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Abstract

In our previous study, it was found that the wear life of the DLC/AIN hybrid film compared with a DLC film deposited directly
onto Al-alloy could be improved by controlling the hardness of the AIN intermediate layer film. However, the hard coating
like above films has a possibility to decline the fatigue strength of based material. In the present study, to ensure the fatigue
reliability of Al alloy coated with DLC/AIN hardness gradient hybrid film, the fatigue strength and the fatigue failure
mechanism were investigated. Fatigue strength of A7075 alloy coated with DLC/AIN hybrid film in lower stress side was
higher than the untreated material, but that in higher stress side was almost the same as the untreated material. Compressive
residual stress of A7075 alloy coated with DLC/AIN composite film was larger than the untreated material. From the
observation of crack initiation part in the fracture surface of the A7075 alloy coated with DLC/AIN hybrid film by SEM, micro
cracks in AIN film were found to be generate from the interface between Al base material and AIN film by the local plastic
deformation in Al base material. Since the DLC film with a high fracture toughness values obstruct that micro cracks came out
to the film surface, the initiation of a main crack was delay. As the result, the fatigue life of DLC/AIN hybrid coating material
was improved. DLC/AIN hybrid coating is considered to represent a simple and effective means of improving the wear
resistance and fatigue reliability of Al-alloy components commonly used within the aerospace and automotive industries.
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1. #

AR, HEHECHIZE e © OISR BFICB W T T L = A (A) AEOFEMEML WS, ZAbo
AR B ORERRER AT, FREE, MHEEREMEIZ O B AAD Z LN EER STV S, LsL Al &4
W, THEEFEMEIZZ LW E WO RIS Z A L TRY, & S E R ESE M AREmAICHH ST 5. F#1Z DLC
(Diamond- Like-Carbon) MIX@fEE 24 L, BB RT 2 &0 6 Al GEOMMERMEOSEICA
HhCTHDHEFEZBND (Horiuchi et al., 2012, Lifang et al., 2004, #iA, #17k,2003). L L, Al &4&IZ@EEE D
DLC A #8 L7351, 256 & RO E 2B A TEOIR FAMER& S5 (Nakamori etal., 2006, Xuaetal., 2008,
Nairetal., 2008). == C, F# 5%, UBMS (Unbalanced Magnetron Sputtering) 512 & 2 B TRE DA T Al 54
LN & OB EMNESET DAV THRA LTS, ZOFTDLCIEE Al B8O EZAEOREMIZER L
T, FHEBICHEE AR ST 72T VI =7 A (AIN) BEE R L7- DLC/IAIN EEIRE, BaEtEndEsh,
PEERFEERER NS KIEIC B TE 5 2 L 2 8E LT\ % (Nakamuraetal.,, 2015). L2 L7223 6, DLC HED X 95 727
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NG BSBE U 7o MPBRHIE 7 TR AMIR T L C L 2 MR HE ST\ % (Baragettietal., 2009, Zalnezhad et
al., 2014, Slameckaetal., 2015, M, 2001). F£7=—J7C, DLC DI & il U 7-44Eoogig 55 Feit: (R i, 2006)
ROFEM LR & DLC IO AR A Jite L 7= BB O 57 FeE (45 Dt 2007, Morita et al.,, 2012) A31a) 3541 %
ZHESINTND. FITAMETIE, FRROBEEEREMEAZGGESE 5 2 L3 TE 2 DLC/AIN HEERESE
ZHi L7z Al B4ITHONWT, Z OSSN A REET 2 72 DI 5B 4 9206 L, 97 REME T4 2 05 h i~
7o ZLITEFMEEA =X LA ETHY TP CHEA et 21T 72,

2. BERAMBIURBRAZ

2.1 #EH

FEMZIE Al 54O T &R B AT075-T6 A4 % Vo, ERR IR 1 17R379% 57 380 T tR L BN
T L BICHIR &2 = A U —HE (#600~#2000) 38 L7 /L2 TR (¢ 1.0, 0.3, 0.05um) THIERICHIEEL,
AEWIESFEIT o2, 2 b OREMICK L UBMS 752X Y DLC/AIN fifl BEEAME A R 2 pli s U 7= (DL
DLC/AIN ¥ EF59) . X 2 IO FE i OB IX 3 L OWim O 5= 27r7. FEEO AIN BIX Al % —77 >
MRZER, NoH AL Ar T ZADRGEIRIZ X D RJeME UBMS T L7z, AIN BEORE S [FERAERED Ny DA
IS X - THIEIN L7z, 3725, AIN B A BEPEAITHR & 73U A B AR A~ & i B 2 25k S8 CREfE T 5 72912,
FRIERED Ny 7 A AR Z 13 mi/min 75 20 ml/min £ T, 1 miimin 952 8 BRSNS B A2 & T, X% 6 )
5 25GPa 2N S TEE L7~ (Nakamuraetal.,, 2015). A Sy ZE T LKW, A T REES0V, ~—RFE S
2.6X10°MPa, b —X —JRE% 473K & U TR L7-. 3B 7 irBE OIR 1 X RIFER AR E #4208 353K T 0, Ak
FECHRAIZER L, B TR 373K Th o 7o, pERFEIL 240 53 Toh 5. AIN EOR %, DLC % C % —
7y MRZEHV, CHa TA & Ar T ADIREGXIRIZEL I L7-. F7-, DLCEE AIN O HEIEIW (¥
AT ) & DLC @ Metal-DLC OEAMEE L, W Z —74 >y MRO Ay X8 )% 1.0~0.09kW & fRrx ([ZIK T S+,
CH—7y hDANRy HES) % 05~1L0KW &2 (TS ET-. &FHO DLC X, CH¥—7 v DAy XZ
a2 LKW T—E& Lz, A 7 AEET 100V, b—F —iREA 473K & LTI L7, 3BT E 1T
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Fig.2 Schematic diagrams (a) and photographs (b) showing cross sections of DLC/AIN film.
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RSB AR %% 358K T b, BFGEFE TR 2 12 B L, BB TRET 393K Th o7z, plliisftliL Metal-DLC &

75 206 min, DLC fl%73 100 min Cd» % . DLC 54 alfsitg, ikl i O UK & JEDORAHL S 2 L —V — %8S (Olympus)

WZCHIE L7255, Ra=0.034um Toh o7z, DLC IO X 1%, G4 IR L= b D& 2 A T v 7 flvMis

JEFF (DUH-W201, Shimadzu) (2 CHIE L7-REE, 20GPa Th-o7=. F7-, Wl & LCRa—T7 1 > 7Ok
(LM%, ROBph) ZHE L.

& LIIARESE, AIN #4138 X OV DLC/AIN M Off SFRBR OFERTH D, i S GBI 7580 i DI ER D FE A
WA L CTHA T Iy 7 U MEREFHT L 0 #AZE 100 of, A4 0.029 gffsec, {RFEFRFH]Z 5sec T
1Totz. 1LV RIERTE CHMERS SO SIZB bR R ootz Fz, SIIFEIRD 7 7 —RIRITHK
30s {27E L 7= alBt O 2R IS K A E CH 543, RAEEFS, AIN #133 L U DLC/AIN #1 CHIRRIZREIC
REDEVNTED HRn-o T,

2.2 HEBAEE
JE BRI TS IME R — AR g 97 BREE  (EHF-FB02, Shimadzu) M7=, BRERSAEITIREEL 30 Hz, IS/t
0.1 DIEKIE M EIZ TAT o 7. R, EAMEFBRMEE (VE-7800, Keyence) T8V HEBIZEZIT T,

3. BBERELIUSBE

31 WFEHAEBRHER

AT RS A R, AR LY, DLC/IAIN A TIARMERRT & ik L C 150 MPa LA F ORE J 4R IE ¢ 57
FREEDN LTS Z &M D. 107 [BIE SRS THES S 5 LK) L4 fEom B8 bivd. —F7, 150 MPa LA
OISR TIIARAER R S AFIERFRE L 70D Z 30D, 2 2T, DLCIAIN B O 557 JiFE A3 A | L 7= 3
RIS HJE D AIN 72 D7y, F 7215 DLC OB/ 2D E et 572912, HEE D AIN 5 A % fiE L 7- it
At (L AINB) (2 OWTRTRBR AT o 72, ZORERA K 4 120 TRT DY, AIN A OPE 5751 130 MPa
LU ORI D IRHER CIEIRAERS LI ZIERBRE CTH Y, TNLLEOEIE IR CIIARAEM L v K T+5 2
EWgmoTz. Lk, DLCIAIN FEOPE 5758 A3 W 32 ZR X DLC RO EN KX W2 E R ghoTz.

Table 1 Hardness and elastic modulus of A7075 substrate.

Samples Elastic modulus [GPa] Hardness [GPa]
Untreated 2.2 73
AIN coated 24 69
DLC/AIN coated 2.2 69

(a) Untreated (b) AIN coated (c) DLC/AIN coated

Fig.3 Optical microscopic image of the specimens.
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3:2 RBRBISHOAERER

DLC W% el U 7= M BN IR EME IR IS I B TFAET A Z E B EH AT % (Holmberg et al., 2009, Deng and
Braun,1996). = ZC, <A 7 1 X #F%EIGHHIERE (RSF, Rigaku) (258 0 (G OFEIGE A <7
ESM RS 2 1T, FRIGHTRERF OYR I HEOEEOSAT 10 BANCBW T, FREE T oAb &
BEERRE L. FOEBHEEZR S ICFTR, SEEMICIBWTHIR X 50 B R m e IR e 1 M FE
LTWHZ ENGnD. ZOHT DLC/AIN ¥ OEMEFRE IS /175 202 MPa The b vy, & 2 °C, B R
IS NAE U D ER Z Rt Uiz, £, AIN MO IR BT O EAEER RIS /1% AIN BED RBERFIZ = 1L ¥ — 0D &)
WARy FRIAIZ LD == TR TELD Z B LND Efth, 1993). HRJEDMEME EEHE N A1
BT 52 LT ANy ZRITPERICEET 20T, BFREAENKLDVRVELBEN/KES LS & Xy —
=V TRRNEL IR0, JERREIC DN EMICA 5 SN D 2 EAVRBEND. TR E$0 A D SIRRRIG T
MINEBICTFAEL TWA Z ENE X HLD. —J5, DLC/AIN #4Tid, DLC D@V EREFERE IS K - Tt
T 5 AN EDOFERIS A DS IRANEM SN D EEZ BND. ZHIIE- T Al B M FmEE Tl
JERENZ S TIDERN £ 4D 728, DLCIAIN # O HA R T CIIEREFRRIC DY AIN M L0 @< 700 2 &%
ZHN5D.

FEEHIZ T AT D IRBEIS I DO DITEM & IR OB IRR B O ZEIC L ABRREIS I 5. BIREIS T
on XL T (1) XTHMHEND (5K, #@EN, 2011).
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Fig.4 S-N curve of DLC/AIN coated, Untreated and AIN coated A7075 alloy.

Table 2 Condition of X-ray stress measurement.

Characteristic X-ray CrKo(Filter:V foil)
Tube voltage 40kV
Tube current 30mA
X-ray optics Parallel beam
Diffraction for stress measurement Al(222)
y angle 0.0, 18.4, 26.6, 33.2, 39.2, 45.0 (deg)

Diffraction angle 156.97°

Collimator width 2mm
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Oy = as —ae |AT (1)
th l—vf f S

I, onlIBVERIST), ENIEIEOY 7R GPa, wIZEEORT Y b, ad ZEIEOBREERE KL, as
XM OBIZIRGRE KL, A TIERBERE DR & OIE%E K ThDH. ZORE AW TE IR EOFLE DEFEHE
IEIDFARENCAE U D DO0ERDTz., 36 3ITEFRREINT] on D BERR E{Z T A—FERT. 22T, AINE
BIEDY 73X, BERED N, D& & RO BSE (Nakamuraetal., 2015) 726k, #UlEiEfREi% DLC,
A7075 4435 L O AIN (Eighth layer) 134 % 12 Z°fi, AIN O 1 @555 7 B OEAVEIE A7075 44 & AN (Eighth
layer) CHUEITIL LB L7z, 24 K0, AIN BEIIEETIIZEMEERZISINE T D0, WG~ HF 35
728, FOMITEMRN/ NS S PBEEERNE ERE 2D 2 L0500 5. AN JEOEM B B o EAEFR Gk
ORI UBRETH D, T DI LD DIEMEEITE TIT AIN B 5321 5 EMES I OREIN NS, T72bb
TR DB IR A~DIERT DISHIVNES VDT, ERISDPER LT b ZE”EZHND. —J7, DLCEH
ORI AINEE LG L T4 EITRENT ER 00 5.

Table 3 Calculation results of thermal residual stress, and the parameters required for calculation.

Samples V E; [GPa] [}j—fixi%-e] AT K] o [MPa]
DLC 0.2 221 4.0 95 -1221
AIN Eighth layer 0.33 245 5.2 75 -299
Seventh layer 0.33 223 7.6 75 -272
Sixth layer 0.33 201 9.9 75 -245
Fifth layer 0.33 180 12.3 75 -220
Fourth layer 0.33 158 14.6 75 -193
Third layer 0.33 136 17.0 75 -166
Second layer 0.33 115 19.3 75 -140
First layer 0.33 93 217 75 -114
A7075 0.34 70 24.0

Table 4 Relation between the residual stress of specimens and

250
DLC/AIN the tested stress amplitude , and mean stress o, Value.

— ] -
E 200 | B Untreated Residual stress MPa Load stress MPa
- mAIN AIN/DLC Untreated AIN Ca om
‘G‘E 170 208
=150 |
_g 150 183
@ 100 -202 =77 -137 130 159
E 110 134
&
& 80 98
§ 50

0

Fig.5 Results of measurements of residual stress of
specimens.
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DX D TFRRIEINTE BN & LT D Z LN TE, [ERERRIGNTE R EA N S8, %
DR ZIH L ORIy REL M ESEH Z ENmONTWS (R, 1975, K48, M1, 1989). £ I T, #4IC
BAFARS OIS & AN L 2 RS IMEIC OV TORT. AR L OIR X EAEIC IS TV 5 32E
DG IME CERIS I — 8205 E) 1%, DLC/AIN 3 Tl /4ENE7Y 150 MPa LLF TR (E#E), AROLFRH
TIEETOIGHRBICBOTHENE (B9 70, 72, AINM TIIEEIESS 130 MPa LLETIE (5[58),
110MPa LA R Tl (FEHiE) L72-> T\ 5%, it T, DLC/AIN A D553 EE A1) b U 7= BERN I - & 5 Ak
BISTIOFENRRENEB X HND. —J7, AIN SRR X0 & FZEOFEIE NN EWNIZ S b 5T,
952 57 SR E AMEC S S IENECIEARALERR, & [RIFLE TH D2, EIGHIREMCIIie LA T L CRY, JEMERIGT
DEBEDO K TITRHATE 220,

3-3 SEMIC X HEEME#ERE

DLC/AIN #4 DY 5750 EE ) EOBER A iiatd 5729012, SEM I K DB 21T 72, X 6 (&I IIRIEICE
T o BB DIREROWE T E LY. TN, BEIEREEZ KA TR L, & RIERIRAMIII T AT,
F 5 (AU T F01T D BTN R 3 2 & SAERBA O TS 273, BISIRIEIC ) T < ZAEREROEIS 13
FERBRETHY, MIEOA Y LI JOBIBEOREIC L > TRE RAREITRD bR,

ZIT, SEBAEBOFFMLBIEEEZT o7, KT ISR HRIRIZ I D 45 SR ORI R 57 Ok 55
Zd. M7 KD, RILHEH TIEIASSIIRIB SO TREN D T RMAFAEL TR Y, REAMETRRD S0,
AIN B, SIS DIRIEIC W TR TIE S BEL T d, X 8 IR DM O @R 0 FE TRT X 9

ca MPa Untreated AIN DLC/AIN
130
N;=6.5%105 [cycles] N,=4.0%X10° [cycles] N=2
150
’,‘ WO-16%7mm 2Ky . > e b Yrmm kY S "”m W0:20.7mm 2KV
N,=17.8%10* [cycles] N,=2.5%10*[cycles] N,=5.9%X10*[cycles]
1
170
L Q\ZW—;V—M- ™ r" ¥0:10.0mm 2KV,
N;=2.9X10* [cycles] N,=1.28 X 10*[cycles] N;=3.8X10*[cycles]

Fig.6 Fracture surface of specimens at low magnification by using SEM.
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(2, IS JEIN X U CHEEE T A R OB N2 OB AR A L T D Z L 23588 HiLT=. DLC/AIN A4 Tidis
PRIE 130 MPa 35 & OF 150 MPa CIZRZ B RIE < B L TV R0 A8, 170 MPa O i JJRIEMICr, X7 BiCA#R G
WTEE D NLED—ENEM D DIELSBEL T D Z ERDD. £z, BRI OMIEEIZIE AIN A O XL 5 7280 s
X EUIMERR S L7203, 150 MPa 35 KL TN 170 MPa OIFHABIZIZ=F EMRDEE Y EAX D i Ens. ZZETO
BIEHER G, AIN A1 AIN BEASMEMER 70 7o D OB FER & 72 0 IR RN A U0 D Z & R EfiE S
%. —J7, DLCIAIN #41% DLC 23 AIN BEOEINZHHI L TV D Z ENB X Hib.

% ZC, DLC/AIN #45 X OV AIN # ORI i 2 & HICFENCEIZR L. ToEEZXIB IO 1012
ZHord. X9 LV, DLC/AIN A Tl HRIE A 150 MPa LA _EIZ B\ CHAF ISy N BTN A LT g 2 &
DMfEER S A7z, X9 () 150 MPa DRl Cl, HMEATH D AIN EZ[M) - TERDBAE LTV D Z & D3R
TE%. X9(c)? 170 MPa TIIHIVEZETEH C AIN FEAZERITIZ<SBEL TV 4. —F, X110 @ AIN A Tid&ii )

Table 5 Ratio of crack growth area against the fracture surface.

Stress amplitude Ratio of crack growth area %
MPa Untreated AIN DLC/AIN
130 40.3 54.6 411
150 36.2 33.7 36.6
170 16.8 18.7 253
c, MPa Untreated DLC/AIN
130
150
170
l.(. W02 15.6mm  10KY, ‘*.-!I‘;Q'!; m-ﬁqf‘w:, 9.5, ;I' 2 v"_ afe, e84 v
N,=2.9%10%[cycles] N;=1.28 X10*[cycles] N;=3.8x10*[cycles]

Fig.7 Magnified image in crack initiation area.
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PRIEIZ 35U T DLC/AIN #4 D & 9 72 55p DRI 36 L OBURO 1T < BB S e o 7z,

3-4 REOEESRR (REOFINS SO

ATER OB EFENTAE R D, AIN BECII RO Z A ZEILAY R A L, DLCIAIN PECIIREA L ChVenoTz, 22
T, XAT v VBUMEEFHZ X 80T LIABZRBR 21T, RIEOENLCT SOV THREE L7z, BB 1
AT7075-T6 &4x% 20x20x5 mm OFARAUZAN T L, 573880 & RERZe Rl 2 5 L7 %, DLC/AIN fEE LY
AIN B2 R L7 b D& 2, #f LIAZGRERSAE, 1% Berkovich &% 4 ¥E RET, LIARES %
1.5um, BT % 0.029 gffsec, {RFFIFIZ Ssec & L7=. ZD & E D AN & DLC/AIN ¥ O LA B L%
eI, 199f, 26gf Th o7z, [X 11 IZFREBRT% O IR O 2 SEM TBIZ LR 2 /R9. X 11(a) AIN #4
TIIEREOEPIC E AP BAEL TWD Z E0300 5. —F, K11 () DLC/AIN # TIFHEIED K & IA% AIN #1112
H_RTHI B0%FREETH YV, FORFICXZUIFAE L TRV, # 2T, X 12 12777 Berkovich Bl 4 1 ¥E o RJE
FOERE & SR IO, X(1)Z2 W CTHEESPMEE 2% 4 L7 (Quinn and Bradt, 2007) .

S/ P~

(@) ca=130 MPa (b) ca=150 MPa (¢) ©6a=170 MPa
Fig.8 Magnified image in the side surface near the fracture surface of AIN coated materials.

. ¥ | {
-
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o~ » trat #
deformation Substrate. g oy

DLC/AIN

2um
W_H oo dDz 1) o DY « S.DUUX'—‘ o D
@@ ©,=130 MPa () 6.=150 MPa () .=170 MPa

Fig.9 Magnified image in crack initiation area of DLC/AIN coated materials.
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Fig.10 Magnified image in crack initiation area of AIN coated materials.
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| o

@

N Jw

21 2
< :oms[lj 2@3.
IC ' a H

Cc
T, Ko [IEEREME MPa - m2, ci3RmDO7 7 v 7 ES m, alZZAOXMAHRES m, | IZEEMATHR
LDU Ty rES m, PIXAMME MN, HIZE S MPa, EZ#HMER MPa 2Rd. 723, RIEOMS HEB LW
SIS E OfEIT AT075 A4 BIZRURE U 7= BB R LIABGRER IC L » TR DIV FE 325, DLC/AIN BT H=7
GPa, E=100GPa, AIN [E|X H=5.5GPa, E=65GPa # I ZH A=, 2 5HD H B L E OfEITHE 2 Al &
SFM ORI LT BG4 FICTHE L7EL Y SIRVETH S0, AL TIE Al 54 EToEing %
AR T A 72D TG DEN R Uiz, ZORER, EEEIEEIX DLC/AIN 523 5.2 MPa » mY2, AIN 73 0.2
MPa - m'2 & 720, DLC/AIN X AIN EL D $ 25 (RS2 E R ho Tz, 2D Z &0vd, DLCIAIN ECIX
F2MH O DLC EAVEIIC < <, AIN FEFEINCT W ENEfR S Tz,

3-5 DLC/AINTERE Al BEDHIEA DXL

PLEOFERDS AIN A4 & DLC/IAIN B OfifisE 2 71 = X L% X 13 I ENEhund. £77, AIN M IEHErER 7 AN
JE DN eENAREAL (K13@)-1), ZhnEEHE20 EMAlcERT 25 (X13@)-1, 1) Z&nEx
HiLD. ZD7=, AN M CIIEMEREIS IRRLE L0 b @b bbb, T L AMEERZR B LY
MUNEHDPFAE LT RDT2DEFFMMETTHZ LB HND.

IZ, DLC/AIN #4 Tl DLC/AIN X & 25 Ra=0.034 pm & FEFI/NE L, F7omFK D DLC B
PED T, RIS EHANRRAE LN EREZLND. ZOTOETEMOT R0 0 SHUNREEESAE T,
Fbr & AIN RO R EORY Eo 2345 (13 (b)-1). DLC/AIN A4 OE I ORI IR BTz = Bk DR
D ENRVIZZOLEXIZAELTZLDOTHDE EEZLND. FD%, ZOEIIZL Y HAID SFRIEHFIZ AIN fFER
s (K13()-1) 723, Z0 L EEEitEE2 A7 % DLC L Z OFENAREICH TS 2O EBES TS, J b

(a) AIN (b) DLC/AIN
Fig.11 Observation of the indentation test results by using laser microscope.

the indentation corner )

( The total ecrack |  k--Y-g--mmn
length ) / \1 A (the indentation diagonal )

Fig.12 Dimensions and crack length in order to calculate the fracture toughness from the indentation of
Berkovich type diamond indenter.

C 5 I l ( the length of the crack from
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Fine cracks on the AIN
film surface

Defects generated surface the AIN film

from one of the fine cracks

Fatigue crack
in the Al Substrate

/
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T . LA T I L ’ LI A
PRI | Cyclic Y :
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CYCI_'C Al loading 1 Yd‘
loading :> oading §
A ~| ~L o~ AL L
Taws Ly T oy T Iy
(@ AIN film coated Al alloy
Pimple-like upsurge
on DLC film surface Retarding the defects to
DLC film l appear on the surt\a?iby DLC
Cyclic Am:ﬁm = | Cyclic Cyclic
loading Y \ loading loading
Dislocation Crack initiation :> Z Crack in the I:> Z /
p site A AIN fim X
Y ~ o Eat;;guzlcgacé( Y
in the ubstrate I~
I T g 1|

(b) DLC/AIN film coated Al alloy
Fig.13 Schematic illustration of fatigue fracture mechanism of (a) AIN film coated and (b) DLC/AIN film coated Al alloy.

 DLC MR S5 & OREEZIHIT 2 Z EAVRBEIND. TO%, 57 EANEMANCERS 2 (K13 (b)-11)
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