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(��������������Æ�������, �� 330013)

� � ����������� –100 V �����, �	�	
	����
�
�	 1Cr11Ni2W2MoV �	��

���
�� Ti0.3Al0.7N � Ti0.39Al0.55Si0.05Y0.01N ��	�. �	��, ����� Si � Y ��

��	�

���, ���	���, �� –100 V ���� Si � Y �	�����, ��������. 950 ������:

Ti0.39Al0.55Si0.05Y0.01N 	����������� Al2O3 ������, ���������. �� –100 V ��� (Ti,

Al)N � (Ti, Al, Si, Y)N 
��	����������	���, ����, ��� (Ti, Al, Si, Y)N 	���
�. �

950 ����, ����� (Ti, Al, Si, Y)N 	������, ����������� B4 �, ������� (Ti, Al,

Si, Y)N 	��
���, ���� B1 �������. ����	��, ���� (50 N) �, ��	�������

��Æ�.
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ABSTRACT Composite metastable Ti0.3Al0.7N and Ti0.39Al0.55Si0.05Y0.01N hard coatings were de-
posited on a wrought martensite steel 1Cr11Ni2W2MoV for aero–engine compressor blades by the mag-
netron sputtering system with the bias voltage of 0 and –100 V respectively. Detailed microstructure,
chemical composition, crystal structure, hardness and adhesion were examined by means of FESEM,
EDS, XRD, Micro hardness tester and scratch tester. The influence of doping with Si and Y and bias
on structure, oxidation–resistance and mechanical properties of (Ti, Al)N coatings were investigated.
Pulsed bias and the doping with Si and Y gave rise to the change of phase structure and improvement
of density. Doping with small amounts of Si and Y into (Ti, Al)N significantly improved the oxidation
resistance at 950 �. The oxidation–resistance of (Ti, Al, Si, Y)N is based on the formation of dense
protective Al2O3 layer. The application of negative pulse led to decreased hardness for (Ti, Al)N while
remarkable decrease of hardness for (Ti, Al, Si, Y)N. For (Ti, Al, Si, Y)N prepared under –100 V
bias, annealing 10 h at 950� slightly decreased it’s hardness because of the formation of B4 structure.
And for which deposited at 0 V bias, heat–treatment of 950 � for 10 h improved the hardness from
26 GPa to 35 GPa. The hardness change of the coating may be ascribed the transition of B1 phase
structure. Scratch tests show that the continuous spall is not occurred for all the coatings under the
critical load of 50 N.
KEY WORDS magnetron sputtering, (Ti, Al)N, doping with Si and Y, oxidation–resistance,

hardness, adhesion
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2"�$(, '&% TiN Æ3, (Ti, Al)N !(')(%
*4)),#+5), (&,(-)%6*') ()-�
***!+. [1−3]. ++/#, (Ti, Al)N "�7,8

.9/!!*4)),):#+!�!,0---/�

;1! Al2O3 2. +./ (Ti, Al)N "� B1 )(!
3.!, .! Al ,0,+."�!*4)), [4,5]. 0
*% AlN + TiN <!-4*9/, 58--! Al ,0
! Ti1−xAlxN "� [6], /&-."�+/!�*!01
<=$.

0 (Ti, Al)N "�<12 Cr, Si, Y, V '1322
463+."�!*4)),#+5),. 70 TiN 2
Ti1−xAlxN "�<12 Si 48.!86*%(-)2*
4)) [7−10]; + (Ti, Al)N "�<>9 Y 483?51

4)46 [11−13]. 0 (Ti, Al)N <*:12 Si 2 Y 9

57/2.!"�!*4)),.
(Ti, Al)N $6@"�4+3%4835 [10,14,15]%

;< [16] 2A$39:; [17] '6;$'4678&5.
A$39:;6B=<Æ7%4646!, 0)+779
=39:;:, 7:8$29=$�+8,0--=C)
92:;>+8,0<<, 514646:>+>489.
Æ>�39:;?:48/=;D&8<<2>489,
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=;@$>�39:;2A$39:;')1!?

:, +<@2A(2@2 –100 V A(!>>46-

Ti0.3Al0.7N 2 Ti0.39Al0.55Si0.05Y0.01N "�. =>-
A(#(0 Si 2 Y ??E&"�(')(%*4)),
#+5), (6*2)1+) !F?.

1 5678
"�!46@$@A MS–800–2399=:;@A,

7B 1 ,B. +<@2A(#@2 –100 V A(!, 8B
*# 99.99% !B Ti 2B Al 8?:46 (Ti, Al)N "

9 1 �	
	CDCGE
Fig.1 Schematic of the magnetron sputtering system (a—

Al or AlSiY target, b—Ti target, c—specimen, d—

substrate holder, e—vacuum chamber, f—unipolar

pulse power supply, g—DC magnetron sputtering

power supply, h—Ar gas, i—N2 gas (99.999%))

�. 8B Ti 82 Al90Si8Y2 138?:46 (Ti, Al,
Si, Y)N "�, 8$CD# 300 mm×100 mm×8 mm.
Al 8 (A AlSiY 138) A7B>�6B, <6 25 kHz,
H"E# 80%. B Ti8AA$6B. 46FF7!: �*
# 300G, (Ar+N2):(# 0.40 Pa, N2 >(# 0.30 Pa,
Al 8 (A AlSiY 138) 6$# 6 A, Ti 86$# 10 A.
IJ$�A(>># 0 2 –100 V, H"E# 30%, 8/$
B# 15 cm, 46:C# 5 h, "�C* 8—10 μm.

DK$$�$(# 1Cr11Ni2W2MoV !��"#

���, D$�$(E- 15 mm×10 mm×2 mm !%;
GL, E3 HM-%FD2)5GF (HI#GH) IG
HJ'NJ;3*. +K)6"�4673, + –950 V,
H"E# 30% !A(!&$�7783EF, 8LI,
0!4)6#8KL6, N5 TiN 3G�, 8.!"�2
$�7C!)1#*.

@$ 5–12 %!�"J;I774)DK, �*#
950G, .�:C>># 1 2 10 h. $ ZEISS SIGMA M
�;JK633(J (FESEM) 'N46M"�!,0
-L24)H!,0#K0-L, 88IO!,M (EDS)
>N"�!22<-. +&=K0LN73, +4)H"
�LN,05 Cr 8.#"�4)H--!4)2. @$
Bruker D8 ADVANCE X ;OO;P (XRD) >N4)
3H!'<-, :$ Scherrer JO<PQK3H"�!
LMCDP). $OBR@L@A! MH–6 %3(6*
<QK0R0"�! Vickers 6*. QM 25 N, .Q:C
15 s, PNGLNRG 3 NS:QRNR. $OG�;O
S! WS–2005 %OPGK R0"�!I>+, @$P
QTQ# 0.2 mm !3RS(T.

2 56?@
2.1 ABCD

EDS ->>N,6, "�<3U222 N !S

3EAR 1 U 1, ,("�$=S1)5<0E. ,4
6! 4 0"�>># Ti0.3Al0.7N (0 V), Ti0.3Al0.7N
(–100 V), Ti0.39Al0.55Si0.05Y0.01N(0 V) 2 Ti0.39-
Al0.55Si0.05Y0.01N (–100 V). <@2A(2@2

–100 V A(!46!"�->$=T9V>. '*!

T6! Ti 2 Al ?:,(!"�E Ti 2 AlSiY ?:,
(!"�<! Ti ,01, Æ6*LT6! AlSiY 8!:
;46E Al 81.
2.2 EFGH

B 2 3B-46M Ti0.3Al0.7N (0 V), Ti0.3-
Al0.7N(–100 V), Ti0.39Al0.55Si0.05Y0.01N (0 V) 2
Ti0.39Al0.55Si0.05Y0.01N (–100 V) "�!,0-L. A
(W7-U3*, V@2 –100 V A(! (Ti, Al)N 2

(Ti, Al, Si, Y)N "�T<@2A(!'="�'E, ,
0SM*TV%;1*.!, -8) (Ti, Al, Si, Y)N "
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9 2 Ti0.3Al0.7N (0 V), Ti0.3Al0.7N (–100 V), Ti0.39Al0.55Si0.05Y0.01N (0 V) � Ti0.39Al0.55Si0.05Y0.01N

(–100 V) 
��	�����V
Fig.2 Surface morphologies of as–deposited coatings Ti0.3Al0.7N (0 V) (a), Ti0.3Al0.7N (–100 V) (b),

Ti0.39Al0.55Si0.05Y0.01N (0 V) (c) and Ti0.39Al0.55Si0.05Y0.01N (–100 V) (d)

�,0SM\VP)/3?. *:, 48V], ?E Si 2
Y H"�,0SMCDTV.

B 3 # 0 2 –100 V A(! (Ti, Al)N 2 (Ti, Al,
Si, Y)N "�! XRD M. 4W, <@2A(!"�^ B1
NaCl %2 B4 ZnS %Z')(. B4 )(8 (002) #J
YQ0. B 3 <ZO_I[`# hex–AlN(100), (002)
2 fcc–TiN(111) # hex–AlN(102) O;Z![\. ,9
B4 '!O;ZT AlN O;Z!_J[\'E, N01X
*A]; Æ B1 'T TiN 'EO;Z![\0!X*A
]. ^)*% B1 2 B4 'N#-4�)(, &% B4 ',
TQ/\! Ti Qa- AlN L[<b> Al !L[[\
>+L[+F_2, Æ&% B1 ', Al HYb> Ti !L
[[\>+L[+FTV. T (Ti, Al)N "�'E, ?E
Si 2 Y !"�O;Z#*P1WZ), ,6, Si 2 Y !
?E>+LMCDTV. +3 Scherrer JO<P, ?E
Si 2 Y 3H"�!LMCD* 26 nm TV) 9.5 nm.
–100 V A(!46! Ti0.3Al0.7N "�`# B1+B4 Z
')(, 0O;Z#*\X; *L %()! (Ti, Al, Si,
Y)N "�#]L)(. a9;[<P [4] 2DK [19] ,6,
Ti1−xAlxN * B1 0 B4 'KP! x \]R+ 0.6—0.7

9 3 Ti0.3Al0.7N (0 V), Ti0.39Al0.55Si0.05Y0.01N (0 V),

Ti0.3Al0.7N (–100 V) � Ti0.39Al0.55Si0.05Y0.01N

(–100 V) 
��	�� XRD Y

Fig.3 XRD spectra of as–deposited coatings Ti0.3-

Al0.7N (0 V) (a), Ti0.39Al0.55Si0.05Y0.01N (0 V)

(b), Ti0.3Al0.7N (–100 V) (c) and Ti0.39Al0.55Si0.05-

Y0.01N (–100 V) (d)

7C, +\]RIR B1 2 B4 '48?c. =DK,6,
L- Al ,0\, A(222?E&'KP`9.#F?.
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2.3 LMNOP
E 1 2 10 h 4), (Ti, Al)N "�4)_.>>#

1.5 2 37.5 mg/cm2; (Ti, Al, Si, Y)N "�4)_.>
># 0.045 2 0.4 mg/cm2. (Ti, Al)N "�+4)dZ
&$�.9/e!.#), 0]"�f^[4)\_, $
�b44). T (Ti, Al)N "�'E, (Ti, Al, Si, Y)N
"�4)_.63T], Æ6Hc4)**/3c^. <
@2A(2@2 –100 V A(! (Ti, Al, Si, Y)N "�
4)_.'V�\, Æ6A(&"�!*4)),F?�
\. =;I$@2 –100 V A(!"�77>N.

B 4 #@2 –100 V A(! (Ti, Al)N # (Ti, Al,
Si, Y)N "�+ 950 G!>>4) 1 2 10 h H!,0-
L. (Ti, Al)N "�,04)6LM/\, )1K0-L
# EDS >N4d, "�+ 950 G4) 1 h H, ,�4)
6"##3^S)(! TiO2. 4) 10 h H, "�,04
)6LM\\, CDge 15 μm, )1 EDS >N4dL
M# α–Fe2O3. ?E Si 2 Y !"�4)6LM`V, ,
�---;1! Al2O3 4)2, 9Q%"�*4)),
!.!.

B 5 _]-@2 –100 V A(! (Ti, Al)N # (Ti,
Al, Si, Y)N "�+ 950 G!>>4) 1 2 10 h H!
XRD M. 48V], (Ti, Al)N "�+ 950 G!4) 1 h

:, 4)2!"#-># α–Al2O3 23^S)(!

TiO2. (Ti, Al, Si, Y)N "�4)H!4)6*L#

Al2O3 2 TiO2,04)6O;Z#*/X, O;M*L-
(X!4)6O;Z, `]8-]L_`;Z, 4) 10 h
H, _`;Z/263. #-fD]L_`;Z&R%4
)2�`)K)6�, +3 HM-%FDD4)H!L
N!4)2ILHg77 XRD JK, ):�8]L_`
;Zabc+ (B 6), Æ6K&R%]L (Ti, Al, Si, Y)N

9 5 �� –100 V ���	�� 950 ���	ac^�
XRD Y

Fig.5 XRD spectra of Ti0.3Al0.7N and Ti0.39Al0.55Si0.05-

Y0.01N coatings oxidized at 950h for different times

9 4 �� –100 V ���	�� 950 ���	ac^a����V

Fig.4 Surface morphologies of Ti0.3Al0.7N (a, c) and Ti0.39Al0.55Si0.05Y0.01N (b, d) coatings under –100 V bias

after oxidized at 950 h for 1 h (a, b) and 10 h (c, d)
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9 6 Ti0.39Al0.55Si0.05Y0.01N 
��	���db��e
i���a� XRD Y

Fig.6 XRD spectra of Ti0.39Al0.55Si0.05Y0.01N coatings of

as–deposited and getting rid of oxide layers at 950h
for 10 h by polishing

"�!L)', "�E 950 G"J;_+ B4 '[\]8
Z)!O;Z, T9]8 B1 ', )1H0!6*RG (6
*51) 4d, ]L"�+ 950 G4)3*<--- B4
', D+H;>[.

B 7 #@2 –100 V A(! (Ti, Al)N 2 (Ti, Al,
Si, Y)N "�+ 950 G!>>4) 1 2 10 h H!K0
-L. 950 GQK 1 h H, (Ti, Al)N "�4)2C*

ge 7 μm, ÆE3 1 2 10 h QK, (Ti, Al, Si, Y)N
"�4)2C*>># 0.9 2 1.6 μm. Æ (Ti, Al, Si,
Y)N "�E 10 h 4)H!_.# 1 h ! 10 jSh,
^4,):#$�#O9`c!idOGL, `cf"�
�e^jNk, ÆkJ+!�!4)l.. (Ti, Al)N "
�4) 1 h H,04)�^%�)(, *,00fb[
`# TiO2 �, /90am! Al2O3 �, bcW/C!
TiO2 2 Al2O3 f14)6�, bc! Al2O3 �2b

c! TiO2 �. )1�*,0!! EDS >N48(),
(Ti, Al, Si, Y)N "�E 950 GQK 1 2 10 h H, Æ\
�b---;1! Al2O3 4)2. B 8 #E 950 G4
) 1 h H Ti0.39Al0.55Si0.05Y0.01N "�,0�*,0!
! EDS. 1,0!9n!)/AR,�!de, 5 kV !
EDS >N,6,�_,9 O 2 Al, Æ6,0---7
/! Al2O3 2.

2.4 TUOP
"�!6*/l$3(6*<Agh(PPRG. =

;+3K0776*RG, TV-$�2,0_=&6*
R0!F?.

B 9 # 4 046M"�# (Ti, Al, Si, Y)N "

�E!�QKH!6*. 46M"� Ti0.3Al0.7N (0 V),
Ti0.3Al0.7N (–100 V), Ti0.39Al0.55Si0.05Y0.01N (0 V)
2 Ti0.39Al0.55Si0.05Y0.01N (–100 V) !6*>># 21,
19, 26 2 16 GPa. E 950 G!�4)J;, (Ti, Al)N

9 7 –100 V ���
��	�� 950 ����	ac^a�
c��V

Fig.7 SEM cross section images of coatings under –100 V

bias at 950 h for different times

(a) Ti0.3Al0.7N, 1 h

(b) Ti0.39Al0.55Si0.05Y0.01N, 1 h

(c) Ti0.39Al0.55Si0.05Y0.01N, 10 h

"�4)l., fo776*RG. E!�J; 10 h,
Ti0.39Al0.55Si0.05Y0.01N (0 V)"�6*i!) 35 GPa,
Æ Ti0.39Al0.55Si0.05Y0.01N (–100 V) "�6*51.

"�T$�7C!)1#*)de"�=$012

'p),!.#:27/. =;@$G�;OSOP8R
G)1+. B 10 _]-"�!OP SEM R2Gdgj

O. Q SEM R48V], ]>QM!_2, OPk*2Z
*_2. @2 –100 V A(! (Ti, Al)N "�+QMAR
50 N:leOPm3q]8f;mg (B 10c),<@2A
(! (Ti, Al, Si, Y)N "�+QMg) 20 N H]8�a
m!f;mg (B 10e). Æ8K 2 0"�+DKQMhg
f<]8"�mg89 (B 10a 2 g). +QM!% 10 N
H, +OPnb#oCN]8hh. =DK<!"�#6
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9 8 � 950 ��� 1 h a Ti0.39Al0.55Si0.05Y0.01N 	��
�	a�i�� EDS

Fig.8 EDS of Ti0.39Al0.55Si0.05Y0.01N coating after oxida-

tion at 950 h for 1 h at different energy

9 9 25 N ���
��	�� (Ti, Al, Si, Y)N 	��
950 �ii 1 � 10 h a��

Fig.9 Hardness of all the as–deposited coatings and an-

nealed (Ti, Al, Si, Y)N coatings at 950 h for 1 and

10 h under a load of 25 N

*+ 20 GPa Sh!6@K)6jp, Æ$�#6*e
3.5 GPa !���, U%n$�*!62�@. $�+

/eQM!�ok)P-:, "�+3hhAmgpj
=P:Ao!=+L<. OPG�;!dg&R%"�
<hh!Ao%"�2$�!jh#"�Q$�*!q

g. /l&Æ, 6*!!"�r)\, "�fb#"�2
$�7C/qrrohhWhh/rk,, /qr]8m
g89, ^T<@2A(! (Ti, Al, Si, Y)N "�!g

26 GPa !!6*):'/;. QGdgjO48V],
<@2A(! (Ti, Al, Si, Y)N "�+\% 20 N QM

!dgssk*/\, ^TOP!f;mgl1/=. &
%8K"�, Gdg!'&#*+(V!ss<Rl*i,
^m(X!ssdg&B%$�/"�]0Ac"�fb
!(hh; Æ]>OPk*2Z*!_2, *%hhF0
!_2Æ'-!dgl6'G�;dgtm.!, ÆHu

] (G�;dgP-AO). +DKQM (50 N) hgf,
46M 4 0"�b<]8am)!mg.

3 VW
3.1 LMNOP

!�! (Ti, Al)N +4)3*<*:c+ Ti 2 Al
!0\k` (L[k`) 2 O !0fk` (L]k`), 4
)dZ*% Al .9E Ti/n!k`46, +"�,0-
- Al2O3 2, O +34)2L]0fk`, +4)6/K
)6]0JTm6! Ti --m Ti 4)6 [20−22]. m Ti
4)6E/nc, # Ti, Al 2 O !nk`.o-"c'
pok`+t, +4)�fb-- Ti, Al !f14)6.
]>4):C!vu, 4)6LMu\, L]k`/s3
?, f1!4)6<! Ti k`),�+3q`)L--
\LM! TiO2.

(Ti, Al, Si, Y)N "�!*4)),E (Ti, Al)N
=. 4) 10 h H--!4)2C*24) 1 h !'E_
2�%, Æ64)2/v--p.9.#=$. 5 kV !!
EDS >N,6, ,�--9!7/! Al2O3 2, Æ6 Si
2 Y !?E9Q%7/ Al2O3 2!--2D&22k

`. op22 Y &!�4)!=$"#9 2 N70: 5
14)462.!4)2!)1+. Y A84)6+8
K4)6<!4q*\1, 7 Y + Al2O3 <!4q*#

10×10−6 [23], :k30! YAc Y2O3 +4)6L]A

c>�!4)6]0JAr, +3D&w83!\k`2
O !fk`, 51-4)46. Æ=DKE!�QKJ;,
4)6L]#>�!4)6]0Jb<�8N]6, 48
/#) Y !,0],;.

3.2 GHXYZ[\]
"�!')(%LMCD#tq':2r;F?"�

6* [24−26]. <@2A(!46! (Ti, Al)N 2 (Ti, Al,
Si, Y)N "�N# B1+B4 Z')(, 0S3TQ/\!
Si 2 Y !?E;>+63!-4#)_= [27,28], ÆW
Si 2 Y !?E63`)-LM. -4#)#gh_=4
,)<@2A(!46! (Ti, Al, Si, Y)N "�.9!
6*!"#S:. *%@2A(9us-U!=$, +A
(222?EZ.=$!, + –100 V A(!46! (Ti,
Al, Si, Y)N "�^]L)(, /l]L.9/1!6*.

–100 V A(!()! (Ti, Al, Si, Y)N "�#Ær
M]L)(, !�!48NZ!!'P9v0: /)K)
6�o'>8-- B1 '2 B4 '; q)]LL)--7
/'; v)--ghLK)6'x9 α–Si3N4 '!t1

)( (w]6*!.!)[8]. )1B 6 #6*RG):4
d, "J;']LM"�L)-- B4 ' (B4 '&=%/
1!6*). :k"J;']L (Ti, Al, Si, Y)N "�L
), -- B4 )(, >+6*!51.

fA( %!46! (Ti, Al, Si, Y)N "�# B1+
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9 10 ���a	�����V�wu	svxt

Fig.10 Scratch images (a, c, e, g) and the acoustic emission (AE) profiles (b, d, f, h) of as–deposited coatings after

the scratch test

(a, b) Ti0.3Al0.7N, 0 V (c, d) Ti0.3Al0.7N, –100 V

(e, f) Ti0.39Al0.55Si0.05Y0.01N, 0 V (g, h) Ti0.39Al0.55Si0.05Y0.01N, –100 V
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B4 Z')(, B1 2 B4 'N#u[-4�. 950 G
QKJ;H B4 '!O;Z[\<�oP), Æ B1 '
-4�O;Z (38.4◦) v\, + 36.8◦ [\]8$!O;
Z, .O;Z&=% TiN ! (111) L0, ^Æ6 B1 '-
4�+!�!�re�o>q. ^0 B1 '-4�!>q
)>+6*i!!"#S:.

4 ?W
(1) <@2A(! Ti0.3Al0.7N 2 Ti0.39Al0.55-

Si0.05Y0.01N "�N^ B1 2 B4 %Z')(. ?E Si 2
Y !"�LMCDTV, ;1*.!, 6*3?.!. E
950 GQKJ;, <@2A(! (Ti, Al, Si, Y)N "�6
*!g 35 GPa.

(2x–100 V A(!46! Ti0.3Al0.7N "�`#

B1+B4 Z')(, Ti0.39Al0.55Si0.05Y0.01N "�#]L
)(, 3c6*s!%Hc. E 950 GQKJ;, (Ti, Al,
Si, Y)N "�*46M!]L)(KP#.9 B4 )(!
(Ti, Al)N -4�, 51-"�6*.

(3) +DKQM (50 N) hgf, 46M 4 0"�b
<]8am)!mg.

(4) T (Ti, Al)N "�'E, E 950 G4)! (Ti,
Al, Si, Y)N "�,0o-B9W^j;1! Al2O3 4

)2, ^y- O !fk`, \\51-4)46.
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