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Fretting is a critical problem to the manufacturers and oper-
ators of turbine engines, reducing the useful life of fan, compres-
sor, and turbine blade components. The fretting action between
the two components in contact leads to temperature rise, which
in most cases, may be significant enough to cause a number of
adverse effects. The knowledge of the temperature profiles inside
the material is very important because it enables the prediction
of possible oxide formation and the development of thermal
stresses. To this end, the temperature profile for Ti-6Al-4V al-
loys has been predicted in this work utilizing a heat flow chan-
nel (HFC) model. The model requires as input the material
constants (thermal conductivity, thermal diffusivity, and flow
stress), the material surface characteristics (roughness and as-
perity spacing), the frictional conditions between the two sur-
faces, as well as the external parameters (frequency, amplitude
of oscillation, magnitude of contact area). The analysis enabled
the determination of the temperature field as a function of time
and the three spatial coordinates. The model showed that the
temperature increases quite rapidly at the beginning of the pro-
cess and reaches an essentially constant value after approxi-
mately 1000 cycles. The predictions revealed a rapid decay of
temperature with the thickness of the specimen, while the tem-
perature drop was found to be much smoother in the other two
specimen directions. Additionally, a first-order validation of the
model was achieved by determining the oxygen concentration in
fretting-fatigued Ti-6Al-4V specimens, where it was found that
an increased oxygen concentration existed in the fretting area

compared to the non-contact and stick areas.
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INTRODUCTION

Titanium-based alloys are widely used in the aerospace in-
dustry due to their high strength/weight ratio and good corro-
sion resistance. The applications for titanium alloys as aircraft
engine structural components include fan, low-pressure compres-
sor disks, and blades. Aircraft turbine engines are high rotating
speed, flexible machines that operate over wide ranges of tem-
peratures, pressures, speeds, and external as well internal stresses,
and, as all types of rotating machines are susceptible to fretting.
One potential catastrophic result of fretting damage is the adverse
effect on the fatigue life of mechanical components. In such sit-
uations fretting is critical to the reliable operation through the
entire service life of the engine and frequently contributes to crit-
ical failures.

Fretting corrosion and fretting fatigue occur when the os-
cillatory tangential relative movement of two tight-fitting sur-
faces is combined with an applied axial load. Fretting is a wear
phenomenon, adhesive in nature, and vibration is its essential
contributing factor. Fretted areas are highly sensitive to fatigue
cracking. Under fretting conditions fatigue cracks can nucleate at
relatively low loads. Nucleation of fatigue cracks in fretted regions
depends mainly on the state of stress on the surface and partic-
ularly on the stresses superimposed on the cyclic stress. Secure
clamping to prevent relative slip between the surface elements is
recognized as one approach to prevent fretting; however, itisnot a
feasible approach in a lightweight flexible machine such as an air-
craft turbine engine. Although the detrimental impact of fretting
on fatigue life of titanium alloys has been studied, an overall un-
derstanding of the nature of the fretting fatigue process is far from
complete (Hoeppner and Goss (1); Wharton and Waterhouse (2);
Lutynski, et al. (3); Nicolaou, et al. (4); Nakazawa, et al. (5); An-
toniou and Radtke (6); Asai (7); Lee, et al. (8); Golden, et al. (9);
Matikas and Nicolaou (10)).

It is generally accepted that one of the most important param-
eters in all sliding contact systems is the temperature field in the
vicinity of the sliding surfaces. The temperature field around the
contact asperity significantly affects the material properties, its
micro-structure, and the oxidation process. Early work, based on
the observation that a low melting polymer produced fretting on
steel without exhibiting signs of melting, led to the conclusion that
there was little if any temperature rise in fretting (Wright (11)).
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However, observations on X-ray diffraction patterns obtained in
fretting fatigue experiments on bright drawn mild steel (Water-
house (12)) indicated that there were temperature effects. The
pattern obtained from the unfretted surface showed no resolution
of the K« doublet in the highest angle line (310 reflection using
Co Ko radiation) due to the cold-worked nature of the material.
In the fretted region the doublet was resolved, showing that some
annealing action had occurred. From the degree of resolution the
temperature rise in the fretted region was estimated at 500°C.
The surface was then progressively etched away with acid until
the original unresolved doublet of the material was obtained. The
depth of the heat-affected zone was estimated at about 125 pum.
Later work, where a bead of a thermocouple was fretted against a
steel surface, confirmed these observations (Alyabev, et al. (13)).
Temperature rises of 300°C to 500°C were observed with thermal
spikes reaching as high as 800°C. The type of alloy that is likely
to be most sensitive to the lower general temperature rise is the
age-hardened alloy, which again includes « + B titanium alloys
and many of the aluminum alloys. Temperature rises into the
800°C to 1000°C region, however, would greatly influence the o
+ B titanium alloys since the B transus would be crossed.

There has been very little experimental work in this field. It
should be pointed out that most measurements of this temper-
ature rise have been made on steel. Fretting fatigue studies in
steel revealed microstructural transformation during the process.
One of the mechanisms that could possibly cause microstructural
transformation in these materials during fretting fatigue has been
related to the significant increase in local temperature (Archard
and Rowntree (14); Vodopivec, et al. (15); Podgornik, et al. (16);
Kalin and Vizintin (17), (18)). The region experiencing such lo-
cal temperature increases was subsequently quenched by the sur-
rounding material, leading to a fine-grained martensitic structure.
Similar behavior has been reported after fretting fatigue experi-
ments on PH 13-8 Mo stainless steel using flat fretting pads (Pape
and Neu (79)). In this case, a number of transformed regions were
observed, which were likely due to a significant refinement in
grain size. It is believed that this region is formed due to the high
shear stresses and strains at the contact, but that local increase in
temperature assists the process (Pape and Neu (20)).

The temperature rise due to fretting fatigue can influence the
process in a variety of ways, notably by controlling the oxidation
rate at the interface, the absorption of gases and lubricants, the
mechanical properties of the surface layers, and the viscosity of
the lubricant (Sarkar (21); Barber (22)). The energy dissipated in
sliding is almost entirely converted into heat at or near the con-
tact surface. Owing to the inevitable roughness of the surfaces,
the contact at any particular time is restricted to a few small ar-
eas, which are distributed over the nominal contact areas. There-
fore, high temperatures are reached at these actual contact areas.
Early experimental work has established values for these thermal
spikes, which approach the melting point of the solids. However,
although very high temperatures are reached at the surface, the
small quantity of heat liberated at each actual contact area makes
it impossible for the effect to penetrate far into the solid. Irregu-
larities in the temperature field due to non-uniform heat input will
only be detectable to a depth that is comparable with the linear
dimensions of the actual area of contact. Thus, flash temperatures
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Fig. 1—Experimental data of Alyabev, et al. (13), of temperature vs. the
distance from the fretting pad during fretting fatigue experiments,
showing that the temperature exceeds 400°C at the origin.

due to thermal spikes are very difficult to measure (Dow (23);
Beck (24)). For this reason a few experimental data are available
in the literature. The graph in Fig. 1 shows data of Alyabeyv, et al.
(13) that measured temperatures above 400°C near the fretting
pad during fretting fatigue experiments in steel.

The knowledge of the temperature profile inside the materials
is very important because it enables the prediction of possible
oxide formation, interface thermal softening, development of
thermal stresses, and possible local material melting. Therefore,
this work aims to predict the temperature profile as a function
of time and the spatial coordinates using a heat flow channel
model. The model predictions that are presented in this article
correspond to the temperature profile of a Ti-6Al-4V alloy
undergoing fretting fatigue. In addition, in order to examine the
validity of the magnitude of the temperature rise predicted by the
model, the oxygen concentration in a fretting-fatigued specimen
has been determined.

HEAT TRANSFER MODEL

The essential features of sliding systems that influence heat flow
are the nature of the contact between the solids, the distribution
of the heat sources, and the large-scale cooling effects at the non-
contacting surfaces.

Boundary Conditions
Area of Contact

The area at each surface within which contact is possible will
be defined by the geometry of the sliding system; this is known
as the nominal contact area. However, the roughness of surfaces
restricts the actual contact to a number of small areas at the peaks
of the surface asperities. As the normal load is increased, these
asperities deform, allowing the solids to move closer together and
causing more contact areas to be formed. Thus, the contact of
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sliding solids is restricted to a number of small areas. However,
in this case the distortion produced by the relative motion of the
solids will cause the actual contact areas either to be transient due
to the fracture of the junctions or more relative to one or both
solids (Mimic (25)).

Location of Heat Sources

The heat generated during sliding influences the adhesion, de-
formation, and the fracture behaviors of the contacting materials
in relative motion. Temperature interacts with the fretting process
in two ways: first, the rate of oxidation or corrosion increases with
temperature, and second, the mechanical properties, such as the
hardness of the materials are also temperature dependent (Bill
(26)). Earlier experimental work on large-scale model junctions
further supports the general proposition that most of the heat is
generated within the sphere of which the actual contact area forms
a diametrical plane (Dow (23)).

Large-Scale Cooling Effects

It can be argued that if the distance between the cooled bound-
aries of the solids and the interface is large in comparison with the
dimensions of the actual contact (as it is generally the case), it is
possible to approximate the system to two semi-infinite solids. It
is true that the temperatures at such remote regions of the semi-
infinite solids are scarcely affected by the conditions at the inter-
face. However, the material beyond these imaginary boundaries
performs the function of a tan infinite heat sink of negligible ther-
mal resistance. In a finite system in a steady thermal state, of an
infinite heat sink is replaced by a practical heat-transfer process
that causes the average temperature of the boundaries to be re-
lated to the heat flow from them.

In the contact of two semi-infinite solids, the temperature at
infinity is unaffected by any changes in the temperature at the
contact area (assumed finite), but the temperature at infinity does

affect the temperature field near the contact area. Similarly, even
if the boundaries of the two finite solids are sufficiently remote
from the interface to be unaffected by contact conditions there,
the temperature field near the contact area and the distribution
of heat between the solids will be affected by the temperature of
the boundaries. In fact, this practical system can be approximated
to two semi-infinite solids with the same contact conditions but
of which the temperatures at infinity are related to the heat flow
rates by the following equations:

O =f(h), O=f(h) [1]

where Q;, O, are the rates of heat flow through the solids 1 and 2,
respectively, and 73, 7; are the temperatures of their exposed sur-
faces (Barber (22); Wang and Komvopoulos (27); Yeo and Barber
(28); Attia and D’Silva (29)).

TEMPERATURE PROFILE

If the contact conditions and the heat sources distributions
are specified, the problem is essentially similar to that of a sin-
gle contact area with a non-uniform distribution of heat sources.
A numerical solution could be obtained from a series of linear
simultaneous equations by a suitable subdivision of the discon-
tinuous contact area. An idealized contact configuration within
a single contour area viewing the array of micro-contact areas
is shown in Fig. 2. The model is based on the following assump-
tions/considerations:

(1) The contact between the two rough surfaces is equivalent
to the contact between a perfectly flat rigid plane and an
equivalent rough surface.

(ii) The contact pressure and shear traction are assumed to be
uniformly distributed over the micro-contact area. The flow
stress of the softer material and the coefficient of friction of
are assumed to be constant.
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Fig. 2—Idealized contact configuration within a single contour area A.; view of the array of micro-contact areas (frictional heat source).
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(iii) The micro-contacts are squares (sides 2L) and are uniformly
distributed over the contour area as shown in Fig. 2.

(iv) Except for the micro-contact areas, the asperities and the
control surface of the heat flow channel are adiabatic.

(v) The semi-infinite body oscillates in a simple harmonic

motion.

(vi) The thermal and mechanical properties of the material are
temperature independent.

(vil) The contact configuration does not change with the
temperature rise.

Assuming sliding and static contact, the temperature rise 6
(x, y,z t) at any point within the heat flow channel is a linear
superposition of the contribution of its own frictional heat source
Osns (labeled as the starting heat source in Fig. 2) and that of the
neighboring image sources 6;,;. The contribution of the image
sources is grouped into two regions to simplify the analysis: the
near and far regions 6, and 6., respectively.

Thus,

N, -1

0 (X, Y,z t) = [gsh\] + Z [elhA]/
j=1

Ny =1
= [eshx] + [Hihs]j + [efr] [2]
j=1
where N, and N, are the total number of micro-contacts within
the contour area and the near region, respectively. Each of the
terms given in the above Eq. [2], namely 6y, 6y, and 6y, can
be obtained from the fundamental solution for the temperature
rise 0(x, y, z, t) at point P(x, y, z) and time ¢ due to a single square
heat source (28" x 28) located at point Q(x;, s, 0) and oscillates in
a simple harmonic motion over a semi-infinite body:

o(r.y.2.0) = Y VE,. I ANLERER)

|cos2m (1 — A1)
15022 7 A

AT d(At) [3]
where,
2
F@ = e (55 )0 FW = erf () +erf (B),
F(y) = erf(Cy) +erf(Dy)
a4’ + Asin 2nt) + Asin 2n [t — At]) + 6
= 2 EAL ;
B - X + Asin (2nt) — Asin 2n [t — At]) + 8
s 2VFAt
S+y s—y

Cy = —e,
YT oJFAr T 2JF,Ar

In Eq. [3] the symbols denote: F, is the Fourier module and
is given by F, = “L'—’;, where « is the thermal diffusivity, ¢, the to-
tal time, L the asperity size, and §, F,, x, y, z,t are dimension-
less. Specifically, x = %, y = %, 7= %, where x', y/, 7 are the
Cartesian coordinates, while t = %, with ¢’ representing real time,
A= ¢, where ais the slip amplitude (amplitude of oscillation) and

7
5="1.

Equation [3] is solved numerically using the Newton-Rahpson
procedure. Inputs to the model are F,, A,§, f, which are con-
stants that depend upon the material condition and the fatigue
parameters.

The real temperature profile inside the specimen that under-
goes fretting fatigue 7'(x, y, z, t)isrelated to 6 (x, y, z, t) as follows:

0(x,y, z1)

T(x,y z1) = k [4L(noy) (af)] (4]

where k is the thermal conductivity, x the coefficient of friction,
o the flow stress of the material at the surface, and f is the fre-
quency of oscillation.

MODEL PREDICTIONS OF THE TEMPERATURE
PROFILES

Model predictions of the temperature profile are presented
in this section. Using Egs. [3] and [4] the three-dimensional
stress field in the heat flow channel is obtained for the following
conditions:
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Fig. 3—Temperature versus (a) longitudinal (length: x/L), and (b) thick-
ness (depth: z/L) directions.
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Fig. 4—lso-temperature plots of time versus the material’s (a) longitudinal (x/L), (b) transverse (y/L), and (c) thickness (z/L) directions, showing the

predicted steady state temperatures.

® Motion variables: @ =50 um and f =20 Hz
® Asperity size: L =10 um

§=5(85=5L)
® Coefficient of friction: u = 0.6

The material parameters, such as thermal conductivity &, ther-
mal diffusivity «, and flow stress o, correspond to a Ti-6Al-4V
alloy and they were taken as 4.1868 W/(m-°C), 1.8 x 10~ m?/s,
and 900 MPa, respectively. Notice that some of these parameters
may, more or less, vary with the particular alloy microstructure;
however, we believe that they are general enough to at least obtain
the general trends of the temperature profile.

The results revealed that at the beginning of the process the
temperature increases quite rapidly, and it essentially reaches a
constant value after approximately 1000 cycles. After this point, it
is observed that the temperature variation with time is minimal.
In Figs. 3a and 3b the temperature is plotted against the longitu-
dinal (x) and depth (z) coordinates, respectively, normalized with
respect to L. For both graphs y = 0, while in Fig. 3a z =0, and

in Fig. 3b x = 0. At first, it can be observed that the temperature
reaches a high of about 600°C at the origin (near the fretting pad),
confirming previous studies (Alyabeyv, et al. (13)), and it decreases
at quite different rates along the x and z directions.

In particular, it is seen that the temperature decay is much
faster in the z-direction in comparison to the x-direction. This ob-
servation can be attributed to the fact that there are a number
of heat sources that contribute to the rise of the surface temper-
ature (z = 0). On the other hand, in the z direction the heat is
dissipated quite fast because the bulk of the material, which can
be considered as a semi-infinite body, is and remains at a much
lower, essentially room temperature.

Iso-temperature plots of time versus the material coordinates
x, y, and z are presented in Figs. 4a to 4c, respectively. For any
of the material coordinates the iso-temperature curves show an
asymptotic behavior, which implies that a maximum value of tem-
perature exists that a particular point inside the material can
reach. Someone may argue that the maximum timescale on the
graph is relatively low; however, as mentioned earlier in the
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Fig. 5—Three-dimensional plot of temperature, time, and length (x/L),
showing the predicted maximum temperature on the material’s
surface of about 600°C, which would be reached near the fretting
pad after approximately 20 s of fretting fatigue testing.

article, for the temperature profiles the highest timescales are
close to the steady-state ones. In addition, comparison between
the graphs in Figs. 4a and 4b shows that the temperature profiles
in the x and y directions are similar. Nevertheless, some very small,
minor differences in temperature start to be present at higher val-
ues of length and width, with the temperature being higher in
the former. This is an indication that larger differences may arise
at larger distances from the origin, with the temperature in the
length direction being higher because the contact body motion
is along this direction. Also, a three-dimensional plot between
temperature-time-length (i.e., x-coordinate) is presented in Fig. 5.
This figure summarizes some of the results presented above and
more clearly reveals the variation of temperature with both time
and the longitudinal coordinate.

The temperature variation at the origin as a function of the
frequency of oscillation is shown in Fig. 6. As the model predicts,
a rise in temperature occurs with the increase in frequency of

€00

Temperature (°C)
b
a

10 15 20

[=]
w b

Frequency (Hz)

Fig. 6—Variation of temperature near the fretting pad as a function of
frequency of cyclic loading.

800
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0 2 4 6 8
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Fig. 7—Variation of temperature near the fretting pad as a function of slip
amplitude, a, and the asperity size, L, of the specimen. For a value
of a/L = 5, the temperature reaches a high of about 600°C.

cyclic loading. For a frequency of 20 Hz, the temperature reaches
a high of about 600°C.

Finally, the temperature variation at the origin as a function of
motion and contact characteristics is shown in Fig. 7. The temper-
ature rises linearly with the increase of both the slip amplitude, a,
and the asperity size, L, of the specimen. It can be observed that
for a value of A= a/L =5 the temperature also reaches a high of
about 600°C.

Equation [3] follows those of Carslaw and Jaeger (30) for mov-
ing heat sources. The integration is intended to account for the
superposition of heating over time due to the periodic nature of
the moving heat source. The heat is applied to a square of side L
= 10 um oscillating with amplitude § = 50 um at a frequency of
f =20 Hz resulting in a nominal velocity of § x f = 1 mm/s. The
magnitude of the heat generated per unit area per unit time is the
product of the shear stress and sliding velocity. While the formula
for the heated square is not readily available, that for a heated cir-
cleis (Johnson (37)). The model Johnson (31) predicts that the heat
applied to a square of side L = 10 um oscillating with amplitude
8 =50 um at a frequency of f =20 Hz results in a temperature
rise of only 1.3°C. Also, full-field, in situ measurements of fretting
fatigue temperatures and accompanying calculations (Szolwinski,
et al. (32); Harish, et al. (33)) observed fretting temperature rises
on the order of 1°C.

The apparent discrepancy between the above and the present
theory and experimental results presented below is attributed to
the fact that the geometry of the contact in the model (Johnson
(31)) does not take into account the local variation of the sam-
ple’s surface roughness, considering a fully flat contact area with
no asperities. The present model is including an array of asperi-
ties. The temperature bearing area in the present model is quite
small compared to the macroscopic flat area and hence the heat
generation is concentrated over a smaller area, resulting in a much
higher temperature rise.

EXPERIMENTAL VALIDATION

The theoretical predictions have been validated by fretting fa-
tigue experiments. Both fatigue specimens and fretting pads were
made of Ti-6Al-4V alloy. The specimens and pads tested in this
study originated from plate stock. After forging, the Ti-6Al-4V
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Fig. 8—Ti-6Al-4V duplex microstructure used in this study.

plate was solution heat-treated at 935°C for one hour; air fan
cooled, vacuum annealed at 705°C in vacuum for two hours, then
slow cooled. After processing, the plate had a duplex microstruc-
ture (Fig. 8) that consists of about 50% of equiaxed primary alpha
phase and 50% of fine lamellar transformed alpha phase. This
microstructure provided an ideal combination for crack initiation
and crack propagation resistance together with a good tensile duc-
tility. The slight directionality in the long axis of the plate well
simulates an actual Ti-6Al-4V fan blade microstructure.

The tests were conducted using a servo-hydraulic uniaxial
frame at an ambient room temperature. The experimental con-
figuration is shown in Fig. 9. Normal fretting loads were applied
to the specimens using two spring-loaded bolts. An alternating
torque was applied to the end of each of the two spring-loaded
bolts until the load cell located at the rear of the fretting fix-
ture pads indicated an applied load of 1334 Newton. Longitudinal

pad pad

Fig. 9—Experimental configuration of the fretting fatigue setup.

springs provided the support between the fixture plates and the
load frame bracket. The surfaces of the specimens and pads tested
were kept in the same as-received condition. The surface average
roughness of specimens and pads was 0.19 um. The fatigue limit for
pure fatigue was 700 MPa. Fretting, however, caused a reduction
of fatigue life. For example, at the 690 MPa stress level, the fret-
ting fatigue life was only about 31,570 cycles. The fretting fatigue
limit was around 200 MPa, which is about 30% of the pure fatigue
limit stress. The significant reduction in fatigue life occurred at the
lower stress levels, below 400 MPa.

After mechanical testing, the samples were examined using
scanning electron microscopy. The surface topography clearly
shows the fretting damage. The validation of the model on tem-
perature predictions was enabled by examining the concentration
of different elements in the fretting zone of a fretting-fatigued
specimen using electron dispersion spectroscopy.

Figure 10a is an SEM micrograph showing the surface
topography of the specimen, where the stick, the fretting, and
the non-contact zones are clearly delineated. Figure 10b is an
electron dispersion spectroscopy (EDS) map of the middle part
of the fretting region showed in Fig. 10a, shown in concentration

4 Non-contact

Stick ¢, Fretting }

vanadium

aluminum — 8%

Fig. 10—Scanning electron microscopy images of a Ti-6Al-4V fretting-
fatigued specimen showing: (a) the surface topography and
(b) the chemical composition profile, where with arrows are
shown the different elements (titanium, aluminum, vanadium,
and oxygen).
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of different elements (titanium in dark red, aluminum in blue,
vanadium in dark green, and oxygen in light green) present on the
surface of the specimen. The presence of increased oxygen con-
centration in the EDS map can be attributed to oxygen diffusion
from the atmosphere, assisted by elevated temperatures reached
during the fretting fatigue process. This observation further sup-
ports the model that predicts a significant temperature increase in
the fretted region of about 600°C. It is well known that the oxygen
increase during fretting fatigue depends upon the temperature
and the test duration, and oxides may be formed on the surface
of the specimen. Earlier work (Waterhouse (34); Blanchard, et al.
(35); Fayeulle, et al. (36)) on fretting fatigue of titanium alloys
(however, with a higher slip length than the one of this study) also
showed an increased oxygen content and formation of TiO and
TiO; oxides. The oxide formation was attributed to the high tem-
peratures and interfacial stresses between the specimen and the
pads. In our case, due to the small slip length, only an increase of the
oxygen was observed, an increase that is not high enough for oxide
formation.

CONCLUSIONS

The temperature profile during fretting fatigue for a Ti-6Al-
4V alloy was determined in this work using a three-dimensional
heat flow channel model. The predictions revealed a significant
temperature rise of about 600°C at the heat source origin, which
decays slowly in the specimen’s longitudinal and transverse di-
rections, but it decreases very rapidly in the thickness direction.
The results also revealed that an essentially constant high temper-
ature is reached after approximately 1000 fatigue cycles, causing
oxidation of the contact surface. The oxygen concentration in a
fretting-fatigued specimen was determined. Increased oxygen de-
tected at the fretting zone indicates that high temperatures, in the
order of those predicted by the model, had been developed during
the fretting fatigue process.
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