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É 1  CEFRÊË 

Fig.1  CEFR core arrangement 

[7] 

Reflector components 

Fuel components 

Neutron source components 

Control components 

Component storage 

Shielding components 



Ì1744Ì                                         ÍA�C���"®                                            � 50� 

ä#â³	"�ì�cíÁîïWð�Æñò�Æ

óÁâ³ÆÐô�â³�Ð�ñò�ÆóÁâ³�6H

Ðô�â³�£@	â³hæwÃç�Ú6�����

=§�	èé¨[�0Ú6õ¡´-,ö÷ø[�/í

ÁîïWð�ù�úû�ü-,ýþ	��×�£@	

âhæwö�²�×���öõ¡-,ö÷ø[BíÁ

îïWð�Ó!�´�«G2â³"�

[10,11]

BÉöÝÞ

ßü{�Ñ�ö¡ÝÞ�R��Ð

[12]

¢�Wð��

P110fä#Iþ�â³h�	
P���f	ÅØ��

��
Ð

[13]

� P110fä#Iþ�����	â³h�


	P��âh	æw�åwBZ. B. WangÐ

[14]

�×�

fä#�Ñ�����G2�P��ä#	��w�>

/¢³����&�����£@��æ	âh�0â

hä#	¹� !?@ 9 nmB"ê�Ð

[15]

�â³u�

#Ç�d$	��%´µ�á�íÁWð�� GCr12

fä#Iþ�â³h�
8 Cr-Laâh&�^}��w

'Ä�Cr-Y âhä#åw'öB()*

[16]

ÝÞ�#Ç

+, Al

2

O

3

-�F��	³âh�
8 Cr .h¹�


	£@/´�0��©1�%´µ±²�� Cr2¹3

�%´�2	�4���c��©1� Cr

2

O

3

%´5	

�4±²�6×mÜ%´4wB³�78��	9â:

Ó8�	!kÝÞ«;�³<9â	âhÂcÃ�	å

w�ÅØ��7�%´��Å¼�:��û!âh

[17]

B

³=9ââh�ì�ê�(Fe, Cr)

3

Al�âh	�%´�

��»¼��>

[18-20]

B³?9â£@�@�³´µ^�

´?Z²	A�âh�7ÅØ���ûâh

[21]

B³ã

9â£@ì�@ CrN^ Cr

2

NZ²	âh�7åwNâ

³hHâãhB��

[22]

B 

C45D�îïWðâ³��defä#£@�

��E	å´hP��Á	ÅØ��F0IþÈG¬

­���-,���C���H�ÝÞì�I��ü

�â³ÈG	ÝÞBz{àKü��vw^©v�º

	_J�ÝÞ� 316H ¿ÀÁdefä#â³h	±

²KLHMNZO}~PQB 

��������

¢�	��� 316H ¿ÀÁdef�²RRä 1

TUBS�*ÇÈ� 15 mmT15 mmT3 mm	UV�

RS 2TUB 

U��¢�	â³u@W³îÆ%´=�X´YZ

²B¢�íÁîïWð�ü 316H¿ÀÁdef�Á�

Ñâ³G2�S 3�Wð	UZSB[RS"�WðF

\]^_`��Ra� 1090 y��Ñ 0.5Æ3Æ6Æ9Æ

12Æ15Æ20 h	â³7��ÝÞ©v�ºüâh	bc�

� 750 y/10 hÆ850 y/10 hÆ950 y/10 hÆ1050 y/10 

hÆ1150 y/10 h¨[��Ñâ³7�, ÝÞ��vwü

âh	bcB 

¢�d�	MeüUVf#±g�ÑNhR

ijá� X gklgmüâh	µê�ÑäQjá

�n
gop��	MeRiâhf#±gj¢�

�qmrEDSstURiâhf#	²RB¢���

ØMU���uvÆvw=§�üUV�Ñ��Ø

M7��¢�xy� 4 mm 	%´=z{|��üØ

}���~y 1 mm��� 1 kg��4 500 r/min��

Ñ�º 30 minB 
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Table 1  Element content of 316H austenitic stainless steel (ω/%) 

C Mn Si Cr Ni P S Mo Fe 

0.04~0.10 Î2.00 Î0.75 16.0~18.0 10.0~14.0 Î0.045 Î0.03 2.0~3.0 Bal. 

 

 

 

 

 

 

 

 

 

 

É 2  316HVWPXYZ�²ÏÐ 

Fig.2  Photograph of 316H austenitic stainless steel 

 

 

 

 

 

 

 

 

 

É 3  STÑÒÓÔÉ 

Fig.3  Schematic illustration of pack cementation method 
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É 4  hi�²  1090 ^_`Xd�����³Õ 

Fig.4  Surface appearance of the chromizing specimens heated at 

1090 ºC holding for 0.5 h (a), 3 h (b), 6 h (c), 9 h (d),   

12 h (e), 15 h (f) and 20 h (g) 

 

 

 

 

 

 

�

�

�

�

�

�

 

 

 

 

É 5  hi�²  1090 ^_`Xd���Ö��xÏÐ 

Fig.5  OM images of specimens cross section heated at 1090 ^ 

for 0.5 h (a), 3 h (b), 6 h (c), 9 h (d), 12 h (e) and 15 h (f)�
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Table 2  Relationship between thickness (X) and chromizing 

time (t) of 316H austenitic stainless steel heated at 

1090 �

��

� 

t/h 0.5 3 6 9 12 15 20 

X/µm 8.88 47.59 69.93 80.25 100.8 102.96 115.94 

 

 

 

 

 

 

 

 

 

 

É 6  316HVWPXYZ  1090 ^¢hj���hi���

g×Ø¼ 

Fig.6  Fitting of thickness and chromizing time of 316H austenitic 

stainless steel heated at 1090 ^ 

�

S 8Ó 1090 y/6 hâ³UV	f# EDSkop�

#op}¦�
8�âhä#Gp� Cr/C�	¬Ih�

0¬I��®¯°td@ Fe��	p��¬I���

0 5 10 15 20

0

20

40

60

80

100

120

C
h
r
o
m
i
z
i
n
g
 
L
a
y
e
r
 
T
h
i
c
k
n
e
s
s
/
µ
m
 

Chrom izing  T ime/h

1 cm 

a 

b 

c d 

e 

f 

g 

aÈ bÈ

cÈ

dÈ

eÈ

fÈ

20 µmÈ

8
.
8
8
 
µ
m
 

4
7
.
5
9
 
µ
m
 

5
9
.
9
3
 
µ
m
 

8
0
.
2
5
 
µ
m
 

1
0
0
.
8
 
µ
m
 

1
0
2
.
9
6
 
µ
m
 



Ì1746Ì                                         ÍA�C���"®                                            � 50� 

Áºp� Fe/Cr�������� Cr� Fe	R¹Ã�

½���©v 0.5 hêN�ä#	 Cr/C¬I�æw®¯

±c(´�/ Fe/Cr���	æwc
		�Ç�z{

56£��â³KL�ä# Cr/C ¬I�º»-²��

�©v�º�Û��¬I��"-² Fe/Cr��h�0

��©v�º¼��Û�Fe/Cr���	æw�ÇB 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

É 7  �²  1090 ^_` 0.5 h�Ö� EDS�|}��|} 

Fig.7  EDS line scan (a) and mapping (b) of specimen cross 

section heated at 1090 ^ for 0.5 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

É 8  �²  1090 ^_` 6 h�Ö� EDS�|}��|} 

Fig.8  EDS line scan (a) and mapping (b) of specimen cross 

section heated at 1090 ^ for 6 h 
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É 9 �²  1090 ^_` 12 h�Ö� EDS�|}��|} 

Fig.9  EDS line scan (a) and mapping (b) of specimen cross 

section heated at 1090 ^ for 12 h 

 

 

 

 

 

 

 

 

 

 

 

É 10    1090 ^_`Xd����²�� XRDÉ� 

Fig.10  XRD patterns of specimen surface heated at 1090 ^ for  

different time 
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É 11  hi�² Xd��`�¢_` 10 h���³Õ 

Fig.11  Surface appearance of chromizing specimen heated at   

750 ^ (a), 850 ^ (b), 950 ^ (c), 1050 ^ (d), 1150 ^ (e) 

holding for 10 h 

S 12Ód�Îê	MeNh 850~1150 y	UVf

#	áâB850 y/10 h	UVä#�8�à� 1 µmâ

³h�950 y/10 hâ³h��Á�ºc���	3#�

â³hæw?@ 6 µmãä�/vwå�æ 1050 yH6

4��âhæw
	�ÇBÒâu� Cr Ã�Öw!­

����vw	MàPåBç
	P�âhæw

[26]

B 

��vw�âhæw	¨�¥�èkRS 13TUB

56Â@��vw�âhæw�ºöx�é¢ê¢¨

��âhæw��vw	�Ç�4�ÛB 

¢���op	Me�	�qmü 950 ~1150 y

	â³UV�Ñ� EDS kopH#opRiBS 14

� 950 y/10 h â³UV	 EDS op}¦�56Â�

950 y/10 hUVf#Æä#G�8� CrÆC¬I��

¬I��"p� Fe/Cr ���BC ��ë��äh¬ 

 

 

 

 

 

 

 

 

 

 

 

 

 

É 12  hi�² Xd`�_` 10 h�Ö��xÏÐ 

Fig.12  OM images of specimen cross section heated at 850 � (a), 

950 ^ (b), 1050 ^ (c), 1150 ^ (d) for 10 h 

 

 

 

 

 

 

 

 

 

 

 

É 13  316HVWPXYZ_` 10 h�hj�����`�� 

g×Ø¼ 

Fig.13  Fitting of thickness and chromizing temperature of 316H 

austenitic stainless steel holding for 10 h  
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É 14  �²  950 ^_` 10 h�Ö� EDS�|}��|} 

Fig.14  EDS line scan (a) and mapping (b) of specimen cross 

section heated at 950 ^ for 10 h�
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É 15  �²  1050 ^_` 10 h�Ö� EDS�|}��|} 

Fig.15  EDS line scan (a) and mapping (b) of specimen cross 

section heated at 1050 ^ for 10 h�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

É 16  �²  1150 ^_` 10 h�Ö� EDS�|}��|} 

Fig.16  EDS line scan (a) and mapping (b) of specimen cross 

section heated at 1150 ^ for 10 h�
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É 17  750~1150 ^_` 10 h��²�� XRDÉ� 

Fig.17  XRD patterns of specimen surface heated at 750~1150 ^  

for 10 h�

 

 

 

 

 

 

 

 

 

 

 

É 18    1090 ^_` 10 hhi�²XdÙÚ���Û�³Õ 

Fig.18  Surface appearance of different positions for chromizing 

specimens heated at 1050 ^ for 10 h: (a) surface, (b) 5 µm 

beneath the surface, (c) 10 µm beneath the surface,    

(d) 20 µm beneath the surface, (e) 30 µm beneath the 

surface, and (f) 40 µm beneath the surface 

 

 

 

 

 

 

 

 

 

 

 

É 19  1050 ^_` 10 h�²¿jÜÝ� XRDÉ� 

Fig.19  XRD patterns of layer-by-layer thinning of the specimen 

heated at 1050 ^ for 10 h 
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É 20  316HVWPXYZhij³­v®ÓÔÉ 

Fig.20  Schematic diagram of forming process of chromizing 

layer on 316H austenitic stainless steel 
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Table 3  Friction coefficient of friction and wear test  

Sample 1090�^/0.5 h 1090 ^/6 h 1090 ^/12 h Matrix 950 ^/10 h 1050 ^/10 h 1150�^/10 h 

Friction coefficient 0.0583 0.0760 0.1584 0.0902 0.0867 0.1309 0.1371 

 

 

 

 

 

 

 

 

 

 

 

É 21  ��p��²�Â) 

Fig.21  Mass loss of friction and wear of the specimens at 1090 � for different time (a) and different temperatures for 10 h (b) 
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Effect of Reaction Temperature and Time on Microstructure of Chromizing Layer on 

Austenitic Stainless Steel Matrix 
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Abstract: Using solid powder embedding technique, 316H austenitic stainless steel was subjected to chemical heat treatment at 1090 °C for 

0.5~20 h and 750~1150 °C for 10 h. The effects of different process parameters on the structure and wear resistance of the chromizing layer 

were studied. Optical metallurgical microscope (OM), electron scanning microscope (SEM), Energy Dispersive X-Ray Spectroscopy (EDS) and 

X-ray diffractometer (XRD) and other analytical methods were used to study the influence of holding time and reaction temperature on the 

microstructure of the chromizing layer. The influence of different technological parameters on the wear resistance of chromizing layer was 

studied using friction and wear testing machine. The results show that the reaction temperature has a significant effect on the thickness of the 

chromizing layer. The thickness of the chromizing layer and the chromizing time are parabolic at the same chromizing temperature. The 

chromizing layer is mainly composed of Cr

23

C

6

, Cr

2

C and α-Fe-Cr solid solution. In the process of chromizing, a carbon chromium layer is 

formed on the surface of the sample firstly. As the reaction temperature increases or the holding time is extended, α-Fe-Cr solid solution layer 

will be formed under the carbon chromium compound layer. And further increasing the reaction temperature and holding time, the carbon 

chromium compound layer will gradually disappear. After chromizing, the wear resistance of the sample is significantly improved. When 

chromizing at the same temperature, the shorter the holding time of the sample, the better the wear resistance; under the same holding time, the 

lower the reaction temperature of the sample, the better the wear resistance. 

Key words: austenitic stainless steel; solid powder embedding; chromizing layer; microstructure; wear resistance 
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