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ABSTRACT ZrN/TiAlN multilayered coatings with nanoscale bilayer were synthesized by ion beam
assisted deposition (IBAD). XRD, nano indenter, and multi-functional tester for material surface proper-
ties were employed to investigate the effect of ion bombarding energy on microstructure and mechanical
properties of the coatings. All multilayered coatings almost reveal higher hardness and elastic modulus
than the rule-of-mixtures value of monolithic ZrN and TiAlN coatings. At bombarding energy
of 200 eV, the momentum transfer between surface atoms and bombarding ions causes an increase in the
areal density of multilayered coating due to ion bombarding. ZrN/TiAlN multilayered coating prepared at
this bombarding energy possesses the highest hardness (30.6 GPa). Its elastic modulus, surface roughness
and friction coefficient are also improved obviously.
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329�8%:%40�>*.

ZrN -�.�;1�1� "�<50 . ZrN

.�6=1, 1678�92:>??2���;3
3&,1@4579�A:/6 [11,12]. TiAlN-�9
� Al <%@-��<;* , �78*,�!8�

�9=%<�>:�� [13]. 9., :2-��;<A
�, <=;-�?$�8<, -�9�BCBD@6
', .�-�C�13', �-�=/-�401A

2, 67�*�- [14]. Æ>�*3<*,=��3
>64�AE:�� ZrN/TiAlN ����-�, �

�3<,=BC"!D-� "�67.

1 FGHI
�* FJL560CI2 ?��J/3?;7=3<*

D0E33>64-�. F3>��GEHF3<
@, 4G6AK@GH�6B�A, 4G6AK@
GB�6<A, ��3=6�C'76. DC9�*
(100) �:BIE, D>*?F%E@�GHF 15

min, AJKILI,J/��J9. 1��-�(,

G* 500 eV, 5 mA� Ar+ J:BIEHF 5 min. �

�-�!, 6J�B$ Zr(99.9%)� Ti(50%)Al(50%)

<��/AKLE36MCKK76LG<��E
3!M. 1* Ar3<��E3 Zr � TiAl<� !,

*2" N+ MH,=BC,  ! ZrN/TiAlN ��-

�. E33<@�ID&EE3"! 1.4 keV, E3*

N 25 mA. ,=3<@�ID&: ,="! 100–500

eV, ,=*N 5 mA. 1,="!' 200 eV �L�

J, N64@ ZrN%TiAlN :�-�. ÆFJ/�,
3.0×10−4Pa, G�!�>MKL' 2.0×10−2Pa. L

GH6NNC ZrN � TiAlN �?$IOJK' 2/3.

* X 3MN3O (XRD, D/MAX 2500) OP

B��2Q�B-4P, *L6' 0.154056 nm �

CuKα(40 kV, 40 mA) � X 3MR3B�. M*P

Q Ambios RO�#%QRO (XP–2) N!-��?

$%�1�OP$. *PQ MTS RO XP ?��K

SONP-�����$.*�T"��#% "D

CO (MS–T3000) NP-�B��#"3&, OS'
2 mm � AISI 52100 Q1 2 N �SUJ1PBR�

SAK, KS' 200 r/min.

2 PQRST
3<�BC"!VD-��/6ST�4&�

67. 1LGNN��!MQ �TUJ, Q BC

"!645�������H6NNU# 1VW. =

;,="!�8<, ������STD@�V. �

'BC3<"!X'.�-��;E, 3��"!N

(/3<�W0>*.

Y 1 ',="!' 200 eV � ZrN/TiAlN ��

��TX$ XRD YZ. 6UY5, ����TX$

XRD YZVW�WN3X, #Z7.�;1�NN
 �HW�:%4P. ����TX$ XRD N3

UXYV� Bragg &[, Y[5�\ZX�X6O

RWZ@F����H6NN Λ L' 6.5 nm.

�Y 26UY5, ZrN-�.�S?�%[IZ

B-4P, ��5% ZrN(220) � (111)\5]]. ^

����#Z, (Ti,Al)N �B-4P' Al _<]T

X 1 U^[\\]V ZrN/TiAlN ]WX^VY

YZ�
Table 1 Modulation periods for the ZrN/TiAlN

coatings synthesized at bombarding energy

Coatings ZrN/TiAlN

Bombarding energy/eV 100 200 300 400 500

Modulation periods/nm 6.5 6.5 6.4 6.2 5.9

[ 1 ZrN/TiAlN X^V`_Z XRD a_`

Fig.1 Low angle XRD pattern for ZrN/TiAlN coat-

ing

[ 2 U^[\\]V ZrN/TiAlN X^^_Z XRD

a`

Fig.2 High-angle XRD patterns of ZrN/TiAlN coat-

ings with different bombarding energies
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TiN B`9�8O Ti _<CJK TiN �4P [15].

1Æ>DCL�J, V�� (Ti,Al)N PBd�%

[IZB` (fcc) � (Ti0.5Al0.5)N Q:�, �a%

� TiAlN(111) %\5]]�Cb� (200) � (220)

4P. +�� TiAlN :��.�Cb� AlN(111)

]]. ���]VW@ ZrN(111), TiAlN(111), �

AlN(111) \5]], cZ ZrN = TiAlN �\Md
e;1, ��b`/6. �' ZrN = TiAlN  '%

[IZ4P, <B`^&fO>? (aZrN=0.459 nm,

aTiAlN= 0.434 nm), B`_ea2, e]b`/6
�)1�L�. 9. ZrN(220) X1���9cd
eg, 6". TiAlN �NN `,f6@ ZrN(220)

X�/6. 1 100 eV BC"!J64����N
3XAf, #Z-�9 ZrN(111) � TiAlN(111) �

BgabaT, �< AlN(111) QZV. =;"!8
<! 200 eV, ��-�95�@ZV� ZrN(111)%

TiAlN(111) � AlN(111) 7P, cZ�����@a

1�H64P, B-h^  !��, _0�B4P
VD����$� !�8%�a'eg. �BC

"!3�, OU 400 eV, cÆ@��� ZrN(111) �

Xdh, TiAlN(111) � AlN(111) ef6, �'�"

!�3<*BCVcÆ��_<hi4i, +�B

gijfk�:%�6', g�jf@:%�h^.

�<Kl�"BC(/�;E>*J�-�QgÆ
5, _J67-��1� ".

-�9hm�1kT, k80Dh�:k. 6U

*#%QRON!�1 σ, 7`6� Stoney RlY

[:

σ =
Est

2
s

6tc(1 − vs)R

79 Es, ts � vs OiT#/��j  !, ?$�

kmI; tc '-��?$; R'nTlS, 6U*Jl

jMHYV:

R =
L2

8D
(L � D)

79 D 'nMk, iol�pnjk=n�a'M
k; L 'ol6$.

����hm�1mI:�-��Vn2, =/

F40l1, l<80Dho:. Y 3 #Z, 1A2

�BC"!J (100–300 eV),-���1pZVd*,

BC"!A�!,=;"!�8',�1qS�T. 1

A��"!mqJ,,="!D-�9:%�_<4
0r!mM>*,g�no@oI1:%n9�K�
1, cÆ-���1=;,="!�8<�n2.

Y 4 9�L4`mT#B� 15 GQ NP3

�sm`. ZrN � TiAlN :���$`Oi' 22.5

GPa � 26.6 GPa. nBC"!A2!, N+ t3ub
Jro�"!8OpqpB�#%�s#%���

_<,�<_<1#%�vtur80mM-�9B
-��q�/6, 9.Q]UjfV��� ZrN �

TiAlN�ZV:%,g��-���$�j  !A

�. nBC"!' 200 eV !, -���$�j  

!ms!a', Oi' 30.6 GPa � 361 GPa. rl8

'BC"!, E3W0<'�-�/6�qpq,  

!,33<vr�-�_<M�WDubVcÆ_
<hr�pi*, a'=$Rf6@Bg�/6, �

<��"!+V�:%�_<40<s. _w�w,

m.�@-���$�j  !�Jn. DC4s#

Z,08�BC"!"gt �$A�� ZrN/TiAlN

-�.

�Y 567, #%OP$=;,=BC"!�8
<#�5G�TK8'�xy, nBC"!' 400 eV

!, #%OP$t' 2.2 nm. 7_�., n,=BC
"!89!, 3<BCvr�#%_<�ur�-�

[ 3 ZrN/TiAlN X^txyu�[\\]Vuz

Fig.3 Relationship between residual stress of the

ZrN/TiAlN coatings and bombarding energy

[ 4 ZrN/TiAlN ]WX^V{Zvubv]�[\

\]Vuz

Fig.4 Relationship between nanoindentation hard-

ness and elastic modulus of the ZrN/TiAlN

coatings and bombarding energy
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[ 5 ZrN/TiAlN ]WX^VvwwxZz[\\]

Vywuz

Fig.5 Relationship between surface roughness of the

ZrN/TiAlN coatings and bombarding energy

[ 6 ZrN/TiAlN ]W^Vxzz{z[\\]Vy

wuz

Fig.6 Relationship between friction coefficient of the

ZrN/TiAlN coatings and bombarding energy

#%x,sx, cÆ#%OP$�T. 9., n,=
BC"!X�!, 3<D-�#%�E3W0>*|
V�#%OP$8'.

ZrN � TiAlN :2��#"3&Oi' 0.33 �

0.29, '8O����#"3&2,:�-�. gY

6 67, #%OP$=#"3&�d*.4Æ�, .

�A2#%OP$�-� !.�A2�#"3&.

y2, �$=j  !A�����.�l2�#"

3&, n3<,=BC"!' 200 eV !, ����#

"3&s!a2L' 0.22,�'.�A�j  !�

-�"gl��/{S, �T-��j �d, g�

��-��#"TQ\M�>|%�, n2@#"3

&.

3 P T
�*��J/3<*,=��3>64�

ZrN/TiAlN �����.�NN ;1�H64
P. 1BC"!' 200 eV !, ���-3��$6

s 30.6 GPa,j  !%#"3&�hm�10]s

!ay�s. * IBAD -+�� ZrN/TiAlN ���,

}14G�z,-�9B-�q�/6�ay�,
=BC"!mq, 8n� N+ BCB�#%6UmM

_<1#%�ur, Vc��B-h^ , g�0�

5.���$�5;1� "������.
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