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Abstract: The TiN/Ti multilayer was deposited on Ti-811 alloy surface by magnetron sputtering(MS) technique for improving 
fretting fatigue(FF) resistance of the titanium alloy at elevated temperature. The element distribution, bonding strength, 
micro-hardness and ductility of the TiN/Ti multilayer were measured. The effects of the TiN/Ti multilayer on the tribological 
property and fretting fatigue resistance of the titanium alloy substrate at elevated temperature were compared. The results indicate 
that by MS technique a TiN/Ti multilayer with high hardness, good ductility and high bearing load capability can be prepared. The 
MS TiN/Ti multilayer, for its good toughness and tribological behavior, can significantly improve the wear resistance and FF 
resistance of the Ti-811 alloy at 350 ℃. 
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1 Introduction 
 

Titanium alloys have been widely used in 
manufacturing the fans, compressor disks, and blades of 
advanced aircraft engines[1−2]. However, titanium 
alloys are very sensitive to fretting fatigue(FF) damage, 
which may affect the safe reliability of the aircraft engine 
compressor[3−5]. Hence, the development of surface 
modification techniques to improve the fretting fatigue 
resistance(FFR) of titanium alloys is vital for their safe 
use in advanced aero-engines[6−9]. To date, no surface 
treatment methods used to improve the FFR of titanium 
alloys at elevated temperature have been entirely 
satisfactory. The beneficial effect of shot peening(SP) on 
FFR is reduced at elevated temperature due to the 
compressive residual stress induced by SP relaxation 
[10]. Although the FFR of titanium alloys can be 
effectively improved by the use of MoS2 solid 
lubrication films, the endurance of such MoS2 films is 
low owing to their poor resistance to elevated 
temperature[11−12]. To improve the FFR of titanium 
alloys at elevated temperature, it is necessary to devise 
other effective surface treatment methods. 

TiN coating leads to superior abrasion resistance, 

low coefficient of friction, high temperature stability, and 
high hardness. Research has indicated that the 
tribological and fretting wear performances of metals 
may be improved by a TiN coating[13]. However, our 
previous research has shown that the FFR of titanium 
alloys is significantly reduced by either chemical vapor 
deposited(CVD) TiN coating or plasma nitriding because 
of the poor ductility of the coating[14]. The key to 
improve FFR by surface treatment methods lies in how 
to improve the anti-friction property while at the same 
time to preserve anti-fatigue properties. However, the 
methods for settling the anti-friction and anti-fatigue 
properties are often incompatible with each other. The 
anti-friction property can be remarkably improved by 
hard coatings or surface hardening treatments. However, 
the fatigue resistance is often reduced due to the poor 
ductility of the hard treated surface. As a result, the FFR 
cannot be improved by traditional surface hardening 
treatments. Hence, structural optimization of coating 
surface to achieve rational balance of the strength and 
ductility for preparing coatings thus to improve the FFR 
of titanium alloys at elevated temperature becomes a 
subject worth investigation. A method for improving the 
ductility of the TiN film is to strive for the toughness of a 
composite. For example, the fracture toughness of a 
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TiN/Ti multilayer is obviously better than that of a TiN 
single film because of the high ductility of the Ti layer in 
the TiN/Ti multilayer[15−17]. Magnetron sputtering(MS) 
can be advantageous when being used to produce 
multilayer film as the resulting film is of high density, 
small grain size, and low void ratio. By using MS 
method to produce TiN/Ti multilayer, the film would 
then combine the property of strength with good  
ductility. Nevertheless, research work on improving the 
FFR of Ti alloys at elevated temperature by the MS TiN/ 
Ti multilayer has seldom been reported. In this work, 
properties of an MS TiN/Ti multilayer are studies and the 
effect and mechanism of the MS TiN/Ti multilayer on 
the FFR of a titanium alloy at elevated temperature are 
discussed in view of finding a new method for improving 
the FFR of titanium alloys under such conditions. 

The Ti-811 titanium alloy is an important material 
for the manufacture of rotary parts used in high 
temperature sections of advanced aircraft compressors 
[18]. The present authors have studied the FF behavior of 
the Ti811 titanium alloy at elevated temperature[19]. But 
research on surface modification for improving the FFR 
of this alloy has not been done. Therefore, Ti-811 alloy is 
selected to be researched in this work. 
 
2 Experimental 
 
2.1 Experiment material 

FF specimens and fretting pads were obtained from 
Ti-811 alloy bars (d 16 mm). Ti-811 alloy is almost 
composed of almost all α-phases and contains 7.9% Al, 
1.0% Mo, 0.99% V, 0.05% Fe, 0.1% C, 0.01% N, 
0.001% H, 0.06% O, and balance Ti. The material was 
treated by double annealing (910 ℃, 1 h, cooled in air; 
580 ℃, 8 h, cooled in air). The resulting microstructure 
is composed of an equiaxial α-phase and intergranular 
β-phase. The mechanical properties of the alloy are: 
σb=931 MPa, σ0.2= 890 MPa, δ=23% and Ψ=46%. 
 
2.2 Preparation of TiN/Ti multilayer 

A PIEMAD−03 multifunction apparatus was used to 
prepare the MS TiN/Ti multilayer. The MS target used 
consisted of 99.99% Ti. The specimen was finely ground 
using 1 200 grit SiC paper and ultrasonically cleaned 
with acetone. The surface of the specimen was cleaned 
with a 1 keV Ar ion beam in a flux of 20 μA/cm2 for 
20 min before film deposition. To improve the bonding 
strength between the coating and substrate, a high-energy 
assisting ion beam was used to bombard the surface of 
the coating during deposition. After etching, a layer of 
pure Ti of about 3 μm was deposited in order to improve 
adhesion, providing a smooth transition between the 
ion-cleaned substrate and the films. Subsequently, the N2 

gas valve was turned on to introduce the N2 gas into the 
deposition chamber, and then the TiN film began to grow 
on the pure Ti layer. The N2 gas valve was turned off 
when TiN reached 1 μm in thickness, leading to pure Ti 
layer growing again. When the Ti film grew to 1 μm, the 
N2 gas valve was turned on again to achieve TiN layer. 
After repeating the turning on and turning off the N2 gas 
valve, the TiN/Ti multilayer constructions with the 
desirable thickness could be produced. The modulation 
period was 1 μm. A TiN coating with thickness of 3 μm 
was deposited on the surface of the multilayer. Totally, 
there were three layers of Ti and three layers of TiN 
deposited in the multilayer. During the deposition, the 
argon flow (60 mL/s), the current (1 A), and the bias 
voltage (−200 V) were kept constant. The nitrogen flow 
was maintained at 30 mL/s during the TiN deposition. 
 
2.3 Multilayer evaluation for characterization 

A HITACHI S−570 scanning electron microscope 
(SEM) was used to investigate the morphology of the 
TiN/Ti multilayer. A GDA750 glow-discharge 
spectrometer was used to determine the elemental 
distribution on the cross-section of the TiN/Ti multilayer. 
An HV−1 000 micro-hardness instrument was used to 
measure the Knoop micro-hardness of the TiN/Ti 
multilayer with a load of 0.245 N and loading time of 
20 s. The bonding strength of the TiN/Ti multilayer to 
the substrate was evaluated by the method of scratch. 
The critical force (Lc) that resulted in spalling of the 
TiN/Ti multilayer was defined as the bonding strength. 
The ductility of the TiN/Ti multilayer was estimated 
using a multi-impact tester with a total number of 1×104 
impacts. The maximal impact load that resulted in 
cracking of the coating was defined as the critical 
ductility load. 

The wear resistance of the TiN/Ti multilayer at 
elevated temperature was evaluated using a ball made of 
Ti-811 alloy rolling on a fixed disk. The diameter, the 
surface roughness Ra, and the hardness HK0.245 of the ball 
were 4.75 mm, 0.05 μm, and 346, respectively. The disk, 
made of the Ti-811 alloy, had a diameter of 30 mm, a 
thickness of 8 mm, and a surface roughness Ra of 
0.05 μm. The wear tests were conducted under a 5 N 
load at 350 ℃, which simulated the conditions of aircraft 
engine compressors. 
 
2.4 Fretting fatigue(FF) test assembly 

A PLG−100 C high-frequency fatigue machine was 
used to conduct FF tests. A schematic drawing of the FF 
specimens and pad is available elsewhere[19]. The load 
was set in pull-pull. The contact state between the pad 
and specimen was flat-to-flat, with a rectangular contact 
area of 2 mm×6 mm. Relative slip between the 
specimen and pad was introduced by the difference in 
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elastic deformation between them. The contact pressure 
of the pad was controlled at 85 MPa using a tensor meter. 
The span length between the fretting bridge foots was 15 
mm. The slip was approximately 36 μm for an axial 
loading force of 530 MPa in a sinusoidal form at 110 Hz 
and a stress ratio of 0.1. The FF life reported here was an 
average of three specimens. Test temperature of 350 ℃ 
was adopted to simulate the working conditions of 
aircraft engine compressors. An electrical resistance 
furnace was used for heating and the temperature was 
controlled at (350±1) ℃ using a feedback temperature 
controller with a rectifier and a K-type thermocouple. 
 
3 Results and discussion 
 
3.1 Properties of MS TiN/Ti multilayer 

Fig.1 shows the surface SEM morphology of the 
MS TiN/Ti multilayer. The MS TiN/Ti multilayer has 
high density, small grain size and low void ratio. Fig.2 
shows the cross-section micrograph of MS TiN/Ti 
multilayer. The alternating dark and bright lining of the 
TiN/Ti multilayer can be seen. The light-colored layer is 
Ti, while the deep-colored layer is TiN. A close-knit 
combination of TiN and Ti layers is evident. No 
interspace can be seen in the film and the bonding 
between the film and the substrate is good. 
 

 
Fig.1 Surface micrograph of MS TiN/Ti multiplayer 
 

 
Fig.2 Cross-sectional micrograph of MS TiN/Ti multilayer 

Fig.3 shows the elemental distribution over the 
cross-section of the MS TiN/Ti multilayer. The thickness 
of the TiN/Ti multilayer is 8 µm. Multiple interfaces 
were formed with gradient variation of the nitrogen 
content between the TiN and Ti layers. To improve the 
ductility of the TiN coating and the bond strength 
between the coating and substrate, a pure Ti interlayer 
(approximately 3 μm) was deposited between the 
substrate and the TiN coating. The nitrogen content is 
seen to increase gradually from the Ti coating to the TiN 
coating. The mixing interface of the coating element and 
the substrate element is introduced by the bombardment 
of the assisting ion beam during the initial deposition 
stages of the coating, which can improve the bond 
strength between the coating and substrate. 
 

 
Fig.3 Elemental distribution curves of MS TiN/Ti multilayer 
 

The micro-hardness test yields a value of HK0.245    
2 487 for the MS TiN/Ti multilayer, which is 6.8 times 
higher than that of the Ti-811 alloy substrate. The high 
hardness of the coating results from the ceramic phase of 
the TiN. The hardness of the MS TiN/Ti multilayer is 
higher than that of the MS TiN/Ti composite film 
(HK0.245 2015). This is because dislocation movement is 
prevented by the many interfaces formed in the MS 
TiN/Ti multilayer, and the anti-deformability capacity of 
the film is improved accordingly. 

The critical bonding strength (Lc) of the MS TiN/Ti 
multilayer is measured to be 75 N. The film irregularly 
flakes off at the edge of the scratch (Fig.4). The driving 
force of crack propagation is reduced by the many 
interfaces in the MS TiN/Ti multilayer, and so the fast 
propagation of cracks is prevented. At the same time, the 
load-bearing capacity of the film is improved as a result 
of the high hardness. 

The multi-impact test indicates that the MS TiN/Ti 
multilayer has very good ductility and high bonding 
strength. The coating does not crack or delaminate even 
when the substrate is impacted to collapse under the 
maximum load (1 000 N) of the tester (Fig.5). 
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Fig.4 Morphology of TiN/Ti multilayer after scratching 
 

 

Fig.5 Impact morphology of TiN/Ti multilayer 
 

Fig.6 compares variation characteristic between the 
friction coefficient and friction time of the Ti-811 alloy 
and the MS TiN/Ti multilayer at 350 ℃. The results 
indicate that the friction coefficient of the Ti-811 alloy 
substrate maintains at around 0.55 with passage of time. 
Whereas friction coefficient of the MS TiN/Ti multilayer 
stays at around 0.35 for a long period of time, which 
would be of benefit to improving substrate anti-friction 
 

 
Fig.6 Comparison of friction coefficient of TiN/Ti multilayer 
and Ti-811 alloy 

property. This is due to the high hardness and the good 
lubricating effect of the TiN/Ti multilayer. Also, the MS 
TiN/Ti multilayer on the titanium alloy does not fracture 
or break off during the friction process. Fig.7 shows the 
wear morphologies of Ti-811 alloy and the MS TiN/Ti 
multilayer. It can be seen that the surface of the Ti-811 
alloy is severely worn, with debris and delamination 
emerging in the wear scar. The damage to the MS TiN/Ti 
multilayer is light and can be characterized as low 
ploughing. 
 

 
Fig.7 Wear morphologies of Ti-811 alloy (a) and TiN/Ti films 
(b) 
 
3.2 Effect of MS TiN/Ti multilayer on FF life 

The average FF lives (FFL) of the Ti-811 alloy at 
350 ℃ is 4.36×104 cycles and the average FFL of the 
Ti-811 alloy coated MS TiN/Ti multilayer at 350 ℃ is 
14.99×104 cycles. The FFL of the titanium alloy is 
improved by 2.44 times through application of the MS 
TiN/Ti multilayer. This is because the energy produced 
during the fretting process is consumed by the shearing 
deformation of the soft Ti layer in the MS TiN/Ti 
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multilayer. The crack propagation driving force is 
inhibited by the many interfaces between the TiN and Ti 
layers in the MS TiN/Ti multilayer. When a crack from 
the Ti layer which has good plasticity enters into the TiN 
layer which has high hardness, the TiN layer has 
sufficiently high crack initiation resistance. When a crack 
enters from the TiN layer into the Ti layer, the crack tip 
becomes passivated and the direction of propagation of 
the crack is deviated, resulting in a higher fracture 
toughness and better FFR. The MS TiN/Ti multilayer 
displays good anti-friction properties because the hard 
TiN layer provides a strong support for the soft Ti layer 
and the tangential force on the fretting contact area can 
be effectively reduced. 

Fig.8 compares the SEM morphologies of fretting 
fatigue damaged surface of Ti-811 alloy and MS TiN/Ti 
multilayer. FF damage to the surface of Ti-811 alloy can 
be characterized as cracks and fatigue detachment. This 
is attributed to a change in hardness of the material in the  
 

 
Fig.8 SEM morphologies of fretting fatigue damaged surface: 
(a) Ti-811 alloy; (b) MS TiN/Ti multilayer 

two contact interfaces during the fretting progress. 
Severe plastic deformation occurred near the material 
surface, and the brittleness of the materials increased. 
Then micro-cracks initiated in the hardened sub-surface 
area and gradually propagated to the surface. Patch 
delamination occurred when the micro-cracks connected 
with the free surface. The FF damaged surface of the 
Ti-811 alloy with the MS TiN/Ti multilayer is 
characterized by delamination. This is because crack 
propagation is prevented by the interfaces between the 
layers and the propagating direction of a crack is 
deviated. 
 
4 Conclusions 
 

1) A TiN/Ti multilayer was prepared on a Ti-811 
alloy substrate by magnetron sputtering deposition 
technique. The TiN/Ti multilayer exhibits high hardness, 
excellent load-bearing capability, good ductility, and low 
coefficient of friction, so the wear resistance of the 
Ti-811 alloy is significantly improved by the TiN/Ti 
multilayer at 350 ℃. 

2) The fretting fatigue life of the Ti-811 alloy with 
the MS TiN/Ti multilayer is improved by 2.44 times as 
compared with the uncoated substrate at 350 ℃ because 
of the excellent wear and fatigue resistance and good 
ductility of the TiN/Ti multilayer. The crack propagation 
driving force is reduced by many interfaces in the MS 
TiN/Ti multilayer. As a result, excellent wear resistance 
and good anti-fatigue properties can be simultaneously 
obtained by a single hard coating to control the FF 
damage. 
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