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ABSTRACT Graphite–like carbon (GLC) film is a kind of antifriction coating. Cr/Cr–C/GLC and
Al/Al–Cr–C/GLC composite coatings were prepared by using an unbalanced magnetron sputtering
system on Al–based alloy, where Al and Cr layer are the sublayers, Cr–C and Al–Cr–C are the transition
layers. As a comparation, the GLC coating without sublayer was also deposited on the substrate. The
microstructure, binding force and tribological properties of as–deposited coatings were studied. The
results show that the Cr sublayer shows a columnar growth structure, while the columnar grain is
not found in the Cr–C transition layer which has a gradient composition distribution. There is a
good combining interface between Al sublayer and Al–based alloy substrate. Al–Cr–C transition layer
has a gradient composition distribution also. GLC layers based on different sublayers and transition
layers have amorphous structures. Compared with GLC coating without sublayer, the binding forces
of Cr/Cr–C/GLC and Al/Al–Cr–C/GLC composite coatings are obviously higher, and the Al/Al–
Cr–C/GLC composite coating has the maximum critical load. Under different loading conditions,
the friction coefficients of both Cr/Cr–C/GLC and Al/Al–Cr–C/GLC composite coatings are low and
similar to each other.
KEY WORDS unbalanced magnetron sputtering, GLC film, microstructure, binding force, tribo-

logical property`Q�/|�,o���, �+�r�V(E, P;
* =x:zjQQ*��v_LD4z 2009CB724406TiL-+
 : 2011–12–02, TiF(-+
 : 2012–04–25W!~� : Ggq, �, 1959 �?,  
V
DOI: 10.3724/SP.J.1037.2011.00748

�rx~�}�EzE=r�GrZ�o4F+U [1−4].g�^�w(�C%, `Q�Y%��m,k:��KtfMtLtf, h1�w(N�d�yaY%�B=. �H, /`Q�Y%�T~;$�o
"w(
'7, �GW��tfo�I, P;g
�LxUp. �E�m)E



�984 ��X�K�Æ y 48 1u[;��`Q�kyo8tfE�, eQ�Æ
'oQrEM�"E, S=LxUp [5−7]. {�, `Q��m)E4i�-xZo[b��[[br, hAAo[b5/|b�o8�IM|tE�, g[b5�>o�m�7, #!h1�I�5k}A�><.`Q�ky�mo��I, ^n��>Z1�mw("℄d, ktfB= [8−12]. �J�1?n (physical vapor deposition,

PVD) ��X�b9'"o�mTJu[, ;K+ PVD�5�:�7o;�}�, "�L�E�lj)A)1 [13−16]. e|�, [17] �k-xX��9���`Q��m?n TiN �5, !R+R'�5o|tE, g'��4�o TiN �5�`Q�ky�QNt, �5w("℄*1Æ�,, �|tEw,|.. FEyo (graphite–

like carbon, GLC) �5/|,ou�, tow("℄�#�R0�Y�Ri=r, ��Y�m)E�mo/���N [18−22]. �Æ4X [23] R+RHN� 4iÆ Al �m GLC �5o�m�:�7��Q��rw(NE�ot3<a, �?�o�m�:�7Ærk�QN/|2�EXx, "�t3 Al �m GLC �5w(NtE. -xaw5�A	5P)1 GLC �5rk�QNo|=�)+b, nY, �4X-x�
WX��9HN�u[, Jx�
Al ky/|#��JbNE��'��"℄M$.;℄o Cr X�aw5, !}A� Al X�aw54� GLC �5Æ�, R+/|A�v��bo"Q�5�mo�:�7, !�zrk�QNd;, "�pq GLC �5w(NE����:�7o18E, /��`Q��m GLC �5o,5P4�w5J

-.

1 	�ljKXhx�r;�� UDP450 ��
WX��9HN�rm, j�QRHN�u[�X��9u[ot{,4�o�51j, ��kw�Q��,, !��K+�m�rM�5A�ov��b [24].KXxky+U� LY12 `Q�, �bNA� (5P�℄, %) � Cu 3.8—4.9, Mg 1.2—1.8, Mn 0.3 —

0.9, Ti≤0.15 , Zn≤0.3 , Fe≤0.5, Si≤0.5, Ni≤0.15, �5 ≤0.1%, Al �P. ky+UJ℄� 30 mm×

20 mm×5 mm, &�tTJZ��mZ1� Ra≤

0.03 µm. C��, �kyS\'Z�,%M�~7>>� 10 min Z*�. K#=L#=R7#=�y~
3.0×10−3 Pa Z, g 9 mL/mino℄P}. Ar X��9�y, fO�^j 1.2×10−1 Pa H, � −400 V �O (|℄� 0.3 A) |�%Æ`Q�ky"BHN� 30 min,O!��mo�&�M�&�y. %Z, }A}� Cr��Al �rEy�o|℄, !)�1ro�O, �`Q�ky�m4� Cri Al�aw5�(Cr–C) i (Al–Cr–C)�A	5M GLC�5SAo"Q�5 (Cr/Cr–C/GLC,

Al/Al–Cr–C/GLC), �7, 4�A	5H, Cr(Al) �|℄gX�oab�;, Ey�o|℄gX�oab�y,/y4�4i|�-� 1 hM.-x JEM–3010 �9|N)�( (TEM) ��"Q�5 GLC �5o�m�:�7. �E WS–2005 ��5&KN`TSXd2P�5�kyo�Q��, O�+U��+E, -) 200 µm, �}2H'Cy 0.1 N o��J, %ZO�g 5 mm/min oa�-0^�, �^�o�Hg 25 N/min oab>��y�J, �>?H��o��{$���5oX��J, �.
d, �ork�Q��
,. "Q�5ow(NE�2SLxO4o PoD–II�� – �w(tfSXm, Æt��-) 5 mm o YG6u5Q�, u�� 90 HRA, -x 2 9�J, ��� 2M 8 N, ��kg 200 mm/s o0a�IH, IH	)�
14 mm, 
'�� (25±3) �, 2SH|� 30 min.

2 	�yr���
2.1 GLC hae�w{��qzn� 1 MNR Cr/Cr–C/GLC"Q�5�mo TEM6. z� 1a ;g7N, Cr �aw5H, "Q�5z Cr aw5M�m GLC �5SA, Cr aw5�`Q�ky|o�m��, �Q1j, �o)#-, C0IJ, y+`Q�kyo�mt'. z� 1b hMo� 1a 7�BhM��o�d6;g1�Po7j, �m�Q j, A�4�.z`Q�kyoJ�V9\\ (SAEDP)(� 1a 76�);*, �� Al $y{%; z`Q�ky� Cr aw5��To SAEDP(� 1b 76�) ;*, �� Al $y{%M
Cr �$
SA"QV9\\, z~ Cr $L��#;, �V9\\�+N�$V9
t'.\ 1 !P�46"�4n3�3h.\

Table 1 Process parameters for preparing different layers in composite coatings

Layer Target current, A Bias voltage, V Time, min

Cr C Cr Al C

Cr sublayer 2.5 0 2.5 0 120 5

Al sublayer 0 0 2.5 0 120 5

Cr–C interlayer 2.5→0 0→1.5 2.5→0 0→1.5 65 15

Al–Cr–C interlayer 0.1 0→1.5 2.5→0 0→1.5 65 15

GLC layer 0.1 1.5 1.5 65 210



y 8 � Ffpq : _u3�^O��k GLC �3R,Ku&LrCms2 985�� 2 MNR Cr aw5��o TEM 6. ;�, Craw5CCJ$�=, �7U-~ky�m, CJ$A�d�� 40—50 nm, SAEDP �o, Cr aw5C+�$o�7t' (� 2 76�); Cr aw5M�m GLC �5+|\�b5 Cr–C A	5, z~ Cr–C A	54�AF7 Cr �|℄>��;�Ey�|℄>��d, nY�'57 C CP>$�y, Cr CP>$
t, A	5e�CJ$�=�7, ��nP C o9.j4R Cr aw5CJ$o�=.� 3 MNRg Cr �aw5H Cr–C A	5� GLC�5�mTr GLC �5o HRTEM 6. z� 3a ;*,A	5� GLC �5|�o)�m, �P|b0>��bo��, sd C CPo�y, A	57 Cr %po��>��6 (�7��ox���NH℄�do Cr �`o%

Æ 1 Cr/Cr–C/GLC !P�4�ln TEM 5q_P�jvL_P�jv�`v4�lSn SAEDP

Fig.1 Cross–section TEM image of the Cr/Cr–C/GLC

composite coating and SAEDP of Al–based alloy (a)

and magnified image of the range denoted by the

frame in Fig.1a and SAEDP of interface between Cr

sublayer and Al–based alloy (b) (Insets in Fig.1a and

b are the SAEDP for Al–based alloy and, respec-

tively)

p��, T0�����g C �?), -09B, �oA	5K+R�57A�ov��b, ;|=d� GLC �5� Cr aw5+|o�JMbNE5o8m. z� 3b M

Æ 2 Cr `v4�ln TEM 5q SAEDP

Fig.2 Cross–section TEM image of Cr sublayer and its

SAEDP

Æ 3 Cr/Cr–C/GLC !P�46 Cr–C ��4L GLC �4�ln HRTEM 5
Fig.3 Cross–section HRTEM images of C–Cr transition

layer (a), GLC layer and its SAEDP (b) in Cr/Cr–

C/GLC composite coating



�986 ��X�K�Æ y 48 1Æro SAEDP(� 3b 76�) ;*, GLC �5��$m.� 4 MNR Al/Al–Cr–C/GLC "Q�5�m
TEM 6, �7R09L�4\H0[o�&�. z�;*, �� 1a hMg Cr �aw5H#�, Al aw5�`Q�ky|�:7j0IJo��0, aw5�ky��o)�mo)y, C+��S�r�=t'. SAEDP �o, kwMaw54� Al $y{%; z~ Al, Cr M C�H\�, n� Al aw5� Al–Cr–C A	5�mTo
SAEDP y+ Al $y{% (J�-)� 50 nm, ;~$LJ℄) M�$mA	5Æro�A��.� 5 MNR Al–Cr–C A	5Mg Al �aw5o
GLC �5o HRTEM 6. z� 5a ;�, �� 3a 1_,

Al–Cr–C A	5�\�+NA�ov��b; z� 5b M
SAEDP(� 5b 76�) ;*, GLC 	5��$m, ^o)�aw5!#hÆ GLC �5�7:�t3.

2.2 GLC hae�wzv���Æ Al aw5�Cr aw5r�aw5o#��5"B`TKX, `TAf-� 6 hM. ;�, �aw54�o GLC �5, `T<
dP�5UU-~`T�7
d, �
dmn�d, `T�	i-P;, �o�aw5o GLC �5rk�QE�U8 (� 6a); -x Cr i Alaw5Ho Cr/Cr–C/GLCM Al/Al–Cr–C/GLC"Q�53`T�	��, `T4�V�:�, ��5
d+8, z`TAf7, O"8m�; (� 6b M c). �R"b$R+#��Yaw5Æ GLC�5rk�Q��ot3, Æ�2SAF7h:�o>?H�"BÆ���, �?-� 7 hM,  03>?H�%�do�2Ær�J

Æ 4 Al/Al–Cr–C/GLC !P�4�l TEM 5q_P�jv SAEDP

Fig.4 Cross–section TEM image of Al/Al–Cr–C/GLC

composite coating and SAEDP of Al–based alloy

substrate, Al sublayer and Al–Cr–C transition layer

��5B=oX��J. ;�, �aw5o GLC �5oX��JU;, !� 6 N V} (� 7a); Cr �aw5o
Cr/Cr–C/GLC �5oX��J�� 17.6 N(� 7b); g
Al�aw5o Al/Al–Cr–C/GLC�5oX��JUd,�� 35 N (� 7c).z� 6 M 7 ;*, -x Al M Cr X�aw5H, "Q�5b%�`TKXAF7h|:�V�M
d, g�"oX��J8m�d. z~X��J℄.�y�a��`Ta�rSX/℄|8 [25], �he�oPrky"oPQG��N, !�V[or/k�Q��, zY^o, �`Q�ky3g Al aw4� GLC �5oPQG��N1F. +��n, �5Mky+|o�JbNE��'��"℄M$.;℄r8m�ht3rk�QJm. -��`Q�ky�m4� GLC �5, z~Eyo'��"℄� 1×10−4 K−1, Al o'��"℄� 2.46×10−5 K−1,

Æ 5 Al/Al–Cr–C/GLC !P�46 Al–Cr–C ��4L
GLC �4n HRTEM q GLC 4n SAEDP

Fig.5 HRTEM images of Al–Cr–C transition layer (a) and

GLC layer with Al sublayer and its SAEDP (b) in

Al/Al–Cr–C/GLC composite coating
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Æ 6 _P�jx2"��4n_S �
Fig.6 photos of scratch tracks on GLC coating with no

sublayer (a), Cr/Cr–C/GLC composite coating (b)

and Al/Al–Cr–C/GLC composite coating (c) on Al–

based alloyO"o'��"℄8mUd, ��EU8, nY�5�`TKX7:�dmn
d; Cr o'��"℄� 6.4×

10−6 K−1, � Al o'��"℄^\��d8m, � bcc�7o Cr(a=0.288 nm) M fcc �7o Al(a=0.405 nm)$.;℄18�d, $y�7#�, nYg Cr �aw5Ho Cr/Cr–C/GLC "Q�5�`Q�kw|o�QJm�g Al �aw5o Al/Al–Cr–C/GLC "Q�58,�5B=oX��J�t.

2.3 �^����hazne�p�� 8 MNR Cr/Cr–C/GLCM Al/Al–Cr–C/GLC"Q�5� 2 M 8 N �J%ow("℄dH|o�b 0. z�;*, ��J� 2 N o|�%, Cr/Cr–C/GLC
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Æ 7 "��4_SJW=>G��
�In�a
Fig.7 Changes of acoustic signal intensitis with load during

scratch tests for GLC coating with no sublayer (a),

Cr/Cr–C/GLC composite coating (b) and Al/Al–

Cr–C/GLC composite coating (c) on Al–based alloyM Al/Al–Cr–C/GLC "Q�5ow("℄h|o)8m, k��H� 0.06—0.07o�
}; ��J� 8 N |�%, Al/Al–Cr–C/GLC "Q�5ow("℄� Cr/Cr–

C/GLC �5ow("℄4,, 8� 0.005—0.01,;g)�O"8�#d. �Q� 6, 7 M 8 ;*, g Al �aw5o Al/Al–Cr–C/GLC "Q�5/|�,oB=X��JMtow("℄, �PQE�Uw, �`Q�ky�m-x Al �aw54� GLC �51|K~)1Q�ow(NE�.
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Æ 8 Cr/Cr–C/GLC L Al/Al–Cr–C/GLC !P�4� 2 L
8 N �I$nv'!\
G{n�a�/

Fig.8 Curves of friction Coefficients vs time for Cr/Cr–

C/GLC and Al/Al–Cr–C/GLC composite coatings

under 2 N (a) and 8 N (b) load

3 y���g CrM Al�aw5,�`Q��m4�NR/|A�v��bo Cr/Cr–C/FEy (GLC) M Al/Al–

Cr–C/GLC "Q�5. Cr/Cr–C/GLC "Q�57, Craw5�`Q�ky|o�m��, C0IJ, �.��,U-~ky�m�7CCJ$�=; Cr–C A	5K+RA�ov��b; GLC 5��$m�7. Al/Al–Cr–

C/GLC "Q�57, Al aw5�`Q�ky|!�o)��0, C�S�r�=t'; Al–Cr–C A	5K+RA�ov��b; GLC 5��$m�7. ��aw5o
GLC �5, Cr/Cr–C/GLC M Al/Al–Cr–C/GLC "Q�5ork�QN)Aw,, ��/|Utow("℄,�7g Al �aw54�o Al/Al–Cr–C/GLC"Q�5B=X��JUd, �)1`Q�o�mw(NtE3�+NUwoPQE�._}��
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