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Effect of Hard Thin Film Coating on Fatigue and Fretting Fatigue Behavior of Titanium Alloy
 Presented by
 Ri-ichi MurakamiGraduate School of Advanced Technology and Science
 The University of TokushimaTokushima, Japan
 TU
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Background (Titanium alloy)
 Ex) Aerospace industry Biomedical devices …etc
 Easy to cause seizure Very poor wear resistance
 High strength-to-weight ratio Good fatigue properties; like low density, high strength, and lowelastic modulus.
 Good point
 Weak point
 Surface treated titanium alloy shows a better performanceassociated with the repeated loading conditions.
 Fretting fatigue is easy to be generated
 TU
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Hard Thin Film
 Very effective to protect wear, oxidation and corrosion damage
 Influences fatigue strength
 Improves tribological behavior of mechanical contacts
 Background (Hard Thin Film) TU
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PVD coating (TiN) ＋ Titanium alloy
 Fatigue strengthincreasing,
 or same level before coating
 Fatigue strength was decreased
 Titanium alloy
 TiN
 Titanium alloy
 CrN (compared to TiN)
 ・High hardness and inert・Low Brittleness・ Greater temperature resistance・ Low friction
 Easy to cause cracking
 cyclic load
 Background (PVD Coating) TU
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Surface Improvement and Drawbacks
 Substrate materials(Ti-6Al-4V alloy)
 Nitriding, PVD
 (TiN, CrN etc.)
 Improvement in
 Wear resistance
 Corrosion resistance
 DrawbacksFatigue strength decreases substantially due to cracks starting in the coating and propagating into the substrate material
 TU
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As received Ti-6Al-4V Alloy was used as substrate material
 Substrate Material
 Titanium Allotropic metal
 of two phases
 α phaseClose packed
 hexagonal Structure at room
 temperature
 β phaseStable up to it'smelting point of about 1640˚C.
 Why Ti-6Al-4V?
 High StrengthLow weight ratio Corrosion resistanceLow expansion coefficientHigher melting points Low thermal conductivityBeta phase is much stronger than alpha phase. 40% lighter than steel and 60% heavier than Al
 TU
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Purposes
 Cyclic load phenomenon
 Increasing the reliability of products.
 Problems involving fatigue have become more severe with the demand for lighter weight structures and components.
 Reducing the development of time.
 Metallurgical and Mechanical descriptions which are concernedthe state of the material as well as the number of cycles to failure or the rate of propagation of a fatigue crack
 In this study, ・High bias voltage ・Low bias voltage
 To get the different film properties and fatigue behavior
 TU
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To design and fabrication of test specimen, pad, pad holder, proving ring and clamping screw.
 Deposition of thin CrN film by Arc Ion Plating method and evaluation of fatigue and fretting fatigue related properties of the film coated specimen.
 Fatigue and fretting fatigue testing using uncoated and coated specimen to evaluate
 Objectives
 The crack initiation behavior of titanium alloy specimen observing the fracture and contact surface by SEM and
 Characterization of the degradation and damage mechanisms of the coatings under fretting fatigue and associated loading conditions.
 TU
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18 15
 5.5 7
 Fretting pad
 C0.01
 V4.20
 Al6.07
 O0.16
 N0.01
 F0.16
 H0.001
 TiBal.Ti-6Al-4V
 Chemical composition of Ti-6Al-4V alloy
 Specimen configuration
 32 40
 140φ
 63A
 A
 A
 M10 A
 Specimen and Pad TU
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Experimental Procedure
 Fatigue test
 Tension-tension mood
 10Hz , R=0.05
 Same conditions for fretting fatigue test
 Using #150 ~ #1500 emery papersand 0.3 μm alumina powder
 Machining
 Heating and cooling
 TU
 SEM observation
 Specimen
 Polishing
 AIP deposition (CrN film)
 Annealing
 Fatigue test Crack initiation testHardness test
 Ti-6Al-4V alloy
 Fretting fatigue test
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Fatigue Load
 Proving ring
 Specimen
 Pressure Pad
 Bolt Pad
 Fretting Load
 Bolt
 Strain gauge
 Fretting Fatigue Test
 Fretting fatigue testing procedure
 TU
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for the application of fretting load
 for load support
 for fretting load support
 Bolt
 Pad
 Proving ring
 Bolt pad
 Proving ring support
 Proving ring with Bolt and bolt pad
 Fretting Fatigue Test Attachment
 Additional attachments for fretting fatigue test
 All these attachments were designed and fabricated for the experimentation
 TU
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Heat Treatment of the Specimens
 Time
 1hr 1/2 hr 3hrs
 6500C
 Heat treatment for Ti-6Al-4V alloy specimens
 Tem
 pera
 ture
 ( 0 C
 ) Annealing was performed
 to decrease the undesirable
 residual stresses of the
 specimen surfaces.
 Annealing conditions
 923K, 1hour, Furnace Cooled
 TU
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Thin Film Deposition by AIP Method
 Target
 Bias Voltage
 Arc Current
 Pressure
 Heater Temp.
 Film Thickness
 Cr
 -20V, -300V
 50A
 5.33Pa
 573K
 2.0μm
 CrN coating condition.
 For low bias voltage specimens
 LBSFor high bias voltage specimens
 HBS
 －
 －
 Anode
 Arc
 curr
 ent
 ＋
 CathodeVacuum Chamber
 SubstrateTarget (Cr) Bias Volt
 Arc discharge
 (N2, Ar)
 Gas outlet
 Deposition
 Cr+ N＋
 TU
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Vickers Micro Hardness test
 Table
 Specimen Holder
 Specimen
 Diamond Indenter
 Loading
 d1
 d 21360
 Vick
 ers
 hard
 ness
 HV
 5001000150020002500
 VB = -300 VVB = -20 V
 Applied Load = 100gf
 HV = 1.8544×F/d1d2
 Hardness・ Uncoated・LBS
 ・HBS
 3281344HV2408HV
 Strongly depended on the bias voltage
 TU
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X-ray diffraction spectra of CrN coatings
 30 50 70 90 110 130 150
 -300V
 -20V
 CrN
 (111
 )
 CrN
 (200
 )
 CrN
 (220
 )
 CrN
 (311
 )
 Inte
 nsity
 2θ[°]30 50 70 90 110 130 150
 -300V
 -20V
 CrN
 (111
 )
 CrN
 (200
 )
 CrN
 (220
 )
 CrN
 (311
 )
 Inte
 nsity
 2θ[°]
 CrN coated sampleProperties Uncoated
 sample LBS HBSResidual stress (GPa) - -3.95±0.06 -2.38±0.06
 Surface Roughness (Ra), (μm) 0.08 0.173 0.144
 Film properties
 LBS
 Random crystal orientation of CrN (111), (200), and (311)
 HBS
 Preferred orientation with a peak of very low intensity,
 CrN (220)
 TU
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Effect of Thin Film on Fatigue Behavior
 Fatigue Strength・For uncoated & LBS
 650 MPa (at 107 cycles)
 ・For HBS450 MPa (at 107 cycles)
 Clearly decrease
 Number of cycles to failure, Nf
 Max
 imum
 str
 ess,
 σm
 ax[M
 Pa]
 103 104 105 106 107300
 400
 500
 600
 700
 800
 900△ Uncoated■ LBS● HBS■
 ■
 ■
 ■
 △△
 △
 △ △
 △
 ●
 ●
 ●
 ●
 ●
 ●
 Difference in the fatigue limits
 of the coatings was 200MPa
 TU
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Determination of film cracking stress
 To investigate the brittleness of CrN film
 Crack observation by replica method
 The minimum stress that the crack has observedis defined as the crack initiation stress
 Ex)525MPa ⇒ Cracking500MPa ⇒ No crack
 Crack initiation stress525MPa
 Tensile test
 Tensile load
 Cyclic loading test
 Cyclic load
 TU
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Tensile test
 ・LBS700MPa
 ・HBS625MPa
 Cyclic loading test
 ・LBS625MPa
 ・HBS400MPa
 Fatigue strength at 107 cycles(-20V, 650MPa) Fatigue strength at 107 cycles
 (-300V, 450MPa)
 0
 100
 200
 300
 400
 500
 600
 700
 HBSLBS
 Cra
 ck in
 itiat
 ion
 stre
 ss [M
 Pa] ■ Tensile test
 ■ Cyclic loading test
 Crack initiation strength TU

Page 20
                        

Effect of Bias Voltage
 -20V
 Hardness↓
 Fatigue strength
 Brittleness ↓
 -300V
 Hardness↑
 Fatigue strength
 Brittleness ↑
 TU
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SEM Observation of Fracture Surfaces
 .
 Fracture surfaces around the crack initiation site at σmax = 800MPa: (a) Uncoated sample, Nf = 8.9x103 cycles, (b) LBS, Nf = 2.58x104 cycles,
 (c) HBS, Nf = 1.23x104 cycles.
 30 mμ30 mμ 30 mμ
 a b c
 TU
 For both LBS and uncoated specimens:
 Multiple cracks were observed in the fracture surfaces
 For HBS :
 Cracks of multiple features disappeared and the film was more brittle than that of LBS
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SEM Observation of Fracture Surfaces (contd.)
 Fracture surfaces around the crack initiation site at σmax = 700MPa:(a) Uncoated sample, Nf = 3.41x104 cycles, (b) LBS, Nf = 7.97x104
 cycles, (c) HBS, Nf =2.02x104 cycles.
 a b c
 TU
 30 mμ30 mμ 30 mμ
 More than one crack were occurred, and the crack initiation
 origin was larger.
 Crack was generated from the film surfaces.
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Fracture surface observation for LBS ,(a) σmax = 750MPa、Nf = 3.67 × 104 (b) σmax = 750MPa、Nf = 1.59 × 104
 100 μm
 CrN film showed good adhesion and there was no delamination of the film along the
 interface. Multiple crack did not occur.
 The film surface was distorted near the position and the fracture surfaces of the films
 HBS were more brittle than that of LBS. The film deformation might be caused by local
 plastic deformation of the substrate during the cyclic loading.
 SEM Observation of Fracture Surfaces (contd.)
 (a) (b)
 TU
 50 μm
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SEM Observation of Fracture Surfaces (contd.)
 Film surface after 5.0x106 cycles: (a) LBS, σmax = 650 MPa, (b) HBS,
 σmax = 450 MPa.
 50μm50μm
 L.D L.D
 TU
 No cracks after fatigue tests in either specimen. Fatigue limit of the coatings is determined by the crack initiation strength The strength of the low bias voltage specimens is higher than that of high biasvoltage specimens.The difference in the crack initiation stress will result in differences in the filmhardness, residual stress and the crystal orientation.
 (a) (b)
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The crack occurrence observation with replica picking
 LBS. Static load 700 MPa LBS. Cyclic load 625 MPaCycles 4 × 105
 HBS. Static load 625 MPa HBS. cyclic load 400 MPaCycles 1.5 × 105
 100μmL.D.
 Factrography of Film Cracking Stress TU
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Effect of Thin Film on Fretting Fatigue behavior
 100
 200
 300
 400
 500 ○ UC▲ LB■ HB
 104 105 106 107
 ○ ▲■
 ○
 ○
 ○
 ▲
 ▲
 ▲▲
 ■
 ■
 ■
 ■
 ■
 ■100
 200
 300
 400
 500
 Number of cycle to failure Nf [cycles]
 Max
 imum
 stre
 ssσ
 max
 [MPa
 ]
 ○ UC▲ LB■ HB
 104 105 106 107
 ○ ▲■
 ○
 ○
 ○
 ○
 ○
 ■
 ■
 ■
 ■■
 ▲
 ▲
 ▲
 ▲
 ▲
 ▲
 Fatigue Strength decreased by film coating
 Reduction in fatigue life
 CrN coating is effective to improve the fretting fatigue strength below
 and about 106 cycles
 4500 N 1500 N
 TU
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Strength reduction factor
 Cause;
 Local Stress concentration and
 Acceleration of the initial crack propagation by fretting
 Plain fatigue strength at a given cycle
 Fretting fatigue strength at the same cycleFR=
 Uncoated
 VB = -20V
 VB = -300V
 106 105 107 104
 3.5
 2.5
 1.5
 0.5
 4.5 Uncoated
 VB = -20V
 VB = -300V
 107 105 104 106
 3.5
 2.5
 1.5
 0.5
 4.5
 Strength Reduction by Fretting TU
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(b) (c)(a)
 Specimen
 Pad
 0
 0.2
 0.4
 0.6
 0.8
 0 20 40 60 80 1000
 0.2
 0.4
 0.6
 0.8
 0 20 40 60 80 100
 Effect of Friction Co-efficient and Contact Pressure
 Friction coefficient change by contact pressure, LB specimen
 Fretting damage mechanism
 1500 N 4500N
 TU
 Initial sliding motion
 Increasing of sliding motion and particles get crammed
 The delaminated particles are normally squashed within the compacted oxide bed.
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Slip
 Slip
 Slip
 HB, 1500N σmax = 500MPa Nf = 8.6 × 104
 1 mm 50μm
 UC, 1500N σmax = 500MPa Nf = 2.8 × 104
 LB, 1500N σmax = 500MPa Nf = 6.0 × 104
 SEM observation of Crack Initiation Site TU
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Slip
 LB, 4500N σmax = 500MPa Nf = 7.9 × 104
 HB, 4500N σmax = 500MPa Nf = 6.2 × 104
 UC, 4500N σmax = 500MPa Nf = 4.2 × 104
 Stick
 Slip Stick
 50μm1 mm
 Slip Stick
 SEM observation of Crack Initiation Site TU
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UC, 4500N σmax = 300MPa、Nf = 1.08 × 105
 LB, 4500N σmax = 300MPa、Nf = 4.38 × 105
 HB, 4500N σmax = 300MPa、Nf = 2.86 × 10530μm100μm
 Observation of the crack initiation point in the fracture surface TU
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2 mm
 UC, 1500N σmax = 400MPaNf = 7.0 × 104
 LB, 1500N σmax = 350MPaNf = 1.72 × 105
 HB, 1500N σmax = 350MPaNf = 2.77 × 105 ө≈ 50
 Pad location
 Pad location
 ө≈ 50
 Pad location
 ө≈50
 Crack Orientation Angle at the Pad- Specimen Interface TU
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Energy [keV]
 Inte
 nsity
 0 2.0 4.0 6.0
 N Kα
 Al KαO Kα
 Ti KαV Kα
 (a) 1500N Cr Kα
 Cr Kβ
 Energy [keV]
 Inte
 nsity
 (b) 4500N
 0 2.0 4.0 6.0
 N Kα
 Al KαO Kα
 Ti Kα
 V KαCr Kα
 Cr Kβ
 ― Non contact surface― Worn particle
 Elemental Composition Analysis by EDX (LBS)
 Ａt 1500nN load
 Ｎon contact area
 N, O, Ti, and Cr peak
 Worn particle
 Peak of Al, V, in addition
 N, O, Ti, and Cr.
 At 4500 load
 Non contact area
 N, O, Ti, and Cr peak
 Worn particle
 Additional Al, and V peak
 Satisfied condition
 Oxidation will exist
 TU
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Energy [keV]
 Inte
 nsit
 y
 (b) 4500N
 0 2.0 4.0 6.0
 N Kα
 Al KαO Kα
 Ti Kα
 V KαCr Kα
 Cr Kβ
 Energy [keV]
 Inte
 nsity
 0 2.0 4.0 6.0
 N Kα
 Al KαO Kα
 Ti KαV Kα
 (a) 1500N Cr Kα
 Cr Kβ
 ― Non contact area― Worn particlee
 Elemental Composition Analysis by EDX (HBS)
 Ａt 1500nN load
 Ｎｏｎ ｃｏｎｔａｃｔ ａｒｅａ
 N, Ti, and Cr peak
 Worn particle
 Peak of Al, V, and O in
 addition N, Ti, and Cr.
 At 4500 load
 Non contact area
 N, Ti, and Cr peak
 Worn particle
 N, O, Ti, and Cr peak
 Satisfied condition
 Oxidation will exist
 TU
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500μm
 σmax = 250 MPa Nf = 1.90 × 106
 -2
 -1
 0
 1
 2
 Wea
 r dep
 th [μ
 m]
 σmax = 500 MPa Nf = 7.0 × 104
 -8
 -4
 0
 4
 Wea
 r dep
 th [μ
 m]
 Fretting Wear track of the Contact Surfaces ( LBS)
 Tribology test for fretting wear and friction co-efficient were carried out applying 1 N load.
 Contact pressure of the fretting test was much lower than tribology test.
 Indicate no fracture or delamination of the films.
 Until collapse, the film inhibits the fretting wear
 due to the good tribologicalproperties.
 Leading effect to prolong the fatigue lives.
 TU
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σmax = 500 MPa Nf = 8.6 × 104
 -20
 -10
 05
 -30Wea
 r dep
 th [μ
 m]
 500μm
 σmax = 250 MPa Nf = 9.50 × 105
 -2
 -1
 0
 1
 2
 Wea
 r dep
 th [μ
 m]
 Fretting Wear track of the Contact Surfaces ( HBS)
 Mild condition
 The film can endure for long time and the fretting fatigue life or strength will
 clearly increase
 Severe condition
 The film is easy to be worn at the early stage of
 fretting fatigue test
 The fatigue life or strength will be slightly
 increased or maintained.
 TU
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Conclusion
 Fatigue and fretting fatigue strength is strongly affected by the applying bias voltage during the deposition.
 Crack initiation stress for both tensile and cyclic loading was higher for LBS than that of HBS. But for both specimens; the crack initiation stress for cyclic loading was lower than that for tensile loading.
 The fatigue strength at 107 cycles was kept or slightly increased by low negative bias voltage deposition compared to the uncoated specimen while the fatigue strength at 107 cycles remarkable decreased by high bias voltage deposition.
 The occurrence of crack origin was initiated from the edge of the slip area.
 Fretting results show that until about 106 cycles; there is small influence of bias voltage on fatigue strength whereas, over 106 cycles, fatigue strength was reduced At high stress amplitude the effect was low.
 TU
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