A photograph and schematic of the test rig
are shown in Figures 1 and 2. This v-est rig provides for mounting of a
ball against a flat test specimen. '7or the sake of clarity, certain com-
ponents such as labyrinth seals and a special holder for the flat specimen
were omitted from this sketch. These components, along with a typical ball
and flat specimen are shown in Figure 3. In this test rig, the ball is
attached to the metal shaft in a special labyrinth seal arrangement and
the flat is attached to the gas bearing using the holder shown in Figure 3.

The mt't I shaft shown in Figure 2 is held in place by means of two
thin metal di,.,hragms. This shaft is rigidly attached to a metal dia-
phragm immediately below the bellow type load cell. The lower metal
diaphragm serves mostly as a guide for the shaft and also to prevent
lateral movement. Application of air pressure to the load cell results in
a downward flexing of the upper metal diaphragm which in turn produces a
downward movement of the ball. Under load conditions, the ball is held
rigidly stationary against the flat specimen.

The flat specimen in Figure 2 is rigidly attached to the gas bearing.
The gas bearing is essentially a metal hemisphere as shown in Figure 4.
A top view of the gas bearing with the flat specimen attached is shown in
Figure 3. This gas bearing fits into a spherical seat, Figure 5, in the
base plate that conforms to the outer geometry of the gas bearing. In
operation, the gas bearing floats on a thin film of air that separates the
bearing from its spherical seat. This floating or lifting of the gas
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bearing is achieved by forcing air through small orifices located on the
surface of the spherical seat. Application of air pressure to the base
of this rig results in an upward movement of the flat specimen. Loading
of the ball against the flat specimen is achieved through balancing the
air pressure applied to the load cell against the air pressure supplied to
the gas bearing so that the amount of gas bearing lift will remain at some
preselected value.

Controlled movement of the flat specimei was achieved through the
use of two electromagnetic drive units attached to the gas bearing lever
arm. These components and linkages are shown in Figure 5 and schematical-
ly in Figure 6. The drive units consist of two low internal mass 75 Watt
audio speakers modified by fastening an aluminum cone and push rod assem-
bly on to the surface of the speaker cone. This assembly transmits the
vibratory motions of the speaker cones to the lever arm of the gas bearing.
The amplitude, frequency and phase relationship of the motion of the push
rods are controlled through the use of an oscillator and amplifier in the
electrical circuit used to power the drive units. These parameters were
monitored by capacitance probes positioned at the points of attachment of
the push rods to the lever arm of the gas bearing. The point of contact
of the ball with the flat specimen serves as a pivot point for all applied
motion. In this study, the drive units were operated in-phase in order to
achieve a twisting motion. This oscillatory rotational movement of the
flat specimen is indicated in Figure 6 by the curved arrows. Although
the out-of-phase operation of the drive units was not investigated, this
mode of operation would produce a rocking of the flat specimen about the
ball/flat pivot point.

WEAR SCAR ANALYSIS

An analysis of a typical wear scar is presented in Figure 7. This
analysis considers a ball resting on a rigid plate. This ball is subjected
to a normal load, w, and a tangential force or shear force, F, acting
normal to the load and in the plane of the'flat plate. The area of contact
for a ball resting on a flat plate is a circle having a radius defined by
the Hertz equation (10, 15)

a = 0.881 (1

where: a radius of contact area
P applied load
D =diameter of the ball
E elastic modulus

This equation indicates that the radius of the contact area is dependent
only on the applied load if the material and the diameter of the ball
are held constant. The diameter of this contact area is indicated by the
outer set of dash lines in Figure 7. A value for the maximum pressure or
maximum normal stress (TN, max) can also be calculated from the Hertz
equations (10, 15). These equatons indicate that the normal stress
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TN, would be at a maximum at the pivot point and would approach zero at
the contact edge. A graphical representation of a possible normal stress
distribution along the contact area is shown. The shear stress, TS, also
graphically represented, would be zero in the center at the pivot point
and would approach a maximum at the edge.

A sketch of a typical wear scar is shown at the bottom of Figure 7.
No wear damage can occur in the central unshaded region. This region is
normally defined as a locked region. Microslip and surface damage is
limited to the outer shaded region, which can be called the slipped re-
gion. This type of wear pattern is a result of the distribution of shear
stress relative to normal stress. In order to have slippage or relative
motion of the ball against the flat, a necessary condition would be that
the ratio of the two stresses TS/TN > fs(where f is the static coef-
ficient of friction for the material pair). At t~e center or pivot point,
the ratio of shear to normal stress would be at a minimum. Proceeding
outward from the center along radius r, this ratio would be expected to
increase until at some point, this ratio would equal the static coeffi-
cient of friction for the pair. This point would define the boundary
between the locked and slipped regions. Prior to this point or when
T /TN < fs, the two surfaces would be locked together and would only be
a~le to undergo elastic deformations. Beyond this point where TS/TN >
fs, microslip will occur. If a load is applied to the contact area and
a torque is also applied, slip will first occur at the outer region since
the shear stress is high and the pressure is extremely small. Thus, slip
must result from an applied twisting moment no matter how small. Slip
would start at the outer edge of the contact and would progress radially
inward as the amplitu~de is increased. At some point where the input
torque F * fsw, slip will occur over the entire region of contact.

CALCULATION OF SLIP AMPLITUDE

In testing, a rigidly held ball is loaded against a flat specimen
and fretting damage is produced by the twisting of the flat specimen about
the ball/flat pivot point. Figure 6 illustrates the mechanics required
to generate this type of motion. In this Figure, the dash lines indicate
the relative motion of the lever arm for in-phase operation of the drive
units and the large double headed arrows represent the magnitude of the
input amplitude. It can be seen from Figure 6 that the displacement of
any point on the surface of the flat specimen can be readily calculated
using the method of similar triangles. For example, the displacement of
a point on the edge of the ball/flat contact area can be determined by
multiplying the input amplitude by the ratio of the radius of the con-
tact area to the length of the lever arm. This latter value is approxi-
mately 0.02. Since input amplitudes for this type of drive unit range
from 2.0 to 150 u.m, typical displacements at the edge of the contact
area range from 0.04 to 3 u~m.

Because of the extremely small magnitudes of the displacements that
are being studied, it is Important to differentiate between displacement
and microslip. Figure 8 shows the relationship of microslip to displace-
ment in the ball/flat contact area. At the edge of the locked region,
geometry indicates that a measurable displacement about 0.02 times the f
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input amplitude will occur, however, theory indicates that this total
displacement will be taken up elastically so that the actual microslip
will be zero. Although elastic deformation effects are extremely impor-
tant at the edge of the locked region, this effect is relatively unim-
portant at the outer edge of the slipped region. Since the contact
pressure is zero at the outer edge of the slipped region, elastic defor-
mation will not occur and the slip amplitude would be equal to the
measured displacement. In this study, slip amplitudes were calculated
at the Hertz radius.

MATERIALS AND OPERATING PROCEDURES

Tie flat specimens used in this study were machined from SAE 1018
steel rod stock. Specimens were received with an 0.2 lijm ground surface
finish. Some of these specimens were later hand polished to a mirror
finish using 0.3 and 0.05 -pm aluminum polishing wheels. Testing was
done on both types of surface finishes. Ball specimens were made from
either SAE 52100 steel or Hastelloy B. The SAE 52100 steel specimens
were standard 12.7 mm grade 25 chrome balls. Prior to use, specimens
were cleaned by washing in Stoddard solvent and rinsing in Petroleum
ether.

The arrangements of the ball and flat specimens in the test rig is
shown in Figure 2. Prior to the attachment of air lines, the clearance
between the two specimens is of the order of 0.8 mm. Since the gas
bearing is usually operated at a lift of 0.025 mm, loading of the ball
against the flat is achieved through increased pressure in the load cell.
After balancing the air pressure supplied to the base plate against that
supplied to the load cell, a twisting type motion is imparted to the
flat specimen by means of the electromagnetic drive units. In testing,
the ball is stationary and motion is limited to the flat specimen. The
amplitude of microslip is adjusted by using the oscillator and amplifier
attached to the electromagnetic drive units. Testing was normally done
for three hours. After testing, specimens were microscopically examined
and some of these specimens were later subjected to surface profile
measurements and microprobe analysis.

R ESU L TS A ND D IS C US SIO N

SAE 52100/SAE 1018 STEEL COMBINATION

Typical wear scars, obtained at vaeirous fretting amplitudes, are
shown in Figure 9. In this part of the investigation, the test specimen
configuration consisted of a 12.7 mm diameter SAE 52100 ball against a
highly polished 1018 flat specimen. Fretting experiments were run at 9
kg load and 210 Hz for three hours. The photomicrographs in Figure 9
depict wear scars on the surface of the flat specimens. The correspond-
ing wear scars formed on the balls were identical and are not shown.
The photomicrographs in Figure 9 were taken at IOOX magnification since
these wear scars are small and typically had diameters ranging from 0.3
to 0Q.5 mm. Average microslip amplitudes are reported above each wear
scar.

Visual inspection of the photomicrographs in Figure 9 indicates that
a definite, although a minimal amount of fretting damage can occur at
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slip amplitudes as low as 0.1 vim. The wear scar diameter under these
conditions was the same as that predicted using equation (1). Two
tests, made on a polished and an unpolished specimen at an amplitude
of 0.05 U~m, did not suggest any trace of surface damage. Photographs
of the flats used in these latter tests are not included in Figure 9.
Surface damage appears to increase dramatically with amplitude in
this series. An estimate of 0.075 vim for the minimum amount of micro-
slip necessary to produce surface damage would seem reasonable.

Additional testing, basically under identical conditions, was done
on a series of unpolished specimens in order to determine if fretting
damage was significantly affected by surface finish. Wear scars on
unpolished specimens were found to be for all practical purposes iden-
tical to wear scars formed on polished specimens. No surface finish
effect was found. Visual inspection of the photomicrographs suggested
an exponential type of wear growth with regard to slip amplitude. In
order to graphically investigate the possibility, data from both
polished and unpolished specimens were combined for use in plotting
Figures 10 and 11. The effect of microstfp on the outer diameter of
the wear scar is shown in Figure 10. Although this data was collected
under conditions of constant load, there is a significant increase in
the outside diameter of the wear scar with increasing slip amplitude.
This may represent surface damage and wear. However, theoretical expla-
nations are possible. Another parameter investigated was the width or
the thickness of the slipped region. This width would be equal to the
difference in length of the radius of the wear scar less the radius of
the locked region. This data is shown in Figure 11. The effect of a
small change in amplitude on the width of this area or the amount of
surface damage was found to be very pronounced. This relationship is
linear in the region ranging from 0.5 to 2.5 pim.

A peculiarity in the fretting wear process was noted at a micro-
slip value of approximately 2.5 im, In the normal operation of this
test rig in the 0 to 2.5 vim region, the power requirements for the
electromagnetic drive units were found to be directly proportional to
slip amplitude. Also, the power requirement needed to maintain a iven
slip amplitude did not noticably change during the three hour test
period. For amplitudes greater than 2.5 ijm, it was found that the
power supplied to the electromagnetic drive units needed to be constant-
ly increased throughout the test period in order to maintain tbk selected
slip amplitude. This type of behavior is suggestive of a severe adhe-
sive type wear process and may represent the transition from fatigue wear
to adhesive wear.

Visual inspection of the photomicrographs in Figure 9 indicates
that the diameter of locked region decreases with increasing sli" ampli-
tude. One qualitative explanation for this trend in the data might be
based on the previously discussed microslip model which suggests that an
increase in shear stress would cause a corresponding decrease in the
diameter of the locked region so as to maintain a constant value for the
coefficient of friction at the edge of the locked region. The possibility
that small amplitude slip, such as would be found near the edge of the
locked region, might not produce surface damage, should also be
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considered. If this were true, then the occurrence of surface damage on
the flat specimen might require a certain minimum slip amplitude and
this factor may be primarily responsible for determining the diameter of
the locked region. Both explanations would be consistent with each other
if it is proposed that a certain region exists outside of the true
locked region in which slip can occur without producing any surface damage.
This type of wear scar model is shown in Figure 12. This latter possi-
bility was investigated by plotting the amount of displacement or elastic
deformation occuring at the outer edge of the locked region as a function
of input amplitude. These data, shown in Figure 13, indicate that the
amount of displacement at the edge of the locked region increases with
increasing input amplitude, but for higher values of input amplitude, the
displacement was approximately 1 jm: These data are difficult to inter-
pret since it is not known if the apparent locked region is equal to the
true or theoretical locked region.

A quantitative model, capable of predicting the radius of the locked
region and the radius of the slipped region as a function of input ampli-
tude, is needed for the correct interpretation of these data. Deresiewicz
(11.) has developed such a model for two contacting elastic spheres acted
upon by a small oscillating torsional couple. In this treatment, the ball
on flat geometry translates to a sphere in contact with another sphere of
infinite radius. In Deresiewicz's analysis, the ratio of the locked
region radius to the Hertz or load radius, c/a, is expressed as a function
of the input amplitude, B in equations (21 and (3),

c/a = V 2+ (2)

ia23 K 2 1+3 K 2+ 15 K 4+ (3)

where c = radius of the locked region
a = Hertz or load radius
a = input amplitude in radians
p= shear modulus
f = coefficient of friction
N = applied load

Using the above equations, theoretical values for the radius of the locked
region as a function of input amplitude were calculated. For these calcu-
lations, the shear modulus was taken as 106, the frictional coefficient
was a value of 0.8, the load was 9 kg and the initial load radius was
taken as 0.152 mm. The calculated radius of the locked region is compared
to the experimentally measured radius of the locked region at different
input amplitudes in Table I and these data are graphically represented in
Figure 14. It can be seen that this theoretical model correctly predicts
that increasing the input amplitude will result in a reduction in the
radius of the locked region; however, predicted radii are generally
smaller than measured radii. Possible causes for the differences between
experimental and calculated data may be surface damage and variances in the
coefficient of friction.
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HASTELLOY "B" SAE 1018 STEEL COMBINATION

The SAE 52100/1018 steel combination was initially studied since it
is a relatively common material combination and because it had been
implicated in a Navy related fretting problem. Further studies were
carried out using Hastelloy B balls and SAE 1018 steel 'lats. A
typical photomicrograph of a wear scar with an expanded view of the wear
track is shown in Figure 15. In this part of the study, photomicrographs
were obtained using a scanning electron microscope rather than the pre-
viously used optical microscope. The wear scar in Figure 15 was formed
on a SAE 1018 steel flat specimen using a Hastelloy B ball. This latter
material is a Ni alloy containing a high concertration of Mo. As a result
of the significant difference in the metallurgy, flat specimens were
subjected to microprobe analysis in order to determine if metal transfer
processes had occurred. The results of this study indicated the presence
of Fe, Ni and Mo in the slipped region on the flat but no Ni or Mo was
detected in the locked region or outside this contact area. The only
element found in these latter areas was Fe. This type of data helps to
define the actual wear processes that occur under fretting conditions.
In this case, actual metal transfer from the ball to the flat did occur.

A knowledge of the morphology of the wear scar is important in order
to validate that the test rig is operating properly and also to gain an
insight into the type of damage occurring in the slipped region. Traces
of the surface profiles for several different wear scars are shown in
Figure 16. These traces illustrate the type of damage that was found on
the SAE 1018 flat specimens. Data do not suggest any permanent defor-
mation of the flat specimens as a result of loading the Hastelloy B ball
against the SAE 1018 steel flat. In these traces, the elevation of the
locked region appears to be at the same height as the surface of the flat
outside the damaged region. Any waviness in the locked region might
possibly be attributed to surface deformation during polishing. This
absence of surface deformation is important, since if it had occurred, it
would have required a modification of the assumptions concerning the dis-
tribution of normal stress in the contact area.

Surface profiles are presented as a function of slip amplitudes in
Figure 16. All tests were run for three hours except for one test of an
hour duration at 0.53 Pjm. This later test was included since it shows
some evidence of disgorgement of metal from the flat specimen itself. As
an approach to monitoring fretting damage, wear volumes were determined
from these traces by first determining an average cross sectional area
and then multiplying this value by the length of the average circumference
of the slipped region. These data are shown in Figure 17. The calculated
wear volumes were found to be extremely small, but the data did indicate
an exponential relationship between wear volume and slip amplitude, It
is apparent that surface damage began in the 0.08 to 0.53 Uim range. A
value of 0.075 was found for the SAE 521O0/SAE 1018 combination in the
previous section.

CO0N C L U SI1 ONS

The data contained herein are preliminary. However, they show that
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this testing device can generate highly reproducible wear scars having
characteristics highly dependent on slip amplitudes. Important parameters
related to the fretting process, such as a characteristic slip amplitude
associated with the first evidence of mild oxidative fretting, and what
appears to be an apparent characteristic slip amplitude associated with
the onset of severe adhesive wear, have been identified and determined
from wear data. In the first case, this characteristic slip amplitude
can be easily determined through visual inspection of wear scars. For
example, in the case of the SAE 52100/SAE 1018 steel combination, the
first indication of red oxidative wear would be expected at around 0.075
pim, A second limiting parameter of slip amplitude, which is probably
more associated with specimen configuration than the fretting process,
was found at 2.5 P.m. Below 2.5 uim, the frictional characteristics of the
metal pair remained essentially constant throughout the test. Above this
value, the frictional characteristics tended to increase rapidly.
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TABLE 1. Comparison of the Theoretical Versus Measured
Radii of the Locked Region as a Function of
Amplitude

Average Theoretical Measure
Relative Slip Radius of the Radius of the Percent
Amplitude Amplitude Locked Region Locked Region Relative

CM) (1m) (mml (mm) Error

a 0 0.152 0.159 4.6

5,1 0.11 0.150 0.159 6.0

12.7 0.26 0.145 0.162 11.7

25.4 0.53 0,137 0.157 14.6

50.8 1.06 0.117 0.142 21,4

76.2 1.59 0.104 0.110 5.8

101.3 2.12 o.o84 0.086 2.5

114.3 2.38 O.081 0.072 -11.1

152,4 3.18 0.066 0.082 24.2

1, Amplitude Measured at the Capacitance Probe

13



NADC-81 205-60

144



NAOC-81205-iO

I-J

eg

49

ba

huJ

09 4
um

15



NAD C-81 205-60

I-

(A

ui

V)

Li

Lj.

-

16z



NADC-81 2cL5-60

LO

LW

17C



NADC-81 205-6Q

0

Lw

- u
wj

<j



MADC-81 205-60

-ca-
Ln

wLU

LULui

IiIs

L4-

19~



tAADC81 205-60-

L16 t4

a..

S LA-

200



NADC-81205-60

loz

CDC

Ud-

hdc

21



NADC-81 205-60

'A,

* I

LI-

22



NADC-81 205-60

Ln

LLJ

LA.

LA-

223



NADC-8 1205-6o0

Ln

0j

LU

Za-
IL-

-j

L

CL

LL.

LU

0 j

24:



NADC-8 1205-60

LJ

WAI-

C

L.1

25i



NADC-81 205-60

LU

X U

IEI

LL.
-

LD

262



!4ADC-81 205-60

4 CD

3E E

96

0LLa

I -<

<

LJ

/<

0

CD

P.; P.

@4DSa)DO 0SlV

27a



NADC-81 205-60

7 LUJ

(p 0J

F-

X <U

LA

28i



NADC-81 2Q5-60

r4 -L

U-h

ILA

3E -on

Li

LJ

29=



N~DC-812O5-6O

* I-
U-

0.

-J

14
- 0

*
0

I-.

a

* a.
In

a.
U,

0

LAJ

2
'C
p p I I

'0 V~ 'W* -

~WE 'IWN1OA UViM

1,
30

I



IIIIATE

I I LLME


