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�  ��GHIJKLMNOP 6061Q9�RSTU SiC/TiNVWXY Ni-MoZ[\9]^_̀ aP]^�bc SiCd

TiNZ[VWefgKLMhijKklmnopq(rs\9]^htuv(wxZ[VWXYy^hz{aE.|

W}~��("�\9]^h��uv.���d���h��_u�R���Z[VWh�c�]^uv����

���g(|W��� 29.86 nm��� 22.79 nm_��PKklm� 8 A·dm

-2

(opq� 20%�TUh]^��j�

 l¡ SiC/TiN VW\9¢��(£¤� 1.3%n 3.1%(¥¢£¦)_]^§¨©ªh fcc uv¡«¬�(111)®¯�(

Z[VWj�£°P Ni-Mo 
±�_Tafel ²~n³´µ¶"�R� Ni-Mo \9]^h·�Kklm� 7.08 µA/cm

2

(

¸q¹ºPKklm� 4d8n 12 A·dm

-2

nopq� 40%d60%ºTUh Ni-Mo/SiC-TiNZ[\9]^·�Kklm£

¤� 4.68d4.12d5.75d4.37n 5.53 µA/cm

2

(£¤»¼½ 34%d42%d19%d38%n 21%_"�¾¬PKklm� 8 A·dm

-2

(

opq� 20%ºTUhZ[\9]^R¬��¿h���_. Ni-Mo]^¸q(SiC/TiNVWhbcÀÁÂÃÄ½]^

���_ÅÆ(ÇÈIJÉLM��ÊË½xÌ_ 

����Ni-Mo]^�IJKLM�Z[VW���� 
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�Gyftou 

Pinelopi $à
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�¼æ��{vwuÅ.��{vw

78� Ni-SiCz<´Uú��ÀÁÂÃ�½�.�ð

�MGOÅó� 

��«����{�78 Ni-Mo-SiC-TiN ÀÁp

Ez<���Mz<Tö�e½ SiC�TiN 2+]�À

ÁÂÃ.ÏÊ{vw�{�HI�OÅ«Ô��ì

���.º»{�HI�OÅ
pEz< äþ�

]�ÂÃ!"�#$%&�ï']�ÂÃ��;<�

�c��æüÃû °�.Ï(¼ÀÁpE;<�ä
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�  �  � 

Ê 6061DE"*+,� 20 mm-20 mm-3 mm

«Ô./ÝÞ.0U.1`�� 200#�600#�1000#�

1500#�234'(°±5�.Z67½ 0.2 mol/L 

Na

2

CO

3

�0.13 mol/L Na

3

PO

4

� 1.8 mol/L NaOH8ÎT

9: 2 min.��;ÐÑ2�<6=7½ 4.76 mol/L 

HNO

3

8ÎT� �� 5 min�ÔkÄ�oÖæc<ä

E¹'(¿>9?���9?ÎF 0.4 mol/L ZnO�

0.0062 mol/L NaKC

4

H

4

O

6

·4H

2

O�12 mol/L NaOH �

0.004 mol/L FeCl

3

@7[��2>9?���AïðÔ

60� 30 s�B� TiN� SiCÀÁÂÃ�ãI>99.9%�

��`CDïðEÔ 40� 20 nm�ÔkFGÂÃHI.

Ê SiC� TiNÂÃæJK2@7�LÞ.áâïM 2 h

6°±NO 3 h�P6@7�{ÍÎ�� 1Qk{Í

Î�R��S�B�ã�*�ãI 99.99%�.Ê��

¯�.1«Ô
�.S�æ
��A�TÐUVÔ 

4.0 cm�BW��X�Ô 1000 Hz.OÅÔ 20%�)

1{�HIÔ 4�8�12 A·dm
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.ÏM{�HIÔ 8 

A·dm

-2

�)1OÅÔ 20%�40%�60%óïð78

.1�{vw��T= 350 r/min'(YNOÏMZ[ 
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Table 1  Composition of electrolyte (g/L) 

Reagent Concentration 

NiSO

4

·6H

2

O 65 

Na

3

C

6

H

5

O

7

·2H

2

O 88 

Na

2

MoO

4

·2H

2

O 3 

NH

4

Cl 27.4 

SDS 0.1 

SiC 3 

TiN 3 

ó'(�./ä\6Ê78�1]�;ÐÑ2�<� 

�� S-4800 FE-SEM^m_`a{Ñ/ b
z

<��}c'(de.Ï��fg@8�qhf(EDS)


1] iT�4"��'(³	�³"ï'�=j

kïÑlmnÀÁÂÃpE"� 

�� D8Bruker X _op_f
;<uäþ'(

�q�p_r�ÔsCut.`au�Ô 0.3°/min.2θ

vwÔ 20°~80°.üÖCD(D)F Scherrerxlmns 

θβ cos

94.0 λ

D =

                            (1) 

xl(1)T λÔ 0.154 056 nm.β� θ��y�z(Rad)� 

��{_{Ñ/ b(FEI Talos F200X TEM)
z

< d}c'(de.��Bi{Ñp_(SAED)


NioÖäþ=| SiC� TiNÀÁÂÃ�}M'('*

l�q� 

��{ !�«~�.z<��i	�Ê1]«

Ô�«{�.3.5%(�"ï�) NaCl 8Î«Ôhi�

�.�71]��Mhi8ÎT��wÔ 1 cm

2

.�.

�Ê1]9½hiÎT9� 30 min�������{

�(SCE)«Ô�Å{�.��Ô
{���3{�� 

`au�Ô 1 mV/s.̀ avwÔ��{� 0.4 V��� 

M�[ 25 �óÊ1]9:M 3.5% NaCl8ÎT

5 d.� 24 h
1]'(���hiu�mnxlÔs 

m

V

ST

∆

=

                                (2) 

xl(2)T ∆mÔhi�6�"��SÔ1]��w�T

Ôhi�A�Ê9:6�.1���6�`a{b

de��hi}c� 

��/ ]Im (HV-1000A)�³kpEz<�

/ ]I�BW��Ô 0.196 N.9��AÔ 10 só

B� 7 ��"���`�«Ô��������ßB

°(MMQ-02G)
z<M�[���r�ó� ¡ß

B	q'(k¢£�B� GCr15¤¥¦§�Φ6 mm�

«ÔßÞ../��Ô 4 N. ¡y¨Ô 3 mm.uI

Ô 100 r/minó'( 20 min�./1]áâ©<6.�

ï'��
ßB�6��"'(��� 

�  ����� 

���  �����	
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ª 1Ô{�HIÔ 8 A·dm

-2

ó78� Ni-Moz<

=|_ö{�HI�OÅó78�ÀÁpEz<�

}c�Fª« Ni-Moz<¬¬¿�
��"®ä

þ.ÀÁÂÃ�L½�z<¯°2äþ±1�ÂÃM

üÃ²��vw³7üÃ�´µ�äþm�±1.�

æ¶·�¤äå�¸
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�F6 SiC� TiNÂÃæ"
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�|ËÂÃL½6078�z<

uÅ6 Ni-Mo z<1�º»�¼�`{�HIÔ     

4 A·dm

-2

�.\��{�HIó�{�Gµ�}�u

�G.½U¾��üÖ´¿µ�z<äüº¿�PV

{�HIÄ�Ì 8 A·dm

-2

.
�� �L.}���

�L�078�z<üÃ¼/û �¼'*l�L{

�HIÌ 12 A·dm

-2

.�¿�{�HIµ�
����

8�ÀÑÁU`aÂMÃÄw}�.��k¼/�è

Å.|Ëz<��1�\ÔÆÇ�PVOÅ��L.

/ äÈÉÊËÌÍÎÂÃ�CD�¿� MGOÅ

�20%�óÍË2Ïf_¼/�M�OÅ�60%�

ó.F6Ð��´ÅÑ¯�´úJÒ.z<��¬

kú·�ÏäÈ.µ���º»I�L�M��{

vw��T.GOÅÄ�kú·�Û{��A.�

SiC � TiN ÂÃqÓM�vw��TÌÔ
�ÏÕÖ

�×Ø�ÀÁÂÃÔüÖ�´Ä�kú·���TÙ.

ù[µ�üÃû � 

���� ������ 

ª 2 Ô_ö{�HI�OÅó78z<�

XRD ªh.M 2θ Ô 44.36°�51.59°� 76.08°ÚÛ�

Ni z<� 3 ��q�æ Ni(111)�(200)�(220)ü�u


Y^´U¼/�(111)WJ�¯�F6ÜÀÑ�¶�

ï�üÝÏ}� fcc äþ�Þ8Ö.|Ë Mo �p_

� Á U 5 m ¬ � M _ ö { � H I ó 7 8 �

Ni-Mo-SiC-TiN `ßà�Ì SiC � TiN p_�.�

q�F6z<TÂÃ!"\G^ïM	\��êë.

æ Ni-Moz<uÅ.ÀÁÂÃ��½�p_�áâ1

z.�ð�(111)
Y�p_�.�+¬ã�¬=

ää6üÃ�û 

[22]

� 

� 2 �åk�� Scherrer xlmn�ÌüÃC

D.æ Ni-Moz<��29.86 nm�uÅ.ÀÁÂÃ�

�½/0çGkz<�üÃCD�PV�`{�HI

ù 4 A·dm

-2

�LÌ 12 A·dm

-2

üÃCDÒù 24.51 nm

æ�� 22.79 nm.6�¿� 25.62 nm.^M 8 A·dm

-2

ó78� Ni-Mo-SiC-TiNÀÁpEz<üÃCD���

PVOÅ�'*l�¿.üÃCD�¿� 24.82 nm�

F6PV�`{�HI��L.
��{��¿�"

#ÐÑ7{uILç.ÀÁÂÃúèéê½z<T�

ÀÁÂÃ«Ô}���³7k Ni üÖ��´ù[�

z<úL`a�ëH�êë.PV{�HI��L.

M
���'ìµ��z<æ{ÍÎ²�� pH �

í�.ù[��kîï_8	���sìb ��M


����ðñ��vw��ï_8	��MüÖ�

´���ðñÉäEÊ³7üÖ��´.ù[Ó�ú 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1  ����� 8 A·dm

-2

����� 20%�� Ni-Mo���

��������� 4 8 12 A·dm

-2

! Ni-Mo-SiC-TiN

"#$%��&'(������� 40% 60%!

Ni-Mo-SiC-TiN"#$%��&'(�� 

Fig.1  Surface morphology of Ni-Mo coating prepared at current 

density of 8 A·dm

-2 

and duty cycle of 20% (a); morphologies 

of Ni-Mo-SiC-TiN nanocomposite coating with current 

density of 4 A·dm

-2

 (b), 8 A·dm

-2

 (c), 12 A·dm

-2

 (d); 

morphologies of Ni-Mo-SiC-TiN nanocomposite coating 

with duty cycle of 40% (e), and 60% (f) 

 

 

 

 

 

 

 

 

 

 

 2  Ni-Mo) Ni-Mo-SiC-TiN$%�� XRD* 

Fig.2  XRD patterns of the Ni-Mo and Ni-Mo/SiC-TiN composite 

coatings 
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Table 2  Grain size and particles content of the coating prepared 

under different electrical parameters 

Sample 

Grain 

size/nm 

SiC content, 

ω/% 

TiN content, 

ω/% 

Ni-Mo, 8 A·dm

-2

 29.86 0 0 

4 A·dm

-2

 24.51 1.1 2.5 

8 A·dm

-2

 22.79 1.3 3.1 

12 A·dm

-2

 25.62 0.9 1.8 

40% 23.66 1.1 2.7 

60% 24.82 1.0 2.1 

 

Ni-Mo-SiC-TiNÀÁpEz<T SiC� TiNÀÁÂ

Ã�pE"s� 2 0ô�PV{�HI�L.SiC �

TiNÂÃ�pE"Ò�¿6æ�.M 8 A·dm

-2

ó78�

z< SiC � TiN pE"ÔÌ�¿�.ïðÔ 1.3%�

3.1%�PV'*lÄ�{�HIÂÃ�pE"�õó

ç�[PVOÅù 20%í�� 60%.z<T SiC �

TiNÂÃ!"çG� 1.0%� 2.1%�ÂÃ�pE"P{

�HI�OÅ�1 [1 �fö�½"÷ø�LÏ

ÔÌ�¿�.Z6M*³vwùóç.�T�"úûj

7r��ü³|�
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��µ�\GÅr�ÂÃ�vw�Z[M\���`{

�HIó.5 Ni

2+
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*³�6µ�
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�
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����îI��ÌÖï�ÂM.ú·�ÂÃ=MS

ÐÑóY���TÕ½z<T� 

ª 3ÔM{�HIÔ 8 A·dm

-2

.OÅÔ 20%7

8 Ni-Mo-SiC-TiNÀÁpEz<|��ï¹ª�=

©���Ì Ni�MoMz<T`aï¹.�"ï�ï

ðÔ 80.68%� 8.54%.ö�¾" Si�C�Ti � N �

�	`aï¹6z<��.�"ï�ïðÔ 1.15%�

2.36%�2.89%� 4.38%.sª 3f 0ô��¼k SiC

� TiN`q��vwMz<T� 

�� TEM'*l
z< däþ'(�q�ª 4a

ÔM 8 A·dm

-2

.OÅÔ 20%ó78 Ni-Mo-SiC-TiNÀ

ÁpEz< TEM ���sª 4b 0ô�Bi{Ñp_

(SAED)Ë1.0�!(111)�(200).(220)�(311)ü��

ôk�Ù�%äþ� Ni-MoÞ8ÖoÖ�ª 4c�4dï

ðÔª 4a
Y�V�³ SiC� TiNÂÃ SAED�Ë1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3  ����� 8 A·dm

-2

����� 20%�� Ni-Mo-SiC-TiN"#$%�� SEM;<=>?@A 

Fig.3  SEM image (a) and corresponding EDS elemental mapping (b~g) and EDS spectrum (h) of Ni-Mo-SiC-TiN nanocomposite coating 

prepared at current density of 8 A·dm

-2

 and duty cycle of 20% 
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 4  ����� 8 A·dm

-2

����� 20%!�� Ni-Mo- 

SiC-TiN"#$%�� TEM;<= SAEDBC 

Fig.4  TEM image (a) and SAED patterns of corresponding marked 

zone b (b), zone c (c) , zone d (d) for Ni-Mo-SiC-TiN 

nanocomposite coating prepared at current density of 8 

A·dm

-2

 and duty cycle of 20% 

 

SiC�OA�Ô F-43m.üÝ4�Ô 0.4348 nm�TiNÂ

Ã�OA�Ô Fm-3m.üÝ4� 0.4244 nm��� d

ï'�¼ SiC� TiNÂÃ5���vwÌpEz<T� 

���  �����	
 

ª 5 Ô Ni-Mo z<�_ö{�HIó78�

Ni-Mo-SiC-TiNÀÁpEz<M 3.5% NaCl8ÎT��

 �o�� 3 Qkù Tafel �oT�E� I

corr

�E

corr

���Ni-Moz<��hi{�Ô-0.49 V.ÀÁÂÃ�

L½��hi{�m�k_ö�I����Ni-Moz<

� I

corr

Ô 7.08 µA/cm

2

.uÅ{�HIÔ 4.8� 12 A/dm

2

 

 

 

 

 

 

 

 

 

 

 

 5  Ni-Mo) Ni-Mo-SiC-TiN$%��&DEFG 

Fig.5  Polarization curves of Ni-Mo and Ni-Mo-SiC-TiN  

composite coating 
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corr

� E
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Table 3  I

corr

 and E

corr

 values of samples prepared under  

different parameters 

Sample I

corr

/µA·cm

-2

 E

corr

/V 

Ni-Mo, 8 A·dm

-2

 7.08 -0.49 

4 A·dm

-2

 4.68 -0.42 

8 A·dm

-2

 4.12 -0.40 

12 A·dm

-2

 5.75 -0.44 

40% 4.37 -0.41 

60% 5.53 -0.43 

 

|OÅÔ 40%�60%ó78� Ni-Mo/SiC-TiNÀÁp

Ez<{�HIïðÔ 4.68�4.12�5.75�4.37� 5.53 

µA/cm

2

.ïðçGk 34%�42%�19%�38%� 21%�

� T M 8 A·dm

-2

.  O Å Ô 20% ó 7 8 �

Ni-Mo-SiC-TiN pEz<�hi{���^�hi{

�HI��.ïðÔ-0.4 V� 4.12 µA/cm

2

���
_

ö{�HIó78�z<M 3.5% NaCl 8ÎT'(9

:./
�i	'('*lº»._ö.1�hiu�

�åMª 6�PVhi�A��´.0Uz<�hiu

�PV�A��L`Uýí���æ Ni-Moz<uÅ.

ÀÁÂÃL½çGkz<hiu��ö�.M 8 A·dm

-2

ó78� Ni-Mo-SiC-TiNpEz<hiu��G� 

��dehi6���}c�ª 7�.=¼/

�Ìhi�����=|�éhi�F6vwz<�

��é�}M.'½Ìèé���Thi��� �

!"#�ù�"#�8Í.�$�8Í�ù�8ÎT

"#ÐÑ�%.�Ú}��"#&m�2ÍçGk

pH.Luk"#�8Í.hi��M�ï�V�Ä

wµ�ÂM'*l?��í����ópm�#�k

�ï�V�g�hi�M 8 A·dm

-2

ó78�ÀÁpE

z<��/ R'()ÁUm�1 .�¬�¯�

�i	� 

 

 

 

 

 

 

 

 

 

 

 6  HIJKLCM&NOPQRST&UEFG 

Fig 6  Variation curves of corrosion rate of samples with time 

after immersion test 
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Fig.9  Model of electrodeposition process (a) and grain refinement 

mechanism in nanocomposite coating (b) 
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SiC/TiN Particles Reinforced Ni-Mo Nanocomposite Coating Prepared  

by Pulse Electrodeposition 

 

Xu Yiku, Fan Mingyuan, Luo Yuqing, Zhao Qinyang, Chen Yongnan, Hao Jianmin  

 (School of Materials Science and Engineering, Chang’an University, Xi’an 710064, China) 

 

Abstract: A SiC/TiN particle reinforced Ni-Mo nanocomposite coating was prepared on the surface of 6061 aluminum alloy by pulse 

electrodeposition technique. By introducing SiC and TiN nanoparticles into the coating and changing the average current density and duty 

cycle of electrodeposition, the microstructure of the composite coating was adjusted, and the film formation process and grain refinement 

mechanism of the nanoparticle-enhanced coating were analyzed. The relationship between the microstructure of composite coating and the 

corrosion resistance and wear resistance was studied. The results show that the addition of double nanoparticles results in a shift of the 

coating structure from conical to cellular, and the grain size is reduced from 29.86 nm to 22.79 nm. The coatings prepared at current 

density of 8 A·dm

-2

 are the most homogeneous and dense with the highest SiC/TiN particle complexes of 1.3wt% and 3.1wt%, respectively. 

The coating exhibits (111) preferred orientation and typical fcc structure, with nanoparticles uniformly dispersing in the Ni-Mo matrix. The 

corrosion behavior of the coatings was investigated by Tafel polarization and immersion test. Compared with the corrosion current density 

of Ni-Mo composite coating of 7.08 µA/cm

2

, the corrosion current densities of Ni-Mo/SiC-TiN nanocomposite coatings prepared at current 

densities of 4, 8, 12 A·dm

-2 

and duty cycle of 40% and 60% are 4.68, 4.12, 5.75, 4.37 and 5.53 µA/cm

2

, which are reduced by 34%, 42%, 

19%, 38% and 21%, respectively. In particular, the nanocomposite coatings prepared at the current density of 8 A·dm

-2

 and the duty cycle 

of 20% exhibits the best corrosion resistance. Compared with Ni-Mo coating, the introduction of SiC/TiN particles significantly improves 

the wear resistance of the coating. In addition, the mechanism of pulsed co-deposition was discussed. 

Key words: Ni-Mo coating; pulse electrodeposition; nanoparticles; corrosion resistance 
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