
� 47� � 10� ��������	                             Vol.47, No.10

2018� 10�          RARE METAL MATERIALS AND ENGINEERING October 2018

�����2017-10-21

���	����	
���51371097�����������YPC16005-PT����������
� !"��


���#$%&'&1989�(&)*&+,-.-/��01
�234�5&�� +, 211106&678025-84891921&E-mail:

luoxixi1989@hotmail.com

45

#

��� Al-Cr �����	
���

���

1,2

����

1

��	


1

���

1

(1. +,-.-/��&�� +, 211106)

(2. $9-.�5&:$ $9 710077)

� ��;<=!>?@AB 45

#

CDEFGHIJKLMN&OBPQRS34(PII)R Al TUVWPQDEX3

4(DGPSM)Y CrZ[\]&^�_ 45

#

CDE`? Al-CrZ[abcdeB Xfghf(XRD)ij6Qkl(XPS)im

Qnopq(AFM)irs6q(SEM)Tkl(EDS)W<tuLvwxyiz{|}~�D�d�OB�b�gT6b�

��l&<�x� Al-Cr Z[�ciR Al �cT�_^ 3.5%NaCl ��@LFGHI&���GH�]d|�D�&

OBZ[34`?�� Al-Cr �cLFGHI��&�DE�� Cr

2

O

3

T Al

2

O

3

Z[�b�&�c��������F

GHI Fe

2

AlCr T Al

8

Cr

5

{&�� Cl

-

LGH�B�R Al cFGHI ¡&�DE��¢£ Al

2

O

3

�b�&¤¥¦ Cl

-

<�_LGH�B��_FGHI�§d

����PQRS�UVWPQDEX34�Z[abc�FGHIk

�������TG174.445 ������A �����1002-185X(2018)10-3127-07

��������	(
����������

�)����������� !"#�$%��&�

'()�*+,-

[1]

./012�3456�47 

�89��:;<=>����	)�?@ABCD

EF=�
GHIJK�LM�NO�P QRS*�

TUV%S*�WXYZ

[2,3]

.

[\�1]��^_`a�b�cd�1]ef^

_ghTij�=3��:;)�klm�+n

[4-6]

.

opqrs2tuv� Tom Bellwxyz�{|}~

1]��^_���@�cd���������{

|}~!"��@���^_��|�����lc

d1]^_�3���f�y��=��P f��

0������	�����[�

[7, 8]

.

45

#

C���}�4��f��������|�

��3���	)���� �¡�P f¢£�¤

¥¦§¨©1]ef

[9-11]

.ª«¬^_(plasma ion 

implantation�PII)®d�#¯�1]ef°±�§²

³3´¢µ|¶·�v<=�¸¹�º�»

[12]

.¼#

½�

[13]

�¾¿ª«¬ Al ¦ÀC3�Á)P ©��

ÂÃ�ÄÅ12�Alª«¬�Æ�ÀC�P ÇÈ.

Éd�1]^_®Ê"ËÌ�ª«1]Í¶^_

(double glow plasma surface metallurgy�DGPSM)�§

Î�®��ÏÐÑÒÐ�ÓÔËÌÕªÖf×Ø�TÙ

ÚÛÜD�o3�=1]Ý#��²Þß��~vfà

�1]|¶"

[14,15]

.áâ�ã

[16]

ä� DGPSM ^_3

Q235 ÀC1]å Cr�0æ12Dç�� fèTy

�.�¨déy4ÀC1]��P f��êu��

ë�ì Cr Ñ Al 3ÀC1]Ý#!"��P ���

í�¾îïðñ�1]^_¨©���|�T3ÀC

1]Ý#��ò}�P f��{|}~".óôõ

3ÀCöØ1]ä� PII ^_¬ Al�÷øöØù1

]Ý#4ú� Fe-Al ¶û�~|ßüý�þ3§1]

¨©ÊËå Cr���Ý# Al-Cr{|}~".�{|

}~^_�0�!"�öØ��Í¶Ä|Ñ#���

�~�y4öØ��P f.��¦!"	
Ä��

���{|}~"�� I�. 

��������

í0æ���öØ���� 45

#

C�§~v#�


1 1�������� 20 mm�20 mm�5 mm.3ª

«¬\¥I��Ì�1]��� R

a

<60 nm��o�

� Á!"#$%&'(�T)*+,��1]�-

.Ñ/à�. 

 



¨3128¨                                           ©�ª012!"                                          � 47� 

 !""45

#

#�$%&'(� 

Table 1  Chemical composition of the substrate material 
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Fig.1  Surface morphology of sample B with 3D AFM image in inset (a); the depth profile of the region marked with green line in inset (b); 

XPS wide scanning spectrum (c); XPS spectra of Al (d) 
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Fig.2  Surface morphology (a), and cross-sectional morphology and element distribution of sample A (b) (I, II and III refer to the 

deposited layer, the transition layer and the substrate, respectively); EDS maps of Cr (c), Al (d) and Fe (e); surface XRD pattern (f) 
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Fig.3  Typical anodic polarization curves for sample A, B and C in 3.5% NaCl solution (a); EIS curves: Nyquist plots 

(inset: the equivalent circuit) (b); Bode plots (c, d) 
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Table 2  Calculation results of the anodic polarization curves 

and the equivalent circuit of EIS for the three samples 

in 3.5% NaCl solution 
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Fig.4  SEM images (a~c) and EDS spectra (d~f) of the corroded surface of the three samples after electrochemical corrosion 

in 3.5wt% NaCl solution: (a, d) sample A, (b, e) sample B, and (c, f) sample C 
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Fig.5  XRD patterns of sample A (a) and sample B (b) after 

electrochemical corrosion 
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Abstract: Aiming at improving the corrosion resistance of 45

#

 steel used in maritime works, Al-Cr composite strengthening layer was 

deposited on the surface of 45

#

 steel via a composite technique of plasma ion implantation (PII) and double glow plasma surface 

metallurgy (DGPSM). The element distribution and phase structure of the Al-Cr composite strengthening layer were investigated via X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic force microscope (AFM), scanning electron microscope (SEM) and 

energy dispersive spectroscopy (EDS). Polarization curves and electrochemical impedance spectroscopy (EIS) were used to study the 

corrosion resistance and corrosion mechanisms of the Al-Cr composite strengthening layer, Al implanted layer and 45

#

 steel in 3.5 wt% 

NaCl solution. The results show that the Al-Cr composite strengthening layer reveals the best corrosion resistance. Cr

2

O

3

 and Al

2

O

3

 form 

on the surface of the Al-Cr composite strengthening layer as a passive film, and they hinder the corrosion of Cl

-

 effectively together with 

the inner Fe

2

AlCr and Al

8

Cr

5

 phases which have excellent corrosion resistance. The Al implanted layer exhibits moderate corrosion 

resistance due to the formation of Al

2

O

3

 passive film. The substrate of 45

#

 steel shows the worst corrosion resistance. 

Key words: plasma ion implantation; double glow plasma surface metallurgy; composite strengthening layer; corrosion resistance 
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