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ABSTRACT PVD or CVD Me–Si–N nanocomposite films synthesized by doping Si element in
metallic nitride matrix have exhibited good oxidation resistance and wear resistance. As melting the
alloy target containing Si is not easy, it is difficulty to dope much more Si in the films by PVD
techniques. In addition, the Me–Si–N films do not have enough lubrication. In this paper, Cr–Si–
C–N films were prepared by cathode arc ion deposition technique, in which tetramethylsilane (TMS)
was used as Si and C sources, and their concentrations in the Cr–Si–C–N films can be controlled
by TMS flow. The state of chemical bonding, microstructure and microhardness were investigated
by XPS, XRD, HRTEM and microindentation hardness tester. Results show that the Si and C
contents increase monotonicly with the increase of TMS flow. When the TMS flow is lower than
90 mL/min, the Cr–Si–C–N film has a composite structure of Cr(C, N) nanocrystals dispersing in the
amorphous Si3N4 (nc–Cr(C, N)/a–Si3N4), and the microhardness increases to 4500 HK with increas-
ing TMS flow. Such high hardness originates from the solid solution hardening of the doping fewer
element and the Veprek nanocomposite structure hardening mechanism. With the further increase of
TMS flow, the hardness decreases because of the appearance of free C.
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7=8). �39>7<1 TiN % CrN �!!#0, ?
:@ [3,4] 2=(;3>34<85A6 Si, $�93#
*-&:%.$-$&/.0! Ti–Si–N, Cr–Si–N7
=>?@AB�!. ;3B Ti–Si–N �!-�)*, 'C
3C, Cr–Si–N �!!?:'8, ?D6+;@E%<F
7,$� [5]. AB(1 [6] 6+=GC2>7, H$�
3#* nc–CrN/a–Si3N4 =>?@AB! Cr–Si–N&'
�!, ?�, ,-6+3 CrSi I9@A, �J:DK)+
=B3@A!LE, @A3 Si M<,*;-, DC, $�
! Cr–Si–N �!3 Si M<N�*<, >D,E= 3%(E
2O=, >?) 3F, ,*FF Si M<'-@=GC2>
Cr–Si–N �!!#0. G>PH, G3(I5#H!(*
22> [7], G CrN +'�!'I, Cr–Si–N �!(JD
=A/>, ;/:0KBJC!.D. DC�39>7<
1 Cr–Si–N �!!/:#0, (;3LHE<! C A6,
I�>J*KL!MF, CK(1GHQNO. PI6+
M Si !4'.'5RSTJ (TMS, Si(CH3)4) 1� Si
M, >PHLBKU'D! Si M<, G>PHILN31
�/:V! C A6, (CSQ!6+=GC2>7,<
F3 Cr–Si–C–N �!, LM3 Cr–Si–C–N �!!AB
,&:, C;(*O#0!FFW(>>7!?:3>B
LM.

1 4567
6+=GC2><FPQ( 20 mm×20 mm×3 mm

NHOX!MNRYZ SCM415 !<F3 Cr–Si–C–N
�!. PPQP* 6 [RN=G@, Q[RN=G@;
S*#OP\!=;QR, 2=;T->H!;U, LR
(>HB:!!;=SS], B+8<F�!3!^TT
SUV.  !@, 6 [@U6+3-W Cr @, (149
6+3 N2 % TMS !_@49, TMS 1�LHA6 C
% Si !,M, 2=@$;V<,XV�!3 C % Si !
M<. WW8O"(YT%BUXZ3, W 15 min EV
XWKY`[a;b3YZX3. YZX3�!!<F(
%Z[\[\Y'C2XW'<F Cr ]^, CrN =_

^%<F Cr–Si–C–N ^c[7]. #9<F`=�: G
=V 120 A, =;QR=V 60 A, \^ 15 V, (14^
1.5 Pa, (149 N2 V< 400 mL/min; TMS V<L
a, \Y$: 600 b, <F@d 60 min, Ycd!�!e
:� 2.5—3 µm. ;3\^I2e]^>f_>[=<
f, 4�,-P�PZ#0Y_.

6+ X %QX=2*`` (XPS) , X %Qa%`
(XRD) CYcd! Cr–Si–C–N �!!.Ob[' O
M<,a9AB9c3O\gg, 5+-Oh]%=2C
4N (HRTEM) hF3�!!C4AB, 6+C4&:

\, ( 0.098 N di, 15 s i^@d>, g<3�!!
Knoop &:, �3iegF=Æ!Lb0, C?WA/>
<F! 3 [W8, O"gF 5 [^Q, \_;cUf.

2 4589
2.1 TMS :;<=>? Si, C @;AB

` 1 Ca3 TMS V<G�!3 Si % C M<!j

7. LQ, bT TMS V<!g>, �!3 Si % C M<U

jg>dD. Si(CH3)4 k>cO9:

Si(CH3)4 → Si + 4C + 12H (1)

,c (1) Lh, <F! C I Si D, (-J TMS V
< 200 mL/min @, Si M<,d 9%, 3 C M<6l_

25%. ?@, O99!>&OeGm&-k1- 3n4,
4opfYZXg&9!idLBcdeR.
2.2 =>CD

` 2 �,? TMS V<>Yc�!! XRD `. L
Q, a%`3j9(3 CrN a9! 111, 200 % 220 a
%lB,4e!fhNa%l. q TMS V<'k (*
40 mL/min) @, ma%lllng; bT TMS V<!
g> (* 150 mL/min), a%lJCi.; 3(V<�
200 mL/min @, j*oakÆa%l. 4�,-bT

E 1 Cr–Si–C–N 	�� Si � C ��� TMS 
��!h
Fig.1 Dependences of Si and C concentrations in Cr–Si–C–

N films on the flow rate of tetramethylsilane (TMS)

E 2 ri TMS 
�� Cr–Si–C–N 	�� XRD l
Fig.2 XRD patterns of the Cr–Si–C–N films deposited un-

der different TMS flow rates
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TMS V<!g>, �!3Boa[s(! Si3N4 % C g
D, ?@ CrN a''C+8?;an,tk.B,fh

NAa:9>78fY_.
5+ XPS C TMS kV< (40 mL/min) $�!�

!3A6!.Ob[9c3gg, *` 3 Ya. C Si 2p
l! Gaussian o@uJ, J&O Si G N &-3p@, N
8&OB Si—Si  p, l 3N8<mC! Si, Kp*&
( Si—C p!l (` 3a). C C 1s l9cOlIuJ,
,s( Si—C p, qJ&O C G Cr l 3 Cr—C p,
N8<l 3 C—C p.

A@ XRD`LBr9, ( TMSV<'k!A/>,
Si Boa[! Si3N4 s(-�!3, ,-�!3 Si M<
'8, DC XRD `3Kp*hFdoakÆa%l. J
&O C Il- CrN aq3l 3 Cr(C, N) a', 8<
=m! C BfhNlcs(-�!3.

C TMS JV< (* 200 mL/min) $�!�!9c
XPS gg, Si 2p % C 1s l! Gaussian o@*` 4 Y
a. LBr9, G+' Si n, Si SP!o)B Si—N  
p (` 4a), 3 C G3Ild CrN aq3n, r*'q>
&ODn! C Boa[s(-�!3 (` 4b). o�,-

E 3 TMS 
�	 40 mL/min � Cr–Si–C–N 	�� XPS

Si 2p � C 1s l
Fig.3 Si 2p (a) and C 1s (b) peaks in XPS of the Cr–Si–

C–N films prepared at TMS flow rate 40 mL/min

bT TMS V<!gJ, oa[! Si3N4 G C =<p
.D, )c(` 2 ! XRD `3, CrN !a%lqs

rp.
` 5 � TMS V<� 70 mL/min @ Cr–Si–C–N �

!! HRTEM s. LBXv#hFd Cr(C, N) =>a
(cUns 6 nm) Ow(oa Si3N4 3l !=>a/o

E 4 TMS 
�	 200 mL/min � Cr–Si–C–N 	�� XPS

Si 2p � C 1s l
Fig.4 Si 2p (a) and C 1s (b) peaks in XPS of the Cr–Si–

C–N films prepared at TMS flow rate 200 mL/min

E 5 TMS 
�	 70 mL/min � Cr–Si–C–N 	��
HRTEM q

Fig.5 HRTEM image of the Cr–Si–C–N film prepared at

TMS flow rate 70 mL/min
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a?@AB (nc–Cr(C, N)/a–Si3N4).
2.3 =>FG

` 6kt3�!!&:G TMSV<!j7. LBr
9, bT TMS V<!g>, &:rg>;+k, ( TMS
V<� 90 mL/min @, ld-Jf, u� 4500 HK, 4
>&:GAB(1 [6] Ytc! Cr–Si–N &:f'qs

v*YE=, uJLHE<! C Kp*Nt�!&:!
8f.

E 6 Cr–Si–C–N 	�
�� TMS 
��!h
Fig.6 Dependence of hardness of Cr–Si–C–N films on TMS

flow rate (each hardness is the average value mea-

sured from 15 tested positions)

3 HI
Veprek ) [8,9] C Ti–Si–N �!!u.0$9c=

t3?:, u�Ytc! Ti–Si–N �!#**` 7a Ya
!=>?@AB, u,vboa[ Si3N4 S93vÆOw

! TiN =>aYJ ; oa Si3N4 vbAB!s(, Kx
3Ew!T-,wÆ, ?@w$3 TiN an!�J, k.
3an, o3y_3�!&:!Jv:K-. ?� Almer
) [10] (?:;@E%<F! Cr–Si–N �!ABG0*
@&(, ( Si M<'k@, Si ( CrN aq3!Ilu.,
y_3�!&:!gJ, 3q Si M<'J@, nc–CrN/a–
Si3N4 ?@AB!l y_3�!&:!gJ. P?:3
cd! Cr–Si–C–N �!, ;-&:0$G;@Kx.

` 6 Ca, (V<k- 90 mL/min !'kwyx
@, �!&:bV<!g>3+Xg>, ,-` 1 uJ
3 TMS V<G Si % C M<'j, Ly9�, ( Si %
C M<'k@, �!&:b Si % C M<!g>3+X

g>. ?�xKd�!&:!g>LJC#O� 2 [z
d, ( TMS V<� 0—50 mL/min zd, &:bV<!
g>3B'x{!z:gJ; qV<( 50—90 mL/min
yd@, &:bV<!g>3B'J!z:gJ. yJ

C, 2 [zds(,?!u.0$. bT TMS V<!

g>, C M<Bz|!z:g>, C (�!3!s(l

c&-a.. G Si 'I, C ( CrN aq3!Il<

-cD, Ll 20%—50%[11], 3 Si !Il<>Dj�

E 7 ����Æ������}z{ [8]

Fig.7 Schematics of nanocomposite structures without (a)

and with (b) free C proposed by Verprek[8]

2% — 3% [12]. o` 1 LBr9, ( TMS V<k-

90 mL/min !wyx, �!3 C !M<,E= 10%,
DCLBu�, (Cwyx C SP!|~Il- CrN
aq3, C�!tTIlu.1+. ?�C Si ,}, ,
-( CrN a93!Il<Nk, ( TMS V<k-

50 mL/min, Si M<k- 3% @, Si Il- CrN aq

3, C�!T-3>H!Ilu.1+; 3q TMS V<
E= 50 mL/min;,Dn! SiZ[Boa[ Si3N4 s(,
l 3 nc–Cr(C, N)/a–Si3N4 ?@AB, KLo Veprek
u.0$. DC, ( TMS V<k- 50 mL/min !wy
x, Ilu.0$��!&:gJ!Z[ED, 3q TMS
V<( 50—90 mL/min yd@, Ilu.0$% nc–
Cr(C, N)/a–Si3N4 ?@AB!l {?y_3�!&:

!gJ. ?@ nc–Cr(C, N)/a–Si3N4 ?@AB!{~�

>[q7gu!=B, u( Si M<'8@, CrN anK

p*z Si3N4 oa'|~|Cf, anGando*>5
&^{}(>t. DC, G Veprek �|'I, an3T-
!^|o*L*}C{}&^9c}~, bT TMS V<
!gJ, Iu Si M<!gD, Si3N4 oa'qsgD, �
!ABqs�_ Veprek �|, Si3N4 oa'ssW CrN
an|~|C, DC Veprek u.0$!1+�>[q7
gu!=B, D3�!&:I�>[q7gJ!=B.

o` 6 rLBr9, q TMS V<E= 90 mL/min
@, �!&:bV<!g>3+X+k. 4�D��!3
C M<!g>, mC[ C gDY_. (V<'f@, C S
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P!Il- CrN a'3, bT TMS V<!g>, C M<

~zg>, G>&OIl- CrN aq3n, 'D! C B

oa[!lcmC-�!y3, l 3*` 7b Ya!A
B. 45OÆ-�!3!mC[ C 'ya[ CrN ,oa

[ Si3N4 !u:f, Ew(~ C z.rT-, o38f3
�!!V9&:; G>PH, mC[ C !gD, )coa
[ Si3N4 !M<'C+8, �e3!�! Veprek u.0
$, Iy_3�!&:!8f.

4 8I
(1) 6+=GC2k1<F7,, B TMS , N2 1

�k149, (MNRY SCM415 ZS9! H@ 3
#*-&:! Cr–Si–C–N �!.

(2) Cr–Si–C–N �!3! Si % C M<b TMS V
<!g>3+Xg>. ( TMS V<k- 90 mL/min @,
u Si % C M<'k@, C SP!Il- CrN a93,
�!j nc–Cr(C, N)/a–Si3N4 ?@AB. TMS V<�
90 mL/min @, Cr–Si–C–N �!u(9-�!&:. q
TMS V<J- 90 mL/min 3qsg>@, uq Si % C
M<'J@, Dn! C BmC[lcs(, ?b TMS V
<!g>3gD.

(3) q TMS V<k- 90 mL/min @, �!&:b
V<!g>3+XgJv 4500 HK, 4�,- Si % C (
CrNa93!Ilu.0$, nc–Cr(C, N)/a–Si3N4 ?

@ABl !{?1+Y_. b TMS V<g>, &:j
(>8dD, 4�,-Dn! C BmC[9(, 8f3�
!!V9&:.
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