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Abstract The fretting wear behavior of Cu–Al coating

was investigated with and without fatigue load under the

dry and wet (lubricated) contact conditions. The Cu–Al

coating was plasma deposited on titanium alloy, Ti-6Al-

4V. Fretting regime was determined from the shape of

fretting hysteresis loop. Fretting regime changed from

partial slip to total (gross) slip at ~15 lm of the applied

relative displacement, and this transition point was inde-

pendent of fatigue loading and contact surface (lubricated

versus dry) conditions. Wet contact condition reduced

frictional force during cycling, as evidenced by the lower-

tangential force. Wear analysis using the accumulated

dissipated energy approach did not show any effect of

contact surface condition. In other words, the relationship

between the accumulated dissipated energy and wear vol-

ume showed a linear relationship, and it was independent

of loading and contact surface conditions, as well as of the

fretting regime. Further, the relationship between the wear

depth and accumulated dissipated energy did not show any

effect of loading and contact surface conditions, as well as

of the fretting regime up to instant when the maximum

wear depth was equal to the coating thickness.
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Introduction

Fretting arises when two materials are in contact under

pressure and a small-scale relative motion occurs between

them. The damage from fretting can be caused either by

fatigue of the contacting materials or wear at the contact

surface. Fretting fatigue, i.e., fretting under the cyclic load,

increases tensile, and shear stresses in the contact region,

and induces surface/subsurface damage, due to the oscil-

latory relative motion. This damage in turn results in pre-

mature initiation and subsequent growth of fatigue cracks,

leading to shorter fatigue life of a component or failure at

the stress well below the fatigue strength of the material.

On the other hand, fretting wear, concurrent with or inde-

pendent of fretting fatigue, could lead to a loss of fit due to

material removal in the contact region by either large-scale

relative motion or global sliding between contacting

components. The disk-blade attachment in gas turbine en-

gines, also commonly called the dovetail joint, is one of the

well-known examples, where fretting fatigue and wear are

commonly observed [1, 2]. Therefore, aircraft engine

industries are always seeking means to eliminate and/or

decrease the fretting induced damages. Several techniques

have been developed in attempts to reduce fretting damage

such as shotpeening, coating, etc. [3–5]. Application of a

coating to one or both of the contact surfaces that are

undergoing relative motion can help to prevent/reduce

fretting fatigue or fretting wear induced damages in the

mating components, which depends on the type of coating.

In the case of a hard coating, where coating material

is harder than the substrate, the wear resistance against
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fretting wear is improved. Alternatively soft coating, where

the coating material is softer than the substrate, can act as a

lubricant, and therefore, cracking under the fretting fatigue

is reduced due to the reduced coefficient of friction [6–8].

Titanium alloy, Ti-6Al-4V is a commonly used material

in many aerospace components including in the dovetail

joint of gas turbine engines, since it has a high strength-to-

weight ratio and better elevated temperature properties.

However, Ti-6Al-4V is susceptible to the fretting fatigue.

Therefore, a soft coating, such as Cu–Al, is commonly

applied at the interface as a part of a system in the dovetail

joint to improve its resistance against fretting fatigue [9,

10]. The wear behavior of Cu–Al coating is obviously very

critical since the fretting fatigue improvement of Ti-6Al-

4V can be expected only in the presence of coating. Several

studies have been undertaken to investigate the wear

behavior of Cu–Al coating on Ti-6Al-4V under the various

fretting fatigue conditions [9–12]. In a recent study [12], a

dissipated energy approach was successfully used to

characterize wear behavior of coating. This approach in-

volves the quantification of dissipated energy from fretting

hysteresis loops and correlating this energy with wear

volume [13–15]. The results of a previous study showed

that there was a linear relationship between wear volume

and accumulated dissipated energy, and this relationship

was independent of the applied loading condition and

fretting regime [12].

As a continuation of these previous efforts [9–12], wear

behavior of Cu–Al coating system under the wet (i.e.,

lubricated) contact surface condition was investigated in

the present study since a lubricant along with coating is

routinely applied in the blade disk attachments of gas tur-

bine engines to decrease the friction between mating

components. Further, its counterpart behavior under the dry

contact surface condition was also investigated in the

exactly similar conditions for the sake of comparison. It

should be noted here that previous studies regarding the

fretting wear behavior of Cu–Al coating system involved

only the dry-contact surface condition [9–12].

Experiments

Materials

A forged plate of titanium alloy, Ti-6Al-4V, was used as a

substrate. Before machining, material was preheated and

solution treated at 935 �C for 105 min, cooled in air,

vacuum annealed at 705 �C for 2 h, and then cooled in

argon. The resulting microstructure showed a nucleation of

60% volume of a (HCP) phase (platelets) in 40% volume

of b (BCC) phase (matrix). The grain size was about

10 lm. The material has elastic modulus of 126 GPa, yield

strength of 930 MPa, and Vickers hardness of 4.2 GPa.

Machined specimen had a length of 17.78 cm, width of

0.64 cm, and thickness of 0.38 cm. Cu–Al coating was

deposited on the machined specimen by plasma spray

method with average coating thickness of 40 ± 5 lm. The

composition of the coating had 87–90 wt% of Cu,

9–11 wt% of Al, and 0.7–1.5 wt% of Fe. The Vickers

hardness of coating was 1.9 GPa. The surface roughness of

coating and substrate measured by profilemeter were about

11 lm rms (root mean square roughness) and 0.2 lm rms,

respectively. Un-coated cylindrical pad, machined from the

same Ti-6Al-4V material with end radius of 5.08 cm, was

used as a contacting body in the fretting tests. Thus, the

fretting configuration involved cylinder-on-flat contact

geometry.

Fretting Test

A schematic of a dual actuator fretting test set up is shown

in Fig. 1. This apparatus consisted of a servo-hydraulic

uniaxial test frame and an additional servo-hydraulic

actuator (actuator #1 in Fig. 1) which was directly con-

nected to the fretting fixture, so that independent cyclic

movement of the fretting fixture (#5) was possible with a

prescribed contact load. During fretting test, the specimen

(#13) could be fatigued through the main actuator (# 8) at a

prescribed stress level. Tangential force, Q, was obtained

from the difference between two load cells (#4 and #7)

located at the top and bottom of the specimen. Fretting

fixture (#5) could be independently controlled in either

load or displacement mode through the actuator 1. This

Fig. 1 Fretting test apparatus
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system allowed conducting of fretting test with any pre-

scribed value of applied displacement and/or at an applied

cyclic stress to the specimen. The contact load, P, was

applied through lateral springs (#12) and measured by a

pressure gauge. A lubricating system was also set up to get

lubricant between the specimen and pads. Lubricant was

brought from an upper reservoir (#9), which had been

placed above the test frame. Small capillary tubes (#10)

were used so that lubricant could be dropped in the region

where the pads contacted the specimen and ensured that

lubricant entered into the contact area such that both the

pads and specimen were lubricated well. SAE 15W-40

Heavy Duty Motor Oil was used in this study as the

lubricant. Though it is not exactly the same lubricant as is

used in the gas turbine engines, its lubricating properties

are very similar. This arrangement well simulated the

practical conditions of dovetail joint in the gas turbine

engines.

Fretting tests were conducted either with no fatigue load

or with a maximum fatigue load of 300 MPa and a stress ratio

of 0.1. In both series of tests, fretting pads (#13) were sub-

jected to cyclic displacement through the fretting fixture via

actuator #1. Each test was run at a cyclic frequency of 2 Hz

for 15,000 cycles. At the beginning of each test, the contact

load of 320 N (equivalent Hertzian peak pressure was

615 MPa) was applied and then the alignment between the

pad and specimen surface was ascertained by the markings

on the pressure sensitive tape located between them. After

this, the lubricating system was activated to supply the oil

into the fretted region in a controlled manner at a flow rate of

5.5 · 10–3 mL/s. Once the oil penetrated well into the con-

tact area, the fretting fatigue test was initiated.

During the test, tangential force, Q, and relative dis-

placement, drel, were continuously monitored. The relative

displacement between fretting pad and specimen was dif-

ferent from the applied pad displacement, due to the

compliance of the fretting fixture. Thus, the relative dis-

placement between fretting pad and a location on the

specimen was measured through an extensometer using a

set up shown in Fig. 2. The relative displacement at the

center of contact region was then calculated by a method

suggested by Wittkowsky et al. [16] using the following

equation:

drel ¼ dAB � ðdEXT þ dDCÞ ð1Þ

Here, drel is the relative displacement between specimen and

pad at the center of contact region, dAB is the displacement

between two locations, A and B, on the specimen as shown in

Fig. 2, dEXT is the displacement measured by the

extensometer, and dDC is the displacement, due to the

compliance of fretting fixture. In order to find dAB and dDC,

the following two equations were used:

dAB ¼
F � 2Q

AE
� lAB ð2Þ

dDC ¼ �a � lDC � Q ð3Þ

Here, F is the applied bulk load, Q is the tangential force, A

is the cross-sectional area of specimen, E is the elastic

modulus, a is a constant which is related to the compliance

of the fretting fixture, lAB is the distance between the center

of contact region and the location of extensometer’s upper

arm, and lDC is the distance of extensometer from the

specimen. a was determined experimentally from two

quasi-static tests using different values of the distance be-

tween C and D, but with the same tangential force, Q.

Further details of these computations are given in [17]. The

tangential force (i.e., frictional force) and applied force

were measured from the same two cells which were situ-

ated on either side of the specimen, and they were con-

trolled by the same test machine controller in such way that

they were always inphase. Further, the output from the

extensometer to measure the relative slip was also in-phase

with the load cells. Thus, they all were in-phase with each

other.

The static coefficients of friction for the specimen in the

dry and wet (lubricated) conditions were also measured.

After the specimen was gripped on the top and bottom

grips of the test machine and ensured that it was aligned

vertically, a contact force of 320 N was applied through a

pair of the fretting pads on both side of specimen. The

upper grip was then released and the load from the lower

actuator was increased until it induced the slip between

specimen and pads. This load was recorded. Several tests

were conducted in both dry and wet surface conditions, and

F
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Q Q

P

extensometer specimen 

pad

Fig. 2 Schematic of extensometer setup for relative displacement

measurement
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the coefficient of friction was determined from an average

of these tests.

Wear Volume

After fretting test, specimen was cleaned in distilled water

and then ethanol both through sonication. Then, fretting

scar was scanned from one end to the other end in

x- direction at seven different locations spaced 1 mm apart

in the y-direction. These axes are shown in Fig. 3. From the

two-dimensional data collected for each fretting scar, a

three-dimensional surface profile was constructed via

numerical interpolation of two-dimensional profiles across

the specimen width. The wear volume was then calculated

from the numerically constructed three-dimensional profile

using trapezoidal integration. Its detailed procedure is

available elsewhere [12].

Results

Fretting Test

The static coefficient friction for dry and lubricated spec-

imens were determined to be 0.24 and 0.13, respectively,

which clearly showed that the coefficient of friction

reduced due to the application of lubricant as expected.

Figure 3 shows a fretting scar on Cu–Al coating, where

coating at the contact region was completely worn out via

global sliding (total slip). Typical relationships between

relative displacement and tangential force range (DQ) are

shown in Fig. 4, where DQ is the difference between the

maximum and minimum value of Q. In both wet and dry

surface conditions, the application of fatigue load induced

slightly larger tangential force. Further, dry tests showed

larger tangential force than that in the lubricated tests at a

given relative displacement. Total (gross) slip was

observed when the relative displacement was larger than

15 lm irrespective of the contact surface (dry and wet) and

loading (fatigue and non-fatigue) conditions. For the ap-

plied relative displacement less than 15 lm, partial slip

regime was observed. Fretting regime was determined from

the shape of fretting loop, i.e., a plot of tangential force (Q)

versus relative displacement (drel) during cycling. As

shown typically in Fig. 5, partial slip was characterized by

an elliptical shape loop while total slip was characterized

by a quasi-rectangular shape-fretting loop. In both cases,

the shape of fretting loop stayed almost same throughout a

test period. Further, there was no noticeable difference in

the shape of fretting loop between fatigue and non-fatigue

cases. Figure 6 shows the typical evolution of tangential

force range (DQ) with applied fretting cycles for four dif-

ferent test conditions of this study. For the fair comparison,

these four cases had relative displacements between 40 and

60 lm, and all were under the total slip fretting regime.

The tangential force increased initially with increasing

fretting cycle and then stabilized at around 10,000 cycles.

The larger tangential forces were observed under fatigue

loading and/or with dry surface conditions.

Wear Analysis

Dissipated energy during fretting represents the consumed

energy for wear and/or other phenomena during fretting.

There have been several studies to relate this dissipated

energy to the wear volume to characterize wear behavior

during fretting [13–15]. The dissipated energy can beFig. 3 Micrograph of fretting wear scar
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obtained from the area inside fretting loop, as described in

a previous study [12]. By summing the dissipated energy of

each cycle, the accumulated dissipated energy for a test can

be obtained as:

Ec ¼
XN

i¼1

Ei ð4Þ

where Ei is the dissipated energy in the i-th cycle, Ec is the

accumulated dissipated energy, and N is total number of

cycles in a fretting test. Figure 7 shows a plot of wear

volume as a function of the accumulated dissipated energy

which represents the energy required to induce a certain

amount of wear over a certain number of cycles (i.e.,

15,000 in this study). For comparison, data from both dry

and wet surface conditions are included in this figure. It

shows a single linear relationship between wear volume

and accumulated dissipated energy indicating no effect of

contact surface and loading conditions. Further, this linear

relationship extends from partial slip to total slip regimes.

The slope of this linear relationship represents the amount

of wear volume produced by one unit of the accumulated

dissipated energy, and it is referred as the energy wear

coefficient. The energy wear coefficient was determined to

be 2.84 · 104 mm/J by a linear fit to the data that is shown

by a solid line.

A plot of the normalized wear depth versus accumulated

dissipated energy is shown in Fig. 8. Normalized wear

depth is a ratio of the maximum wear depth to the initial

average coating thickness (40 lm). The normalized wear

depth linearly increased with increasing accumulated dis-

sipated energy up to the 1 (i.e., up to the initial coating

thickness) and stayed constant at 1 with further increasing

accumulated dissipated energy. Similar to the relationship

between accumulated dissipated energy and wear volume,

the contact surface, loading, and fretting regime had no

effect on this relationship up to the instant when maximum

wear depth is equal to the coating thickness.
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Discussion

The most important observation in this study is that wear

analysis using the accumulated dissipated energy approach

showed no difference between wet (lubricated) and dry

contact surface conditions. As shown in Figs. 7 and 8, data

from both lubricated and dry tests were completely col-

lapsed on a single line. Further, this single relationship

involved both fretting regimes (i.e., partial and total slips)

and both loading (i.e., fatigue and no fatigue) conditions.

The transition point from partial to total slip regime was at

about 15 lm of the applied relative displacement regard-

less of contact surface and/or fatigue loading conditions.

However, the effects of wet contact surface and fatigue

loading on the tangential force were such that the appli-

cation of the fatigue load induced a larger tangential force

while the lubricated (wet) contact surface reduced tan-

gential force at a given relative displacement (Fig. 4).

Tangential force normally represents the frictional force at

the contact surface during cycling. Therefore, the ratio of

tangential force to the applied contact load (Q/P) is often

referred to as the dynamic coefficient of friction. The role

of wet surface was to reduce the coefficient of friction

during fretting as clearly shown in Figs. 4 and 6 where

tangential force for wet condition is lower than that under

the dry condition. In addition, the static coefficient of

friction of the lubricated specimen was ~0.13 which was

significantly lower than that of the dry specimen (~0.24).

So, the wet surface condition lowered the frictional force at

the contact before and during fretting as expected.

Figure 8 shows that the maximum depth of wear

remained constant with increasing accumulated dissipated

energy after the normalized wear depth reached to 1. This

is due to a much harder substrate (Ti-6Al-4V) than a

coating (Cu–Al) material. In order to wear the harder

substrate, a lot more energy was required compared to the

wear of coating. Thus, most of energy was spent later to

broaden the width of wear rather than penetrating the

harder substrate. This caused the normalized wear depth to

remain constant at 1 (Fig. 8). However, an interesting

observation from this figure is that the accumulated dissi-

pated energy versus normalized wear depth relationship up

to the normalized wear depth of unity is also independent

of the contact surface, loading, and fretting regime condi-

tions. Thus, this alternate but a simple relationship could be

also used to characterize the wear behavior of a soft coating

until it is completely worn out at any location.

Conclusion

The effects of contact surface condition on fretting wear of

Cu–Al coating on Ti-6Al-4V substrate were investigated

with and without fatigue loading. Fretting regime changed

from the partial slip to total (gross) slip at about 15 lm of

the applied relative displacement, and this transition point

was independent of the contact surface and the loading

conditions. Wear behavior was analyzed using dissipated

energy approach. There was a single linear relationship

between the accumulated dissipated energy and wear vol-

ume. This relationship extended from partial slip to total

slip regimes regardless of loading condition, i.e., same with

and without fatigue load. Moreover, this relationship was

same for both dry and wet contact surface conditions.

Similar behavior was observed with the accumulated dis-

sipated energy versus wear depth relationship until coating

was completely worn out at any location. Wet contact

surface resulted in a lower tangential force during fretting,

as well as a lower static coefficient of friction before

fretting, indicating the lubricant lowered the frictional

force at the contact as expected.
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