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HEBRREGRIER, HEZERAH A PEMER
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Fig. 1 Hardness vs. multilayer period for (100)-oriented

TiN/VN epitaxial multilayers

Barnett FAR T —RIIAH S BRAILY/ &
BRAY £ ZM, 10 TIN/NbNP2, TiN/V,Nb,_,
NUZGK BRI A 0 3E A4 K L B8 P R T X 3 48 B B
BERURREHMN TN ESEFENERE. £1
KW, YEB BN 5~10 nm B, BATHYE E A8
MRBRREEREFMGSUL, B EAHE RS
BH VN M NbN Al £ Z B, in VN/NbN,
V. Nb,- . N/NbNU"* 5 Bf 89 25 b #) & k. B I, Bar-
nett EAAN  AKEEEBMAS N BEHBHE
REANY/ BUYEZEHREFEROTERE, M
BERERENMAEE BT E MY E 8
NS T R L RN TiN/ZeNUS 163, TAIN/
ZrNUT, TiN/CeNO8— 199 F1 TiN/MoNU#! i BF 33 44
BRE, ENWEE G AR N ABEFER, X
F 3000 kg/mm?, {Hk &% TiN/NbN £ 2@
E(EF 5000 kg/mm?).

FURAY/ RUYAKEZEE L FHEWA
ER MBRANKR, B+ TR @4 s % s
RYWY REEBER, ANTTELEEAE. B4,

ERWRAKEZEFSES S BEZEA LRI
RAEREEBERAE, HP—14HEULERENTE
REF A ERELEEBOHBRE TRR
ZiR TIN/AIN ZEEP 2. AINBERIATSE
¥, YA B /DT 2 nm B, TIN/AIN 2R F )
AIN 2577 NaCl & #), et £ B E F 2% 3
40 GPa. HE R MWK L Z B 0 TiIN/TaNe -,
TiN/Cr, N1, Cr,N/CrNP®!, AIN/ZrNU:, AIN/
CrN®, CrN/WNED 1 CrN/NbNUE 4 i % 3% 18
LR E B KRN ULAAO B, A E B AIN,
TaN,CrN ¥ U EBMEMHE RS TiN & WN R
SEBAE, TERHMNEEESHEE, Bk, it
(AKX ZEBRHFSHATEEARTHORR. 575,
Barshilia & AZEBFFE TiN/CrNY- £ 2 BafiE X ],
KA EHhaBEn 550 CREBEZZERER 700C.
RUWEEENEAY/ B RIIER S —
¥H, B RAE/EREEZER, W TINCN,,
ZrN/CN,, CtN/Si;N, 1 TiN/SiN,, & & CN, #
SIN, BERIERBGEW. L1 % AP R FHEEHH
BB T EH&T TIN/CN, ik R0, LEES
ik 45~55 GPa, } HE - ME B EEH p-CN,.
LIU S AP R{UH & T HEER TIN/CN, £2
B, MERAZEMERARABBME, SEENES S
BIF. WU % APIERR ZIN/CN, ZEEF &
HIEFE X 45 GPa, AIF M MBI HEH 8-CN,.
H % TiN 1 ZrN 89 {111} 5 8-C,N, # {0001} i
JBFICR R, BT A -GN, M EE S54RI A #EK
WHEER BEMMMANEERESETF FCN, WKL
## TiN/CN,,ZtN/CN, SR BMEERF 5100
kg/mm®. F4b, XU % AP £ T TiN/SIN, 99k
ZER . RUAREFESRANIERKNEERELA X
CHEN % AP B3¢ TiN/SIN, K £ 2 BET &
B,5 TiN R, KR EHERET 6 5,41
FUBEAERRE, R AREET X 45 GPa, BE A
BN 0.06~0.11, XU % A EHR T CN/SIN,
YkEREE, X CN M SIN, WEFRHEE S
TREMAT, MALREE T HE.
1.2 2B/B(ERIUDRIAXEEH
MERBEN T —LAKREEBEIE B/ B (K
BOUYARS XX EZEFE L EABERR. BUER
FH:—ROATERSRABOLYNRAEHRE
BAGWAR, MAUENBIMBNLANY RS
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fER BAUSIREEMNAR —_RERERFNSE
HSEHNRER LY BEERNEREWN . KER
WEREMEEOAEES. FRELHERB/AL
MERBK N Ti/TiN,E+Z4E%k,EF% Ti/TIN £
EROREREZ GERARRANTEMLIZZH
 Ti/TIN W MER MAEEW. ke B
P21 BE F0 B M BB AY BT 5T, Shin #1 Dovel™1 % 3k
FA®H FEVWRT Ti/TiN, HI/HIN #1 W/WN
EMREZREM, KA Ti/TiN 58 E ¥ 25 GPa,
Hf/HENA9EE BF B35 5000 kg/mm?, tt HIN s
it 3000 kg/mm*. CHU % AU 4R#E T Ni/TiN &
WEREASEKOB AR, Y w/A=0.16,A=
2.2 nm B}, B8 X B A, % 3500 kg/mm?; [
TiN/WE, TiAIN/Mot®, Mo/NbNte—41 | w/
NbNUH, Ta/TaNW , Ti/CINUT 1 Cr/CrNI £ |2
RS f) B B 407 B3R 35 s Mo/NBN 4k £ E I IR 8 B
BB BRI H AT . X Al/AINUS )
NAREZEEOHARP HRXRAZZEEEEAS
HRAR, HEEAN T Al AIN 28, E84 Ti/
TINZEBENHRFERAE AR B4, LIU %
AVTOIERR ST TIC/& R RFI MK £ R BN Tic/
Fe, TiC/W, TiC/Mo, TiC/Co, TiC/Ni # TiC/Ti
FERZEBREENARANES2EEMBES
EHMEMESBAX MEES5ZEBMNERKES
X.HEEZEEM TiN/Cul™ 5151 TiN/Agt % A
ERRENAE R TR RATRES.
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L3.1 HALNAR/EAERIAE
RERDRE sp° W sp' RUMBEFIESE

RAIERIE. BERRS OB, REW B2 %

2 HMRE T RERABBE % ¥ a7

FHERE, FLBEBE M ARRI H M 20 GPa 328 £ 80 GPa.

HTFESRABEHEE RN EHEE HGKHER
%=, DLC,a-DLC,aC,a-C:H,ta-C %. EZE A
BEESRA.CNENYREBES BRI IE
ERE. —BINHKERAR sp* TRIE 400U
T 1 B (ta-C) B9 sp* S BTE 856 AL, 10 &
C/ta-C/+++/a-C/ta-C**=%3, a-CN/a-C/++-/a-CN/a-
CliSlg 2 4-C/ta-C Fil a-CN/a-C EEBEE X
PP REE sp' EHEXBENRNERGHWE, B
spP BB, ME sp° BRE , KESEBRREWA
M RESRAFEHARS.
1.3.2 2R/ X&NEGEEE

XER[56M A Mo/a-CF1 W/a-C B EHE, &
ANAHE—HNERBER aCR/NMEENTE
JB# a-C Z . Cr/a-CP™ g4k £ 2 BE7E PI L ) #
AR, FEMEEBSATRE. XUNHREE
Ti/a-C 1 Al/a-C B2,
1.3.3 KERA/BRUEYEER

Delplancke-Ogletree & A% % B i 8 = 53 #&
Bk H &4 DLC/TIC, #1 DLC/WC, 22K, X
PR R BE e RE AR e — M PEBESF. Rao %5
AP BT DLC-TiB, %2 I, & B 3L 18 BF 7 fif B
HSRHTEEX.
L4 SR/SRATINKESER

ER/EREEBERSREWFEL LA =
MERRER, FRARMRBENEKR TR BESH
KRR AFEENRER . EEEEFABHRRE
REBEBEHMAERS BERAELW S EMEFH
IR JH. BEENEXRRAFERENL. Le
hoczky™ IR A SR Al/Cu ZE B, Y@ %
Bk A<<140 nm B, & 2 BE 9 B IR 32 BE 0 350 4 by 3
BB R AR AR CoRAENBTBER 4.2
fEM2.4~3. 4 F. TRIEH  ELB/EREER
FOURSRAAREREERKRHARETHAR
M. E2RENEREL - EF -2 RRBELE.
Labat & AR f Ag/Cu #1 Au/Ni ZE B, HI%
BEBHERBERN AN ATENERRBRAER
Z. Schweitz % AU il & T Ag/Ni, Au/Ni #1 Cu/
NiZEBYEE, RAXLEEHEFAE, TR
B Hall-Petch 2R, H B L Ag/Ni 1 Au/Ni
BI7E 4k #0440 22 8 K. Shull #1 Spaepent®™ i3i8 T
Cu/Ag ZEE IR AR B J7 5 BB A i B K B9 %
A Rudd*“INEEBAFEHR T Ag/Ni IRAKRFI S,
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HMBHZEEEMNEEAN T Cufl Ag ZHY.
WINDT D LSS 548 T Mo/Si, W/Si #1 Mo/C £
BEMBERKMARKESETEREENRXR. Misra
& AT XY Cu/X(X=Cr, Nb, N)— R ¥ L E &
MBRR G, T £ EATEERE A EKNEL
A AERSKGBESHBENREFERR. HED
REREE,.ERA fec/bec M fec/hep REEHH R
HER/EREEHEF RELW S BEZEEREF
KSfumxi;MEFRKWEB/&REEZR Y. R HE
W4 BEZ 18 # BB -3 LA % &, BIE Ban-
erjee M LIS ANBOZAE TR T EZEHOER
HHREME®EE, 4 BT T ATV # Nb/
Ze7 ,Co/Cr M TI/NVWY SR BAR SR E
o BT ENHEREMMEE.
HE2R/2BHXKELEB M Al/AgH, Co/
Mol™?, Fe/Ptt"), Fe/Cr" f1 Nb/Sil"s & J2 I g9 BF
RBAHRE.
1.5 HERIAKEEE
HERINWAREZEHARAEZ, B9/
ORI ZERE, TN B A . TiIC/ V™,
TiC/TiNU, WC/TiNU8, Si, N, /SiCi™ ; & 4L 91/ &
1 F 3 L 2 R0 TiN/ Al O, #1 TiN/SiO, B ; 4
@O/ B R P 240 TiC/ TiB* % fifk
Y/ BRI BRI WS, /MoS,™ %, @ ¥ T
WE AR ERE R R 4L

2 HERFE

HA #&#ENRARBE, EYEIMITRE
MULESHULRERRE. AKRZEBRKRKEZUPVD
Jrik AT Qe BRI AR Mk R4 U A o R R T ORER.
— MRE T TR R R RS R R U (X 6 R T AR
SR ALY ALY YD, EEMNHEEAN
[EREFRNBRRRELHRE. KK EEH &
TARMXBEEH B OTEER, UBAZER
SN PRE EEN 0 ERBTERNERE, B4
BRI B BEAL T KR E.

RIARKEE T MK E, ERRERE ™
EWNERRBERMTENRRTER FL,
ESNE SRR T R & G T KB H9 B AR A RbRE
TR R HRTY BB F K, B8 B2 B 5 i
PSR EREEFE R FRRATIHRET

B, AR RETREFELRES T
AN IRYR KT BRAE T B IR IR s B S AR o LU, L
LI E R E A R BT RE AR A0 il

B RS ERA A E RS R GRS
HGERE NESORERE, P EELHESE T4,
MEFANESTFMETEERETEM, 84 L
R R T B4 F AT R, RF TR BN AR £ R#
BEABFRAHRBESEKTENBETRARRE
MEEBGEREANILE~JLT V), LUl —FERS
REREHEF RO, ANTEE FRT LM
7= £ 7R [5) B 9% 5 380 RE 6 0 A R UL A B 2 A BB A
AR

BEAE T DR B9 R R 7 AR (BB 7 & it In i
5, B BRABESEAD, ERRIEK R R
K AEBEERT, Ar RFEER A M+, ™4
SETELHE. BT ERE L2 E AR IE KRR
R EREETRAXELE TR N @ LE
EBEiE 3, WA RELREM O EE ML EFA
WSBERFREMBE, ERHKXEN AT BB TS
HRELE A ERERGWNERT, SEMES
IR HAER, IBEMREN R T RE Ar” 53
REMRE BB NRE, EFHNERTREHEH R
R mER,FERER LUIRERME. BT, @7
WS TIARR SRR, MR FEBER S SRR
TS Bk v R s 0 5 A IO 4 W A 4

3 KBS BHRAEFTIE

WNAZEBRNGWRIEEEZBRR . REERE
BEROES GHMNIBRONLRE, XBFEIESH
B Z 18] B9 SN A= R AR DL 1) ) % 1K B9 KD, T SR RE
G SRR 4 DU E Y=Y T S RIR RS- §: b P Yaed
FEARYER, M ZEEAERE R MBI K. N T FHEAK
ZRBHEH S HERZE R, SO0 F KR
FREMPKRE EH#HITRIE. L 8RR
43T AR BR L F RB % CAES) fl X 514847 8 (XRD)
HToN KEW T RAEN R EERE, BT A
i X ST (LXRD) MR &y 7 BB 1 (AES) #E 47
iE.

3.1 EHBERMER

BHETHE(TEM)REX ANSEWO T
BZ— FAK TEM TRENKREZEEHER. 5
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Fig. 2 The morphology of Al/AIN multilayer
(a) TEM image A=15 nm;(b) N elemental map A=10 nm;(c) A plasmon image of Al A=10 nm
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HARMMBEENRE RO AR ER, BF
BRI T B 451, 5 A ST X 547 £ Bragg
FUET, AT BB R BN L ERTHS. BT
MK EZEBEHARSRAABKEATREMBKRE
)RR, AT e =4 F/AAEXE, Bk, /A E
XRD i 841k £ /2 B AR 4 V8 i B 4 B, 7247 5
WHREMERBA AN B3R A=
12.3 nm B, TiIN/NbN £ 2B /M FHE RTE
VUL MR AT ST, i 3 AT I, AR, &
17 51 B A 1 & /0N A T e, TR A U RE O A
ST B KB E R AR R T AR, X R 4
AT R W AR R
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Fig.3 Low-angle X-ray diffraction pattern and simulation
from a TiN/NbN multilayer
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BREBFHEREMNEE, NTTRBAEXMBEREL
EESHMENFERN L AESEERENERR
BE HERURBAN 0TBRREFE.REEEN 1
~2 nm. BB FREEMUENESHSHTREITEN
EHRSGUR KR FRBFHEAR . # AESEFR
REVRBE ST R E S HTEES, BT LL, — A AES
Xof T B 6 3 AT IR BE R B P R T 43 AT

4 BRI EER 15 nm B, AI/AIN 45k £
EEXNBREEFREMNEHNRSHE. ZAKEE
BREEEL R 210 nm, 3£ 14 MR EH, 28 44
BU A 4 R RS BT LR, Al/AIN
PKREEENERGHT AR EEZBEHER.
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Fig. 4 Auger depth profile of Al/AIN multilayer
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BEAMRAPNER FETLEENEL. ARE
2 IR B WA (L ) VR JB) S0 A0 L BB X, R R B K
BEEEY R, 2R A0 5 B 7E SCBR R A R
B,

(OWAKZE R R, L H R W E
RIEBEURNWAEAR. ZERONFHERF
BRI RATRIBE 2 R R 0 69 (5] 81, 40/ 7 A SRR
FAEMBRER, BHHNAKSZERRESBEHE S
BT Z—.

B Twk:

(] #Et REX.D+T.%. gxxEIR0] FEN
W&, 2000,11(6):707-712.

2] BBRE WRE LB AKREESHOHTERLI]
HEPI¥ES TR, 2001, 19(4):132-138.

[3] KOEHLER ] S. Attempt to design a strong solid[ ] ].
Phys Rev B, 1970, 2. 547,

[4] CHU X,BARNETT S A. Model of superlattice yield
stress and hardness enhancements[J]. ] Appl Phys,
1995, 77(9) . 4403-4411.

[5] CAMMARATA R C. The supermodulus effect in com-
positionally modulated thin films[J]. Scripta Metall,
1986, 20(4):479-486.

[6] KATO M, MORI T, SCHWARTZ L H. Hardening by
spinodal modulated structure[J]. Acta Metall, 1980, 28
(3):285-290.

[7] ANDERSON P M, LI C. Hall-Petch relations for multi-
layered materials[J]. Nanostructured Materials. 1995,
5(3):349-362.

[8] GAHN J W. Hardening by spinodal decomposition[]].
Acta Metall, 1963, 11(12).:1275-1282.

[9] SUNDGREN J E, BIRTH J, HAKANSSON G, et al.
Growth, structureal characterization and properties of
hard and wear-protective layered materials[J]. Thin Sol-
id Films, 1990, 193/194:818-831.

[10] HELMERSSON U, TODOROVA S, BARNETT S A.
et al, Growth of single-crystal TiN/VN strained-layer
superlattices with extremely high mechanical hardness
[J1. J Appl Phys, 1987, 62(2) . 481-484,

f11] SHINN M, HULTMAN L. BARNETT S A.

Growth, structure, and microhardness of epitaxial
TiN/NbN superlattices(J]. J Mater Res, 1992, 7



F1% H1H

MR MXEEROTRER 7

(4): 901-911.

[12] MIRKARIMI P B, HULTMAN L, BARNETT S A.
Enhanced hardness in lattice-matched single-crystal
TiN/Ve.s Nbo.y N superlattices[J]. Appl Phys Lett,
1990, 57(25): 2654-2656.

(133 HELEMERSSON U, TODOROVA S, BARNETT S
A, et al. Growth of single-crystal TiN/VN strained-
layer superlattices with extremely high mechanical
hardness[J]. J Appl Phys, 1987, 62(2) . 481-484.

[14] SHINN M, BARNETT S A. Effect of superlattice lay-
er elastic moduli on hardness[J]. Appl Phys Lett,
1994.64 (1): 61-63.

(151 TAVARES C J, REBOUTA L, ANDRITSCHKY M,
et al. Mechanical characterisation of TiN/ZrN multi-
layered coatings[J]. ] Mater Process Technol, 1999,
92-93. 177-183.

(161 ULRICH S, ZIEBERT C, STUBER M, et al. Correla-
tion between constitution, properties and machining
performance of TiN/ZrN multilayers []J]. Surf Coat
T_echnol. 2004, 188-189(part 1) 331-337.

{171 DONAHUEL A, CAWLEY J, LEWISD B, et al. In-
vestigation of superlattice coatings deposited by a com-
bined steered are evaporation and unbalanced magne-
tron sputtering Technique [J]. Surf Coat Technol,
1995, 76-77: 149-158.

[18] NORDIN M, LARSSON M, HOGMARK S. Mechani-
cal and tribological properties of multilayered PVD
TiN/CrN, TiN/MoN, TiN/NbN and TiN/TaN coat-
ings on cemented carbide []J]. Surf Coat Technol,
1998, 106(2-3); 234-241.

[18] SOE W H, YAMAMOTO R. Mechanical properties of
ceramic multilayers; TiN/CrN, TiN/ZrN, and TiN/
TaN[{J]. Mater Chem Phys. 1997, 50(2). 176-181.

[20] SETOYAMA M, NAKAYAMA A, TANAKA M, et
al. Formation of cubic-A1N in TiN/AIN superlattice
{J]. Surf Coat Technol, 1996, 86-87 (part 1), 225-
230.

(217 MADAN A, KIM 1 W, CHENG S C, et al. Stabiliza-
tion of cubic AIN in epitaxial AIN/TiN superlattices
[J1. Phys Rev Lett, 1997, 78 (9):1743-1746.

[22] WANG Y Y, WONG M S, CHIA W ], et al. Synthe-
sis and characterization of highly textured polycrystal-
line AIN/TiN superlattice coatings[J]. J Vac Sei Tech-
nol A, 1998, 16 (6):3341,

[23] YASHAR P, CHU X, BARNETT S A, et al. Stabili-
zation of cubic CrNo s in CrNo s/ TiN superlattices[]].
Appl Phys Lett, 1998, 72 (8): 987.

[24] AOUADI S M, SCHULTZE D M, ROHDE S L. et
al. Growth and characterization of Cr; N/CrN multilay-
er coatings [ J]. Surface and Coatings Technology,
2001, 140(3): 269-277.

[25] WONG M S, HSIAO G Y, YANG S Y. Preparation
and characterization of AIN/ZrN and AIN/TiN nano-
laminate coatings[J]. Surf Coat Technol, 2000, 133-
134. 160-165.

[26] TIEN S K, DUH J G. Effect of heat treatment on me-
chanical properties and microstructure of CrN/AIN
multilayer coatings[ J]. Thin Solid Films. 2006, 494
(1-2). 173-178.

{27] TSA1 Y Z, DUH J G. Thermal stability and micro-
structure characterization of CrN/WN multilayer coat-
ings fabricated by ion-beam assisted deposition[]].
Surf Coat Technol. 2005, 200(5-6): 1683-1689.

{28] LEWIS D B, CREASEY S J, WUSTEFELD C, et al.
The role of the growth defects on the corrosion resist-
ance of CrN/NbN superlattice coatings deposited at low
temperatures[J]. Thin Solid Films, 2006, 503(1-2):
143-148.

[29] BARSHILIA H C, JAIN A, RAJAM K S. Structure,
hardness and thermal stability of nanolayered TiN/CrN
multilayer coatings[J]. Vacuum,2003,72(3):241-248.

[30]J LI D, LIN X W, CHENG S C, et al. Structure and
hardness studies of CN,/TiN nanocomposite coatings
[J). Appl Phys Lett, 1996, 68(9):1211-1213.

{31JLIUCS, WUDW, FUD J, et al. Multilayer CN,/
TiN composite films prepared by multi-arc assisted DC
reactive magnetron sputtering[ J]. Surf{ Coat Technol.
2000, 128/129:144-149.

{32] WUML, LIN X W, DRAVID V P. Preparation and
characterization of superhard CN, /ZrN multilayers[]].
J Vac Sci Technol A, 1997, 15(3): 946.

[33]1 XU J, YUL, AZUMA Y, et al. Thermal stress hard-
ening of a-Si;N,/NC-TiN nanostructured multilayers
[JJ. Appl Phys Lett, 2002, 81(22):4139-4141.

[34] CHEN Y H., LEE KW, CHIOU W A, et al. Synthe-
sis and structure of smooth, superhard TiN/SiN, mul-
tilayer coatings with an equiaxed microstructure[ ] ].
Surf Coat Technol, 2001, 146/147: 209-214.

[35] XU J H, HATTORI K. YUTAKA S, et al. Micro-
structure and properties of CrN/Si; N, nano-structured
multilayer films[JJ. Thin Solid Films. 2002, 414(2).
239-245.

[36] SHIH K K. DOVE D B. Ti/Ti-N Hf/H{-N and W/ W-

N multilayer films with high mechanical hardness[J].



8 oM B R S5 M

;] 2007

Appl Phys Lett, 1992, 61(6): 654-656.

[37] CHU X, WONG M S, SPROUL W D, et al. Mechani-
cal properties and microstructures of polycrystalline ce-
ramic/metal superlattices: TiN/Ni and TiN/Nig o Cro.,
[J]. Surf Coat Technol, 1993.61(1-3),;251-256.

[38] ABADIAS G, DUB S, SHMEGERA R. Nanoindenta-
tion hardness and structure of ion beam sputtered TiN,
W and TiN/W multilayer hard coatings[J]. Surf Coat
Technol, 2006. 200(22-23) :6538-6543.

[39] TAVARES C J. REBOUTA L, RIBEIRO E, et al.
Hrtem interfacial analysis on superhard TiAIN/Mo
multilayers[J]. Surf Coat Technol, 2003, 174-175,
273-280.

{401 MADAN A, CHU X, BARNETT S A. Growth and
characterization of epitaxial Mo/NbN superlattices[J].
Appl Phys Lett, 1996,68 (16): 2198-2200. .

[42] MADAN A, WANG Y Y, BARNETT S A, etal. En-
hanced mechanical hardness in epitaxial nonisostructur-
al Mo/NbN and W/NbN superlattices [J]. ] Appl
Phys, 1998. 84(2).776-782.

(42] KANG Y, LEE C, LEE ], Effects of processing varia-
bles on the mechanical properties of Ta/TaN multilayer
coatings[J]. Mater Sci Eng B, 2000.75(1):17-23,

[43] DOBRZANSKI L A. LUKASZKOWICZ K., KRIZ A.
Properties of the multi-layer Ti/CrN and Ti/TiAIN
coatings deposited with the PVD technique onto the
brass substrate [J]. Journal of Materials Processing
Technology, 2003, 143/144; 832-837. v

[44] ROMERO J. ESTEVE J, LOUSA A. Period depend-
ence of hardness and microstructure on nanometric Cr/
CrN multilayers[J]. Surf Coat Technol, 2004, 188/
189: 338-343,

[45] LEE J H, KIM W M, LEE TS, et al. Mechanical and
adhesion properties of Al/AIN multilayered thin films
3. Surf Coat Tech. 2000.133-134:220-226.

[46] WANG X, KOLITSCH A. MOLLER W. Roughness
improvement and hardness enchantment in nanoscale
Al/AIN multilayered thin films[J]. Appl Phys Lett,
1997, 71, 1951-1953.

{47] WANG J, LI W Z, LI H D. Mechanical properties of
nanoscaled TiC/Fe multilayers deposited by ion beam
sputtering technique[J]. Thin Solid Films, ZOb], 382
(1-2): 190-193.

[48] WANG J. LI W Z, LI H D, et al. Nanoindentation
study on the mechanical properties of TiC/Mo multi-
layers[J]. Thin Solid Films, 2000, 366 (1-2): 117-
120.

(49J LIUCH, LI W Z, LI H D. Simulation of nacre with
TiC/metal multilayers and a study of their toughness
{J]. Mater Sci Eng C, 1996, 4 (3):139-142,

[507 ABADIAS G, TSE Y Y, MICHEL A, et al. Nano-
scaled composite TiN/Cu multilayer thin films deposi-
ted by dual ion beam sputtering: growth and structural
characterisation[ J]. Thin Solid Films, 2003, 433 (1-
2):166-173.

[51] TSE Y Y. BABONNEAU D, MICHEL A, etal. Nan-
ometer-scale multilayer coatings combining a soft me-
tallic phase and a hard nitride phase: study of the In-
terface structure and morphology[]J]. Surf Coat Techn-
ol, 2004,180/181:470-477.

[52] AGER ] W, ANDERS S, BROWN I G, et al. Multi-
layer hard carbon films with low wear rates[J]. Surf
Coat Technol, 1997, 91(1-2):91-94.,

[53] LOGOTHETIDIS S, CHARITIDIS C., GIOTI M.
Comprehensive study on the properties of multilayered
amorphous carbon films[J]. Diam Relat Mater. 2000,
9 (3-6): 756-760.

[54] PINO F J, BERTRAN E, POLO M C, et al. Andujar,
microstructural and mechanical properties of nanomet-
ric-multilayered a-CN/a-C/--*/a-CN coatings deposited
by RF-magnetron sputtering and nitrogen ion-beam
bombardment[ J]. Diamond and Related Materials.
2001, 10(3-7): 952-955. )

[55J Q1 J, LAI K H, BELLO 1, et al. Fracture resistance
enhancement of diamond-like carbon/nitrogenated dia-
mond-like carbon multilayer deposited by electron cy-
clotron resonance microwave plasma chemical vapor
deposition[J]. ] Vac Sci Technol A, 2001,19(1): 130-
135.

[56] BERTRAN E, CORBELLA C, PINYOL A, et al.
Comparative study of metal/amorphous-carbon multi-
layer structures produced by magnetron sputtering{ ] ].
Diamond Relat Mater, 2003. 12 (3-7): 1008-1012.

[57] Q1 Z Q, MELETIS E 1. Mechanical and tribological
behavior of nanocomposite multilayered Cr/a-C thin
films[J]. Thin Solid Films, 2005, 479(1-2); 174-181.

[58] ZIEGELE H, SCHEIBE H J, SCHULTRICH B. DLC
and metallic nanometer multilayers deposited by laser-
arc[J]. Surf Coat Technol. 1997, 97 (1-3). 385-390.

[59] DELPLANCKE-OGLETREE M P, MONTEIRO O R.
Wear behavior of diamond-like carbon/metal carbide
multilayers[J]. Surf Coat Technol. 1998, 108/109(1-
3): 484-488.

{601 RAO J, CRUZ R, LAWSON K J, et al. Sputtered



F1H WIM

H B kB RBMN RS R 9

DLC-TiB; multilayer films for tribological applications
[J]. Diamond and Related Materials, 2005, 4(11-12).
1805-1809.

[61] LEHOCZKY S L. Retardation of dislocation generation
and motion in thin-layered metal laminates[]}]. Phys
Rev Lett, 1978, 41 (26). 1814-1818.

[62] LEHOCZKY S L. Strength enhancement In thin-lay-
ered Al-Cu laminates[J]. J Appl Phys, 1978,49(11):
5479-5485.

[63] LABAT S. BOCQUET F, GILLES B. et al. Stresses
and interfacial structure in Au-Ni and Ag-Cu metallic
multilayers[J]. Scripta Mater,2004,50 (6):717-721.

[64] SCHWEITZ K O, CHEVALLIER J, B TTIGER J, et
al. Hardness in Ag/Ni, Au/Ni and Cu/Ni multilayers
[J]. Philos Mag A, 2001, 81(8): 2021-2032.

[65] SHULL A L, FRANS S. Measurements of stress dur-
ing vapor deposition of copper and silver thin films and
multilayers{JJ]. ] Appl Phys, 1996, 80 (11): 6243-
6256.

[66] RUUD J A, WITROUW A, SPAEPEN F. Bulk and
interface stresses in silver-nickel multilayered thin-films
[J1. J Appl Phys, 1993,74(4):2517-2523,

[67] RUUD]J A, JERVIS T R, SPAEPEN F. Nanoindenta-
tion of Ag/Ni multilayered thin-films{J]. J Appl Phys,
1994,75(10) : 4969-4974,

[68] WINDT D L. Stress. microstructure, and atability of
Mo/Si. W/Si, and Mo/C multilayer films[J]. ] Vac
Sci Technol A, 2000, 18(3): 980-991.

[69] MISRA A, VERDIER M, LU Y C, et al. Structure
and mechanical properties of Cu-X (X = Nb, Cr, Ni)
nanolayered composites[J]. Scripta Mater, 1998, 39
(4-5) :555-560.

[70] BANERJEE R, ZHANG X D, DREGIA S A, et al.
Fraser phase stability in Al/Ti multilayers{J]. Acta
Marter 1999, 47 (4): 1153-1161.

[71] THOMPSON G B, BANERJEE R, DREGIA S A, et
al. Phase stability, of bec Zr in Nb/Zr thin film multi-
layers[J]. Acta Mater,2003, 51(18). 5285-5294.

{72] L1 J C, LIU W, JIANG Q. Bi-phase transition dia-
grams of metallic thin multilayers[[J]. Acta Mater,
2005, 53(4) :1067-1071.

[73] YANG G H, ZHAO P. GAO Y, et al. Investigation of
nanoindentation on Co/Mo multilayers by the continu-
ous stiffness measurement technique [JJ]. Surf Coat
Technol, 2005, 191(1). 127-133.

[74] DANIELS B}, NIX W D, CLEMENS B M. Enhanced

mechanical hardness in compositionally modulated Fe

(001)/Pt (001) and Fe (001)/Cr (001) epitaxial thin
films [J]. Thin Solid Films,1994, 253(1-2):218-222.

[75] ZHANG M, YU W, WANG W H. et al. Interdiffu-
sion in compositionally modulated amorphous Nb/Si
multilayers[J]. Thin Solid Films, 1996.287(1-2) :293-
296.

[76] FOUVRY S, WNDLER B, LISKIEWICZ T, et al
Fretting wear analysis of TiC/VC multilayered hard
coatings: experiments and modeling approaches{J].
Wear, 2004, 257(7-8): 641-653.

[77] HOLLECK H. SCHIER V. Multilayer PVD coatings
for wear protection[J]. Surf Coat Technol, 1995, 76/
77(part 1) . 328-336.

{78] YOON J S, MYUNG H S, HAN ] G, et al. A study
on the synthesis and microstructure of WC-TiN super-
lattice coating[J]. Surf Coat Technol, 2000, 131(1-
3). 372-377.

[79] LATTEMANN M, ULRICH S, HOLLECK H, etal.
Characterisation of silicon carbide and silicon nitride
thin films and Si; N, /SiC multilayers[J]. Diamond Re-
lat Mater, 2002,11(3-6): 1248-1253.

[80] WEI L, KONG M, DONG Y S, et al. Crystallization
of Al;O; and its effects on the mechanical properties in
TiN/Al, O; nanomultilayers{J]. ] Appl Phys, 2005,
98(7):1-4. '

[81] WEIL, MEIF H, NAN S, et al. Study on the growth
and superhardness of TiN/Si(); nanomultilayers[]J].
Acta Physica Sinica. 2005,54(10) :1742-1748.

[82] LEE K W, CHEN Y H, CHUNG Y W, et al. Hard-
ness, internal stress and thermal stability of TiB,/TiC
multilayer coatings synthesized by magnetron sputte-
ring with and without substrate rotation[J]. Surf Coat
Technol, 2004, 177/178. 591-596.

[83] LEE K W, CHUNG Y W, KORACH C, et al. Tribo-
logical and dry machining evaluation of superhard
TiB,/TiC multilayer coatings deposited on Si (001),
M2 Steel, and C3 WC éutting tool inserts using magne-

~ tron sputtering[J]. Surf Coat Technol. 2005, 194 (2-
3). 184-188.

[84] WATANABE S, NOSHIRO J. MIYAKE S. Friction
properties of WS, /MoS; multilayer films under vacuum
environment[ J]. Surf Coat Technol, 2004, 188-189:
644-648,

[85] EGERTON R F. Electron energy loss spectroscopy in
the electron microscope[M]. 2nd ed. New York: Ple-
num Press, 1996. .

[86]1 XIAO X L, MCCULLOCH D G, MCKENZIE D R,



10 # s R S5 KM 2007

et al. The microstructure and stability of Al/AIN mul- erties, and thermal stability of nitride based superlat-
tilayered films[J). Journal of Applied Physics, 2006, tices[ D). Linkdping Sweden: Linképing University.
99. 1-8. 1998.

[87] ENGSTROM C. Sputter deposition, ‘mechanical prop-

Research progress in nano-multilayer

XIAO Xiao-ling
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Abstract: This paper reviews the progress in multilayer including explanation of super-hardness, series of
multilayer, synthesis of multilayer and testing & analysis multilayer, as well as further research and appli-

cation of multilayer.
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