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THE ROLE OF OXIDATION IN THE FRETTING WEAR PROCESS
by Robert C. Bill

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

Fretting experiments were conducted on titanium, a series of Ni-Cr-Al
alloys and on some high temperature turbine alioys at room temperature and
at elevated temperatures in air and in various inert environments. It was
found that, depending on temperature and environment, the fretting behavior
of the materials examined could be classified according to four general
types of behavior. Briefly, these types of behavior were: (1) the complete
absence of oxidation, as in inert environments, generally leading to low
rates of fretting wear but high fretting friction; (2) gradual attrition
of surface oxide with each fretting streke, found in these experiments to
operate in concert with other dominating mechanisms; (3) rapid oxidation at
surface fatigue damage sites, resulting in undermining and rapid disintegra-
tion of the load bearing surface; and (4) the formation of coherent, pro-
tective oxide film, resulting in low rates of frecting wear. An analytical
model predicting cenditions favorable to the fourth type of behavior was
outlined. Classification of the fretting behavior of the materials exam-
ined into the four types described above was shown to be consistent with
published oxidation behavior and kinetics.
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NOMENCLATURE

B fretting stroke amplitude (m)

Be dislocation core energy (~bx10'5 %;F)

b Burger's vector (-2.5:10‘5 cmn)

Cy fretting wear rate coefficient (cm/svc'/Q)
Cy oxidation rate coefficient (cm?/sec)

f fretting frequency (Hz)

G shear modulus (MN/m?)

K,x wear coefficient of oxide (dimensionless)
Kp parabolic oxidation rate (em/secl/2)

L normal load (N)

Pa hardness of metal (MN/m?)

R radius of curvature of contact surface (em)
X instantaneous oxide film thickness (cm)

X rate of growth of oxide film (em/sec)

v Poisson's ratio

0 tilt boundary angle (deg)

Yw ti1t boundary wall energy (erp/em?)

INTRODUCTTON AND BACKGROUND

The fmportance of oxidation to the fretting pro-
cess has long been recognized and is implicit in the
of ten used expression "fretting corrosion." There is
considerable published data {llustrating the signifi-
cance of oxidation, oxide debris and the formation of
oxfde tilms in the fretting process. (1= By way of
classic example, let us compare room temperature fret-
ting in air with fretting in N2. Greatly increased
adhesion between fretting metal pairs was reported by
Waterhouse(6) when fretting was conducted in N2 rather
than air, generally attributed to increased metal-to-
metal contact in N2. Despite the Increased adhesion,
fretting wear rates in N) were cbhserved by Feng and
Uhllg(“§ and others(7,8) to bhe at least an order of
magnitude lower than those determinad from fretting
experiments in air,

When a metal undergoes fretting at elevated tem-
peratures in air, the surface oxides formed become
quite significant to the fretting process. Such
things as adherence of the oxide to the substrate,
mechanical properties of the oxide, thickness, rate
of growth, composition and structure of the oxide
film probably determine whether the film will fnhibit
or accelerate fretting wear. Unfortunately, little
specific {nformation is available on the adlerence
and mechanical properties of oxide fiims. However,
the comp.iftion and structure of oxide films have
received much attention.

The particular oxides that form generally depend
on temperature and bulk composition of the alloy. For
example, in the extensively studied Ni-Cr system,
exposure to oxidation at 700° C results in an equil-
{brium oxide consisting of NiCrjy0, particles in a NiO
matrix for alloys of less than 10 atomic percent Cr.
For alloys of more than 10 a ovlv percent Cr, a con-
tinuous Cr203 film forms. (9+10)  Additions of Al to
the Ni-Cr system result in complex layered oxides
.uwwvnl|n§ to Gigpins and Pv(lit.(‘ ) and Stote,
et al.(12) Even in elemental metal systems, oxide
film formation (s often complex. Above 5709 C, {ron
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for example, shows a lavered oxide scale structuve
consisting of FeO adjacent to the Fe substrate, an
fntermadiate layer of Fey04, and Fej0y adjacent to
the oxidizing environment trel. 9, p. 128). Below
8007 €, the oxide that forms on Ti is entirely Ti0p,
while at hlgher temperatures a lavered morphoiogy is
observed . (1)

Extensive oxide film growth studies have been
pertormed on 2 number of elemental metals and alloy
systems, Growth kinetics generally tollow one of
four rate laws: (1) logarithmic, (2) parabolic,

(1) cubie, and (4) linear. Logarithmic oxidation
rates usually apply at low temperatures (up to 200
to 300V ©), and the rate governing physical mechan-
fsms ave varfously described as adsorption, chemi-
sorption, and electric field induced lonic trans-
pnrt.(“s At higher temperatures, fonic dissolution
rates and diffusion through comparatively thick oxide
lavers lead to parabolic or cubic oxidation kinetics,
fn which the oxide film thickness {s proportional to
exposure time to the 1/2 power (parabolic) or 1/3
power (cubfc). With further increases in tempera-
ture, debonding of the oxide film, probably due to
defect coalescence at the oxide/metal interface,
somet imes leads to linear oxidation rates.

For a given metal, temperature determines which
oxtdation rate law predominates, and the associated
rate constant. Correlation between fretting studies
and oxidation rates have been shown. (2.3,15,18)  The
conclusion drawnm from these studies {s that for the
oxide film to effectively reduce fretting wear, a
eritical film thickness must be maintained in the
fretring contact area. As more rvapld growth Kinetics
predominate at elevated temperatures, frotting resis-
tance generally increases, provided the oxide f{lm
remains adherent to the substrate,

In this paper, the effect of temperature on the
fretting sear of Ti, a series of N{-Cr-Al alloys, and
a series of high temperature turbine alloys is stud-
fed. Titanium and the Ni-Cr-Al alloy series were of
interest bdecause of the availability of oxidation
data for these metals. Fretting of the high temper=-
ature turbine alloys was of practical interest in the
space shuttle ligquid hydrogen turbopump, and these
allovs were subjected to frotting in air aud in
argon. The object of bringing these data together
in this paper {s to develop a better understanding
of the interaction between the fretting process and
oxfdation,

APPARATUS AND PROCEDURE

A schematic dfagram of the frecting r1g {8 shown
in figure 1. Linear oscillatory motion is proviged
by an electromagnetically driven vibrator with the
frequency controlled by a varfable oscillator. The
amplitude of the mot{on was controlled te 7045 e in
most cases, and the frequency employed was usually
80 Nz,  The normal load, applied by placing precision
weights on a pan hung from the load arm, was 1.47 N,
except for a series of load variation experiments per-
formed on titanium,

The fretting specimens include an upper, sta-
tionary 4.76 mm radius hemispherical tip in contact
with a lower flat which (s driven by the vibrator,
Before assembly into the rig, the flat specimens were
lapped, mechanically polished with 0.05 um alumin.
polishing compound, then ricsed {n pure ethanol. The
hemispherical tips, ground to a 0.1 um finish, were
scrubbed with 0,05 ym alumina, then rinsed. In all
cases, except for those involving MAR M-246, the upper
and lower specimens were of the same composition,

During high temperature experiments, the speci-
men and grip assemblies were surrounded by a 110
stainless steel susceptor which was heated by an
induction coil. The temperature was monitored by
a thermocouple probe mounted in the lower grip.

A dry alr environment was provided by (lowing
alr through an absorption drier, then into the test
chamber. In this way, moisture content was kept in
the range of 10 to 100 ppm. Alternately, a selected
inert gas (nitrogen or argon) was used. A one hour
purge time was employed in all cases prior to start-
ing fretting in the selected environment,

Following each experiment the fretting scar on
the flat surface was photographed to record the siae
and features of the wear scar and the debris accumu-
lation around the scar. The loose debris was then
tinsed of f with pure ethanol and a light section
microscope, described {n reference 17, was used to
measure the wear volume on the flat specimen. Speci-
mens that were examined in the scanning electron
microscope (SEM) were ultraconically cleaned before
viewing to remove as .ch debris still adhering (o
the wear scar as possible.

MATERIALS

The materials studied in this {nvestigation
include high purity titanium, a series of Ni-Cr-Al
alloys, and a series of high temperature gas turbine
allovs.

The high purity titanium was 99.8% puic. the
chief impurities being carbon (150 ppm), silicou
(150 ppm), and oxygen (350" ppm). 1In the as machined
condition the hardness was Rockwell B-74, After
exposure to 650° C for one hour in air, the hardness
was Rockwell B-69. Further exposure to &50Y C in air
resulted in no further reduction in hardaess.

Four Ni=Cr-Al alloys were studied, and their
compositions were, by weight percent: Ni-10%1 Cr-2%
Al; N{-10% Cr=5% Al; N{-20% Cr=2%1 Al; N{-20% Cr-5% Al.
The alloys were prepared from elemental metals of
99.9 + percent purity, vacuum melted in a zirconia
crucible and cast in graphite molds. The as cast
Rockwell B hardnesses of the Ni-Cr-Al alloys were as
follows: N{<10% Cr-Z%T Al, 61 Rp; Ni-10% Cr-5% Al,

98 Rp; Ni-20% Cr-2X Al, B0 Rp; Ni{-20% Cr-53 Al, 102
Ry.

: The high temperature turbine alloys studled
fncluded MAR M=246, a turbine blade alloy: Haynes-1E£8,
a candidate blade vidbration damper alloy; and A-286,
another blade vibration damper candidate. The nominal
compositions (wt, T) of these alloys are as follows:
MAR M-246, Ni=10% Co=-9% Cr-10% W-5.5% A1-2.5% Mo-1.5%

Ti-1% Fe-0.15% C-0.1% Mn; Haynes 188, Co-221 Ni-221
Cr=14% W-32 Fe-0.12 C-0.04% La; and A-286, Fe-261 Ni-
152 Cr-2,152 Ti~1.41 Mn-1,25% Mo~0.2% A1-0.4% S$1-0.05%
C-0.03% Vv,

RESULTS

General Effects of Oxidation on Fretting

Fretting wear result for titanium, typical of
those for a wide range of materials {n air and N: at
room temperature, are shown in figure 2, Initially,
the wvear rate was falrly high, reflecting a run-in
period extending over 107 to 103 cycles in both afx
and N3. Following run-in, a period of very low rate
fretting wear s seen. During this period, micro-
spall pits first appear as shown in the micrograph
of figure 3. The appearance of micro-spall pits
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is taken to Indicate a trausition from adhesive and
plastic flow dominated wear mechanisms to a more
gradual fatigue disruption ef the fretting surface.
After 10% to 10° fretting cycles, significant differ-
ences In frecting wear rate and appearance of the
fretting surfaces begin to appear, depending on
whether fretting was conducted in air or Nj. When
fretting was conducted in air, accelerated fretting
wear was observed, and the micro-spall pit edges
began to exhibit a "leafy" or fringed appearance.
This fringed appearance is belleved to indicate
accelerated disintegration of the pit edges through
a combination of fatigue and oxidation. In contrast,
the pit edges after 109 fretting cycles in Np still
appear quite sharp and well defined, as shown in
“igure 3.

Further evidence of the effect of oxidation on
fretting wear and friction of several high tempera-
ture alloys is shown in figure 4. Results of exper-
iments conducted at room temperature and elevated
temperatures in both air and dry argon on some high
temperature turb!ne alloys are presented. At room
temperature, fretting wear in alr was two-to-three
times that in dry argon. Wesr scar surfaces, result-
fng from fretting in dry air and dry argon are shown
in figure 5. Spall pits and accumulated debris are
present on the surfaces fretted in air, while the
surfaces fretted in argon show micro-regioas of
intense plastic deformation and smearing, but little
pitting and no debris whatever.

At elevated temperatures, more wear was observed
in dry argon than in dry air, as may be seen in fig-
ure 4. Friction at elevated temperatures was also
fafigher in dry argon than in dry air, although it was
considerably lower than at room temperature.

Fretted surfaces resulting from experiments in
dry argon and dry air at high temperatures are shown
in figure 6. Pitting is apparent after fretting in
dry argon, with large regions of direct adhesive
transfer of material from one surface to another.

In comparison, the surface resulting from fretting
in alr is fairly smooth and featureless.

Fretting of Ni-Cr-Al Alloys

The results of fretting wear experiments per-
formed on & series of four Ni-Cr-Al allovs are
summar fzed in figure 7. For all alloys studied, the
wear volume at 540 C was about an order of magnitude
less than that observed at room temperature. Also,
wear of the 20T Cr alloys was consistently less than
that of the 102 Cr alloys at voom temperature and at
5409 C. At 650° C the 202 Cr alloys showed signif-
fcantly more wear than at 540° C, and at 816° C
bulld-ups of material like those shown in figure 8
were observed on the fretted surfaces. On the other
hand, the 102 Cr alloys showed little increase in
wear as the temperature was increased from 540° to
650 €. No build-ups of material were obserxed on
the fretted surfaces of 10% Cr alloys at 816 C.
Instead, material removal occurred, and micro-spall
pits like those shown in {igure 9 were scen.

X-ray dispersion analyses of sectioned 20% Cr
specimens showed strong Cr and Al peak height grad-
ients beneath the fretted surface, as sumarized in
figure 10, The Cr relative peak height near the
surface is about 50% higher than that representing
bulk concentration, while aluminum relative peak
heights are 4 to 5 times those of the bulk, The

apparent composition profiles for the 20X Cr alloys
were about the same directly under the [retting wear
scar and away from the fretted area.

Though no sectional analyses were conducted,
X-ray dispersion analysis studies of fretted and
unfretted surfaces on Ni=10 Cr=5 Al samples do show
significant differences which are indicated in fig-
ure 11. The Al peak height within the fretted area
is 2 to 3 times the peak height elsewhere on the
specimen surface. Although X-ray dispersion analysis
is not strictly a surface examination technique, the
peak heights result from surface region concentrations
super imposed on subsurface bulk concentrations to a
depth of 3 or 4 ym. Most likely, the only differences
between material examined within and outside the fret-
ting scar are in the surface region compositions.
Therefore, the difference in Al peak height within
and outside the fretting scar for the Ni-10 Cr-5 Al
alloy probably indicates a real change in Al concen-
tration on the fretting wear scar surface. No signif-
fcant ditference between the Al concentration within
and outside the fretting scar was observed on the
Ni=20 Cr=5 Al specimen.

Fretting of Titanium

The fretting wear volume of titanium is shown in
figure 12 as & functics of temperature. Micrographs,
vepresentative of the fretted surface at various tem-
peratures are also shown. There are two distinct
reglons in the fretting wear volume versus tempera-
ture curve. Initially, wear increases with tempera-
ture up to 450° C. Somewhere between 450° and 540° C,
the wear volume goes through a maximum. At tempera-
tures of 540° C and above, a trend of decreasing wear
volume with increasing temperature Is observed.

Microscoplic examination of the wear surfaces
(fig. 12) shows distinctly different features below
and above the temperature range in which maximum wear
is observed. At temperatures below 450° C, micro-
spall pits are present, accompanied by loose oxidized
debris. Above 540 C the fretted surface is quite
smooth with no pitting and no debris in evidence;
cracks are sometimes present, generally oriented
perpendicular to the direction of fretting motion.
Apparently, the fretting contact stresses were
completely supported by a continuous, thick oxide
film above 540° C. Below 450° C the film was not
sufficiently thick to resist disruption under
fretting conditions.

In figure 13, fretting weay volume is chown as
a function of number of fretting cycles for four
values of contact load at 650° C. At loads of 0.29 N
and 0.74 N, wear volume was more or less a single
slope linear function of number of cycles. Fretted
surfaces were almost featureless. At 1.47 N, the
standard load condition, a rather pronounced discon-
tinuity in wear rate between 109 and 3x10 cyvcles is
observed. Though no Jirect microscopic evidence was
found, it is believed that initially high contact
stresses lead to oxide film disvuption early in the
fretting exposure; the oxide film however, was self-
repairing under these conditions and resisted further
disruption. The only surface distress seen after
Ix10% cycle was the presence of cracks in the oxide
film, noted earlier. When the load was increased lg
2.94 N, the wear rate remained very high up to 3IxI10
cycles, and pitting was observed on the fretted sur-
face. Fvidently, under this high load condition,
oxide film disruption continued out to Ix10° cycles,
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DISCUSS. N

General Types of Fretting Behavior

The preceding results suggest that for the
materials evaluated, fretting wear proceeds by
distinctly different mechanisms depending on tem-
perature and environment. In general, one can
fdentify four distinct types of f{retting behavior
with respect to the role played by oxidation. The
four types are shown schematica' ly in figure 14, and
a summary of how the materials ttudied in this inves-
tigation behaved within the framework of these four
types is included in table 1.

First, there i{s the behavior resulting from
fretting between metals in an inert atmosphere or
between noble metals, oxidation being precluded in
both cases. Metal-to-metal adhesive contact pre-
dominates, but unlike the results generally seen in
unidirectional sliding experiments, fretting wear
rates in inert environment or between noble metals
are mich lower than those observed in situations in
which oxidation may occur. Apparently, under fret-
ting conditions in which oxidation cannot occur,
either strain hardening strengthens the contact
surfaces preventing formation of wear particles, or
the sliding distance {8 so small that wany particles
that do form readhere with no net material loss in
evidence. The micrographs of figure 3 tend to sup-
port the former.

The second type of fretting behavior shown in
figure 14, originally proposed by Uhllg.(la) shows
material removal as occurring through the cvelic
removal ol an oxide film that forms on the contact
surface during the interval between fretting strokes.
This model of gradual attritive wear was proposed to
account for Feng and Uhlig's observed {averse propor-
tionality bYetween fretting wear rate and fretting
frequency. Supposedly, at low frequencies, a thicker
oxide film can form and be removed during each fret-
ting stroke than at high frequencies. In view of
observed extensive micro-pitting, as seen in figure 3
and elsewhere, it appears unlikely to the author that
this second type of fretting behavior alone accounts
for the fretting process. Rather, it might act in
parallel with the third type of behavior.

According to the third type of fretting behav-
for, fretting wear takes place through a surface
fatigue process, resulting in the formation of micro-
spall pits within the contact area. Oxidation can
enter into the fretting process in two ways. On the
load bearing portions of the contact area, the attri-
tive process proposed by Uhlig might take place.
Meanwhile, at the edges of the spali pits where
heavily fotigued metal is exposed to the environment,
oxygen may ulckly diffuse into the metal promoting
sub-surface oxidation and rapid laminar crack growth
rates undermining the load bearing contact area.
Oxygen diffusfon would be afded by the high disloca-
tion density concentrated in cell walls, typical of
fatigue damage in metals. Alsco, crack propagation
fteelf would be made easier by the presence of the
cell walls, so suggested by the following calcula~
tion. Considering a simple tilt boundary, the
expression for cell wall energy ful

- Sy 6(A = tn 0)
Wi RQ-w A L

where
dn(l - v \H‘.

Ch*

For the case of 0 = 0.1 rad, and using copper as an
example, Yy turns out to be about 500 ergs/cm?, a
number in the same order of magnitude as the crack
surface energy. The lealy appearance and layered
morphology around the spall pit edges certainly sug-
gest accelerated, nonhomogeneous deterioration of
sub-surface material.

Finally, the fourth type of fretting behavior
includes situations in which the oxide film romains
intact and adherent to the metal substrate under
fretting conditions. All wear that takes place
occurs direcily to the oxide film itself, with direct
metal-to-metal contact never taking place. During
fretting the oxide film remains suftficiently thick to
support the contact load. Fretting of titanium at
temperatures above 540° C in this study, and the high
temperature fretting of Ni-10 Cr-5 Al alloy corree-
pond to this type of behavior.

High Temperature Fretting of Titanium

The experiments performed on titanium support
the idea that a critical oxide film thickness is
required to support a given load or contact stress.
Above 540° € oxidation kinetics of titanium undergo
a transition from rather nloY ;oanrlthnlc oxidation
to rapid parabolic kinetics, 9 enabling the oxide
tilm thickness to effectively support the contact
atn-uselt Similar arguments were put forth by
Hurricks to account for reduced fretting of mild
steel at elevated temperatures, as woted in the
Introduction. Quina(20) proposed a critical oxide
film thickness which, once reached under sliding
conditions, led to loss of the oxide film and forma-
tion of a wear particle. In a later puper( 1) Quinn
suggested chat the critical oxide film thickness is
proportional to the contact load, a position consist-
ent with the titanium results reported herein,

In an earlier treatment of the high temperature
fretting results on titanium,(22) a model predicting
instantancous film thickness under fretting condi-
tions was developed. In essence, the model conpled
contact geometry parameters illustrated in fig-
ure 15(a) with assumed parabolic oxidation kinetics
to give the following equation describing instantan-
eous film thickness and growth rates:

. )
SV ‘Vl/I (2)
- Cl(
where
1/2
Kox LB
“17\3.2 v
acd

Equation (2) was solved numerically, and values of x
were obtained as a function of time for cases repre-
sent {ng high, intermediate, and low normal loads,
determined by the value of C). The results are
shown in figure 15(b). The values chosen for Cy
were based on wear measurements made early in the
1.47-newton normal load series (before the transition
to high wear). The value for the l.47-newton case
was doubled o simulate the high normal load, and
halved to siuv:late the low normal load. The initial




film thickness, before fretting, was on the order of
1 micrometer. Keep in mind that these results apply
only so long as the oxide film remains intact, that
is, fretting proceeds as under the fourth category.
The significant point is that equation (2) predicts
that the theoretical film thickness passes through a
minimum value early in the fretting exposure under a
high normal load, and no significant thinning is
observed for the light load situation. Once disrup-
tien of the thinned oxide film occurs, equation (2)
no longer describes the relation between oxide film
growth and wear, The wear rate becomes much higher
and the oxide film becomes very irregular and
discont inuous.

The results may be generalized to other contact
geometries. For conforming, or flat geometry cases,
a uniform average rate of surface recession due to
wear is predicted as long as the oxide film is not
ruptured. Film thinning will continue to the point
at which, according to parabolic growth kinetics,
the oxide film growth rate can keep pace with wear.
A steady-state film thickness is predicted. Film
penetration may occur, leading to a transition to
high wear, if the steady-state film thickness is
insufficient to support the contact load.

High Temperature Fretting of Ni-Cr-Al Alloys

The Ni=Cr-Al alloys exhibited a mixed behavior
with respect to fretting mechanisms, as indicated in
table 1. Differences in fretting behavior at 816% C
in these alloys may be attributed to differences in
the oxide layers present on the alloys prior to the
onset of fretting and during fretting.

Fesides the X-ray energy dispcrsion analyses
reported herein, oxidation studies by Giggins and
Pettit, (11) and Stott, et al.1?) h ve classified
alloy compositions according to surface oxides
formed at 1000° C. The results of the oxidation
studies show interesting correlations with the
present results at 816”7 C. Both of the oxidation
studies cited above predicted protective Alp0y films
on allovs of approximately Ni-10X Cr-5% Al composi-
tion, a good situation from the standpoint of oxida-
tion resistance. Ni-10% Cr-5% Al was the most
fretting resistant alloy of the Ni-Cr-Al alloy series.
The Ni=Cr-Al alloy that underwent the most severe
fretting at 816° C, namely Ni-10Z Cr-2T Al, roughly
corresponded to compositions predicted by Stott,
et al. to form a duplex Crp03 (outer) - Alp03 (inner)
oxide with some internal oxidation. Pettit and
Giggins show this composition as borderline between
being a protective Alp03 former and a complex,
lavered oxide former with internal oxidation at
1000° C. The Ni-20Z Cr-22 Al alloy, which exhibited
rather large build-ups of oxidized material in the
fretted area, corresponds to compositions predicted
in both oxidation studies cited to form a duplex
Cr203-A1203 oxide at 1000° ¢. Perhaps, this duplex
oxide is not self repairing at 816" C, thereby, lead-
ing to localized rapid substrate oxidation at loca-
tions where the film is disrupted by fretting action.
Ni=202 Cr-5% Al alloy reportedly forms a uniform
Al204 film at 1000° €, but according to reference 11,
the composition {8 quite close to the boundary between
duplex film formers and uniform Al1203 formers. Again,
as with the Ni-20% Cr-21 Al alloy, the oxide film is
perhaps vulnerable to disruption under fretting condi-
tions, and a protective Al203 film is not readily
formed at damage sites. Thus, the potential of an
alioy to form a protective (from the standpoint of
oxidation) Al203 film in situ also appears to provide
the alloy with high temperature fretting resistance.

This is consistent with oxidative wear since the
Al1203 film tends to grow more slowly than the various
duplex oxide films, thereby requiring longer exposure
times to reach a critical thickness.

CONCLUDING REMARKS

The principal points supported by the data in
this paper and developed in the Discussion include
the following:

1. Four types of fretting behavior, classified
according to the role played by oxidation, were iden-
tified. They include: (a) completely nonprotective
or noninteractive, as for the case of fretting ir an
inert environment or between noble metals, (b) sequen-
tial stripping away of a thin surface oxide film with
cach fretting cycle, (c¢) interaction between oxidation
and surface fatigue, promoting rapid, nonhomogeneous
oxidation at fatigue damage sites, and (d) inkibition
of fretting through the development of a protective
continuous surface oxide film,

2. At low temperature (room temperature) the
role of oxidrtion in the fretting wear process is
primarily #. interactive rather than a controlling
role, The interaction appears to be with surface
fatigue mechanisms, and is generally strong.

3. With increased temperature, the kinetics of
oxidation and the structure, composition, and proper-
ties of the oxide film play an increasingly important
and ultimately controlling role in the fretting
process.

4. For a given metal or alloy; for which oxida-
tion behavior is generally well known, a predictive
fretting model may be developed provided the wear
characteristics of the oxides are understood.
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TABLE 1. - FRETTING MECHANISM SUMMARY

MATERIAL | CONDITIONS BEHAVIOR TYPE
fi (AR, <540° C | TIT +1I
AR, >540°C | IV
NITROGEN 1+ I11 (FATIGUE ONLY)
Ni-10Cr-5A1 | AIR, <65(° C | IIT +1I
o JARoesPe | vemn
Ni-10 Cr-2Al FA_lg,“\isqLcM_ny - i
i AIR, 650 C || I11 + QUINN OX. WEAR
Ni-20Cr-5A1 [AR,<65°C | mr |
7 AR, >650° C | III + QUINN OX. WEAR
 Ni-20Cr-2Al [AR, <esPC |t
. |AR,>65° C | III + QUINN OX. WEAR
TURBINE ALLOY | AR,  23°C | 111 i
VS. ARGON 2°C |1 ]
DAMPER COMB.[ Alr 8160 ¢ | 1v + 111
ARGON, 816° C

TYPET:  ADHESION + PLASTIC FLOW

I + II1 (FATIGUE ONLYLJ

TYPEII:  OXIDE FILM REMOVAL WITH EACH FRETTING CYCLE

TYPE ITI1:  FATI

GUE + OXIDATION

TYPEIV:  OXIDE FILM REMAINS INTACT
QUINN OXIDATIVE WEAR: OXIDE FILM SPALLS AFTER
REACHING CRITICAL THICKNESS
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Figure 2, - Fretting wear volume versus number
of fretting cycles for titanium in air and N
Fretting frequency, 55.8 Hz; amplitude, 75 pm;
nermal load, 1.47 N.
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(b) 10° CYCLES, AREA INDIC*™ " IN BOX.

Figure 3. - Scanning electron micrographs of the fretted
surfaces on titanium after the indicated number of
fretting cycles in air at room temperature. Fretting
frequency, 55 8 Hz, amplitude, 70 um; normal load,
L4/ N
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(b) DRY ARGON

Figure 5. - Fretting wear scars on Mar M-246 after )\10s
cycles at room temperature in the indicated environ
ment. Fretting frequency, 80 Hz; amplitude, 40 um;
normal load, 1.4/ N




(@) DRY ARGON.

(b) DRY AIR.

Figure 6. - Fretting wear scars on Mar M-246 after 3x10°
cycles against Haynes 188 at 816° € in the indicated
environment. Fretting frequency, 80 Hz; amplitude,
40 um; normal load, 1. 47 N.
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(b) AREA INDICATED !N BOX.

Figure 8. - Fretting wear scar on Ni-20Cr-2Al after

K10° cycles at 816° C in air. Fretting frequency,

80 Hz; amplitude, 70 um; normal load, 1. 47.
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(b) AREA INDICATED IN BOX

o, 5

Fiqure 9. - Fretting wear scar on Ni-10Cr-2Al after 3x10”
cycles at 816° C in air. | retting frequency, 80 Hz;
amplhitude, 70um; normal load, 1.47 N
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NORMALIZED PEAK HEIGHT

 S— - - —————

(@) CHROMIUM,

—O— Ni-20% Cr - 5% Al
5) — 13— Ni-20% Cr- 2%Al

—0
- | 1 P
1 2 3 4
BEAM POSITION, um BELOW SURFACE
(b) ALUMINUM.

Fiqure 10 - Chromium and aluminum x-ray dispersion peak
heights, normalized with respect to apparent bulk composition,
as a fuaction of electron beam position depth below surface,
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FRETTING MOTION CONTACTING ASPERITIES
RESULTING IN METAL TO
METAL ADHESIVE JUNCTION

s, el e e

TYPE I: ABSENCE OF OXIDE FILM

- e e

OXIDE FILM MAXIMUM

THICKNESS ACHIEVED CONTACTING ASPERITIES
DURING EACH HALF LEAD TO CYCLID DIS-
CYCLE PERIOD

RUPTION OF OXIDE FRLM

TYPE I1: OXIDE FILM GROWTH AND DISRUPTION
DURING EACH FRETTING HALF CYCLE

SPALL PIT CONTACTING ASPERITIES
. . e "AUSE FATIGUE OF CON-
OXIDATIVE ATTACK - - - ¢
OF PIT WAL v TACT SURFACE AND SPALLING

 E A £ 3

TYPE IT1: OXIDATION LEADS TO ACCELERATED
DISRUPTION OF FATIGUED SURFACE

sy, "3 il = =

=  pm =

TYPE IV: OXIDE FILM REMAINS INTACT,
SUPPORTING CONTACT LOAD

Fiqgure 14, - Four types of interactions between fretting and oxidation,
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WEAR SCAR  / SPECIMEN
SURFACE +  / SURFACE
OXIDE FILM  SETORSSsing B s
METAL SUBSTRATE g - :

P

" OXIDE X
FILM
GROWTH
LIMIT

(a) FRETTING WEAR SCAR SECTION GEOMETRY.

WEAR RATE OXIDATION
COEFFICIENT, RATE

Cl COEFFICIENT,
(‘2
O 01 0.05
0O Yo .06
@) ) .06

COMMENCE
L2 FRETTING g

—
\‘\
L

iw

ne N A i A A i
0 2 8] o 8 10 12
FILM GROWTH DUE TO TIME, min

THERMAL EXPOSURE

PRIOR TO INITIATION

OF FRETTING

(b} PREDICTED OXIDE FILM THICKNESS UNDER FRETTING CONDITIONS
AS FUNCTION OF TIMt.

Figure 15. - Contact geometry and oxide film thickness for intact,
parabolic tilm growih under sphere-on-flat fretting geometry
conditions,
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