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Abstract: With the continuous development of spacecraft, nuclear powered ships, nuclear fusion power generation and other 

technologies, it is required that the material does not only process excellent performance, but also work normally under extreme 

conditions (irradiation, high temperature, etc.). How to ensure the service life of materials under long time irradiation? The design 

and preparation of metal composite with strong radiation resistance has become a hot issue in the field of national defense and 

nuclear fusion. In addition, the structure evolution, performance changes and internal mechanism of metal and its composite 

materials under irradiation are also the key to the design and preparation of radiation resistant materials. Graphene has excellent 

anti-radiation ability. What new changes will happen when adding graphene to metals? This review summarized the sequential 

advancements made in research involving graphene/metal composites and irradiated graphene, including cutting, modified 

modification, structural design and industrial functionalization. The mechanism of graphene/metal composites after irradiation is 

further understood. It provides a theoretical basis for the application of graphene/metal composites in nuclear industry. 
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Graphene with high strength, high radiation resistance, 

electrical and thermal properties, are considered as new 

strategic materials, and it will have very broad application 

prospects, especially in the field of nuclear energy, nuclear 

coating, and electronic devices 

[1-5]

. Mother of all graphite 

forms are shown in Fig.1. 

However, the zero band gap of graphene greatly restricts the 

application of graphene in nanoscale electronic devices, for 

example field-effect transistor and optoelectronic devices. The 

studies found 

[6-9]

 that band gap of graphene can be opened by 

chemical doping, adsorbing atoms, introducing periodic defects 

and introducing quantum confinement, but it will destroy the 

lattice or chemical structure of graphene. In addition, these 

methods are often limited in high technical requirements. 

Schematic of the chemical processing method for graphene 

nanomesh is shown in Fig.2. Therefore, based on the cost, effect 

and technology, how should we effectively process graphene or 

perform doping for graphene? It has become a difficult issue. 

The studies

[10,11]

 show that ion irradiation technology is an 

effective way to achieve the above purpose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Mother of all graphitic forms: (a) fullerenes; (b) carbon 

nanotubes (CNTs); (c) graphene
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Fig.2  Schematic of the chemical processing method for graphene 

nanomesh

[8]

 

 

One of the common misconceptions is that particle 

irradiation only has an adverse effect on the target material. 

The previous studies showed that fullerene can maintain good 

stability under γ radiations, it will not decompose or interrelate, 

and will not change crystal structure and produce defects

[12]

. 

With the in-depth study of carbon materials, it is gradually 

found that ion irradiation can change the crystal structure and 

properties of the target materials.  

It is shown that single-walled nanotubes will produce 

uneven surface after irradiation, and the tube will become 

thinner. Although multi-walled nanotubes also cause some 

defects and damage to the structure, but the radiation 

resistance of multi-walled nanotubes is obviously higher than 

that of single walled nanotubes 

[13]

. The study has shown that 

under the electron irradiation condition of 2.5 MeV, the 

paramagnetic defects of carbon nanotubes (CNTs) are more 

than that of the reference CNTs, and its conductivity was 

greatly improved

 [14]

. Meanwhile, some nanostructures such as 

amorphous carbon and the link between tube walls were 

produced. It can improve the macro performance of CNTs. 

Dumitrica

[15]

 also confirmed that irradiation can improve the 

macro performance of CNTs. A schematic of CNTs 

interconnected or merged under the condition of irradiation is 

shown in Fig.3. 

Both fullerenes and CNTs in carbon nanomaterials can be 

seen as a single graphene. So is it possible to change the 

structure and properties of graphene by particle irradiation? 

Teweledebrhan et al

[17]

 found that irradiated graphene was 

prepared by using electron beams, the crystalline structure can 

be changed into nanocrystalline and amorphous state. The 

structure and properties of graphene under gamma ray 

irradiation were studied by Dume et al

[18]

. It was found that 

low dose of γ rays can help reduction and oxidation of 

 

 

 

 

 

 

 

 

 

 

Fig.3  A schematic of CNTs interconnected or merged under the 

condition of irradiation

[16]

 

 

graphene, while high dose of γ rays can seriously damage 

graphene structure.  

The effect of particle irradiation on the structure and 

properties of carbon materials such as graphene is not all 

harmful, but it is also beneficial. Theoretical study shows 

[19]

 

that the band gap of graphene can be opened by particle 

irradiation, but defects will be produced. Thus, a problem has 

been derived. Whether graphene can be modified and cut 

through particle irradiation? According to application of 

materials, its physical and chemical properties were changed 

and modified. 

This review summarized the sequential advancements made 

in research involving graphene/metal composites and 

irradiated graphene, including cutting, modified modification 

structural design and industrial functionalization. The 

mechanism of graphene/metal composites after irradiation is 

further understood, which provides a theoretical basis for the 

application of graphene/metal composites in nuclear industry. 

1  Properties of Irradiated Graphene 

1.1  Experimental studies of irradiated graphene   

The zero band gap of graphene brings great limitations to 

the application of nano-electronic devices. Therefore, intro- 

ducing defects into graphene and opening band gap is of great 

significance for application of graphene. Lee et al

[20]

 found 

that the defect of graphene was produced by the proton 

incident, and the variations of the defect with increasing the 

proton energy were studied. Zeng et al 

[21]

 studied that the 

defects of graphene were irradiated by fast heavy ions and 

high charge ions, and the variations of the defects with 

increasing the ion doses were discussed. In addition, the 

studies 

[22, 23]

 have shown that defects of graphene can also be 

modified or introduced by irradiation of electron beams and 

inert gas ions. 

In fact, no matter which means to introduce these defects, 

they have a great influence on the electronic transport 

properties of graphene. Therefore, the study of the defects and 

doping of monolayer or multilayer graphene is particularly 

important for understanding and predicting the properties of 

graphene. However, there are few reports on the irradiation 

O

2

 plasma 
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effect and modification analysis of graphene. 

Recently, Chen et al

[24]

 studied that the graphene was 

irradiated by He and Ne ions. The results show that the defects 

of graphene were generated, and then these defects would lead 

to interalloy scattering, and the electron mobility of graphene 

was greatly reduced. Tapaszto et al

[25]

 also confirmed that the 

electronic structure of graphene can be regulated by ion 

irradiation. It is more surprising that the defects produced by 

irradiation, also affect mechanical properties and thermal 

conductivity of graphene. Ng et al

[26]

 found that Stone-Wales 

defects of graphene can reduce the 50% thermal conductivity 

of graphene. It is also found that the combination of radiation 

and heat treatment will have many beneficial effects on the 

nanostructured materials

[27]

. 

1.2  Theoretical analysis and numerical simulation of 

irradiated graphene 

In the field of nanomaterials, transmission electron micros- 

copy (TEM) can not only observe defects of nanomaterials, 

but also make it possible to understand how defects affect the 

properties of nanomaterials. Therefore, the visualization of the 

defect results is realized by TEM. However, because it occurs 

on the scale of the picosecond, it is not conducive to analysis 

and observation

[28]

. 

Atomic computer simulation has become an important 

supplement method for experimental study of nanomaterials. 

It can provide the radiation damage of nano-material in detail, 

and characteristics and defects in the nanostructure. The most 

important is that it can effectively control irradiation defects 

and provide the real-time information

 [29]

.  

The relationship between incident particles and steady state 

stress was firstly established by Marks et al 

[30]

. Then the 

effect of ion irradiation on the deformation of graphene is 

investigated by molecular dynamics (MD) 

[31]

. The result 

shows that the irradiated energy and the angle of irradiation 

have an important influence on the type and quantity of the 

formation defects of graphene. After that, the MD method is 

used to study the performance of the irradiated graphene. The 

effects of different types of ions, different incidence angles 

and different incident energies on the cutting of graphene were 

studied by Lehtinen et al 

[32]

. The morphological changes of 

graphene in the irradiation process were also established using 

Monte Carlo method. In addition, the formation of nanopores in 

the graphene and variety of nanopores were studied by the 

classical MD. The result shows that, compared with the 

incidence of Si and C ions, Au ions are more suitable to form 

relatively perfect nanopores of graphene with smooth edges

[33]

. 

The defect types, layer effect, ribbons and chiral types of 

graphene are considered, and the model is established. The 

effect of radiation on the properties of graphene has also been 

reported. On this basis, how will the properties of graphene 

change under the interaction of multiple factors (heat, 

electricity, magnetic field and irradiation)? Li Dongbo et al

[34]

 

studied correlation of tensile mechanical properties of 

graphene irradiated by C atoms with temperature. It can be 

concluded that compared with perfect graphene, the tensile 

mechanical properties of irradiated graphene are more 

sensitive to temperature change. With the increase of 

temperature, the tensile ultimate strength decreases obviously, 

and the ultimate tensile strain and elastic modulus decrease 

differently. 

2  Effect of Irradiation on the Properties of 

Graphene/Metal Composites 

2.1  Effect of irradiation on the properties of metal based 

materials 

With the continuous development of spacecraft, nuclear 

powered ships, nuclear fusion power generation and other 

fields, we not only require the material to possess excellent 

performance, but also require it to work normally under 

extreme conditions (irradiation, high temperature, etc.). For 

example, in fusion reactor engineering, materials will undergo 

high dose of neutron radiation, and then large amounts of 

transmutation helium will be generated inside the material. 

They will gather inside the material and eventually form 

helium bubbles. These helium bubbles will reduce the 

mechanical properties of materials, and seriously affect the 

service life of materials. The study also shows that the 

mechanical properties of metal materials will change, and new 

phenomena appear (such as irradiation brittleness, irradiation 

hardening and irradiated creep, etc.) after long time 

irradiation

[35-37]

. Li et al

[38]

 studied that the tensile simulation 

of irradiated single crystal copper. The results show that the 

tensile modulus of single crystal copper decreases after 

irradiation. Ma et al

[39]

 studied the cracks of single crystal 

nickel propagate after irradiation. It can be concluded that 

irradiation defects will promote the propagation of cracks with 

increasing the temperature. 

How to ensure the service life of materials under long time 

irradiation? The design and preparation of metal composite 

with strong radiation resistance has become a hot issue in the 

field of national defense and nuclear fusion. In addition, the 

structure evolution, performance changes and internal 

mechanism of metal and its composite materials under 

irradiation are also the key to the design and preparation of 

radiation resistant materials. 

The radiation resistance of single metal is limited. Metal 

composite material is another potential anti-radiation material. 

The excellent anti-radiation ability of graphene has been 

introduced. What will be the new change in the introduction of 

graphene into the metal? Previous studies have shown that 

introducing graphene into polymers can enhance the 

anti-radiation ability of polymers 

[40-43]

. Kolanthai et al

 [44]

 

studied the properties of polyethylene composites modified 

with irradiated graphene using 25 kGy and 50 kGy doses. The 

experimental results showed that polyethylene composite 

coating retained the hardness and mechanical strength of the 
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composites, and meantime the graphene could maintain the 

crosslinking degree of the polyethylene matrix in the 

irradiated environment, and reduce the effect of the gamma 

ray on composites. 

These studies also provide reference for the study on 

radiation resistance of graphene/metal composites. 

2.2  Effect of irradiation on the properties of graphene/ 

metal layered composites 

In the early preparation of graphene composites, there was 

an idea that the excellent mechanical properties of graphene 

can be introduced into polymers. It has been proved that incor- 

poration of single graphene into composite materials, i.e. 

polymer composites, will lead to the best mechanical 

properties. Later, Kim et al

[45]

 thought that the excellent 

mechanical properties of graphene can effectively limit the 

dislocation movement, and help to improve the strength of 

metal. Based on the special properties of graphene/ metal 

composites, the anti-shockwave properties of metal/ graphene 

composites were studied by numerical simulation. It is found 

that the grain boundary in the composite has the ability to 

adsorb defects

[46]

. It can be concluded that graphite/metal 

composite materials may attract the point defects produced at 

the initial stage of radiation under irradiation conditions, and 

graphene/metal composites are expected to become new 

anti-radiation materials.  

During the nuclear reaction, core materials under the 

condition of high-energy radiation will generate vacancies and 

interstitials, which evolve into defect clusters, dislocation and 

grain boundaries with time. The results will lead to grain 

boundary embrittlement, swelling, surface roughening and 

foaming. Finally, the mechanical properties of core materials 

will decrease. Therefore, it is necessary to carry out the study 

of irradiated graphene/metal composites

 [47]

. 

Huang et al

[47]

 studied that the interface stability of 

graphene/copper composites under irradiation environment, 

and a model of graphene/copper composite structure was 

constructed. The composite structure model impacted by the 

PKA atoms with different initial energies and different 

distances, and then the number of point defects near the 

interface of the composite structure under different 

temperatures was analyzed. It can be concluded that the 

interface of composite structure can enhance the anti-radiation 

performance, but with the increase of PKA energy, the 

graphene is also damaged by irradiation. Copper on the top or 

bottom of graphene may recrystallize, and form columnar 

structure through graphene, resulting in the weakening of 

interface stability, and radiation resistance of composite 

materials also decreases. 

Yang et al

[48]

 answer the above question from another angle. 

Based on the first principle of density functional theory, they 

studied the formation and migration of point defects near the 

graphene/copper interface, and analyzed the effect of graphene 

on the point defect behavior of copper based materials. It has 

been shown that the interface of copper/graphene composites 

have a strong capture effect on the point defects of copper. 

The defects are captured and annihilated, which leads to the 

reduction of the total number of defects. From another point of 

view, the introduction of graphene may enhance the 

anti-radiant ability of the graphene/metal composite. However, 

the interface between copper and graphene is a weak interface, 

how to enhance the radiation resistance of the strong interface 

between graphene and metal (Ni, Co, Ru and so on)? Can 

graphene prevent the development of metal dislocations? It is 

worth our expectation. 

3  Conclusion and Prospect 

Particle irradiation has become an important role in the 

processing and modification of graphene and its composites in 

the application of graphene. However, the study on the 

radiation resistance of graphene/metal composites is still in 

the initial stage. Further study on the irradiation mechanism of 

graphene/metal composites is needed. The present paper 

provides a theoretical basis for the application of 

graphene/metal composites in the nuclear industry. 

1) The radiation resistance in the existing researches 

depends on changes of point defects in composites materials. 

The number of point defects in the outer region of graphene is 

less than that in pure metal. Therefore, it is concluded that the 

composite has good radiation resistance. But the radiation 

resistance of metals depends on many factors

[47]

, e.g., the 

number of point defects produced by displacement cascade, 

and the diffusion of defects. Therefore, we need to study the 

mechanism of irradiated graphene/metal composites, and 

further to study the following three questions. How does 

graphene affect the number of point defects in metal 

composites? How does graphene affect the migration behavior 

of point defects in metal composites? How does the 

incorporation of graphene affect the radiation resistance, the 

degree and the mechanism of metals? It provides new ideas 

for graphene/metal composites in the development of nuclear 

industry. 

2) The interface of copper/graphene composites have a 

strong capture effect on the point defects of copper, which 

leads to the reduction of the total number of defects. In 

addition, the introduction of graphene may enhance the anti- 

radiant ability of the graphene/metal composite. However, the 

interface between copper and graphene is a weak interface, 

what is the radiation resistance of the strong interface between 

graphene and metal (Ni, Co, Ru and so on)? Can graphene 

prevent the development of metal dislocations? It's worth our 

expectation. 

3) The properties of graphene after radiation have been 

studied by scholars. In general, the perfect graphene is usually 

chosen. However, in the actual preparation and application, 

the large area graphene produced by the CVD method 

inevitably contains the grain boundary and other topological 
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defects, such as the Stone-Wales defect

[49]

. Then it derives a 

problem. What are the changes in the properties of graphene 

with Stone-Wales defect by ion irradiation? Are these previous 

results expected to predict the effect of particle irradiation on 

the mechanical properties of graphene with Stone-Wales 

defect? Will the mechanical properties and failure mechanism 

of irradiated graphene with Stone-Wales defect produce new 

changes? These new changes are worthy our expectation in 

the future research. 

4) The incident particles will collide with the material 

during the irradiation. When transmitted energy of incident 

particle reaches the threshold energy of the target atom during 

the impact, the target atom will leave the position in the 

crystal. When the incident particle cannot transfer to the 

enough energy of target atom, the incident atom is adsorbed in 

the crystal. The defects in the irradiation process are mainly 

adsorption defects, vacancy defects and complex defects

[50]

. 

However, it is usually to study the radiation damage behavior 

of graphene under once ion irradiation. Actually, there are also 

twice radiation effects and many radiation effects. That is to 

say, the defect structure is formed by once irradiation. It will 

collide again and again with energetic ions, so it may form a 

new defect structure

[51]

. What new phenomena will change the 

properties of graphene/metal composites still needs further 

exploration. 

References 

1 Geim A K, Novoselov K S. Nature Materials[J], 2007, 6(3): 183 

2 Lee C G, Wei X D, Kysar J W et al. Science[J], 2008, 321(5887): 

385 

3 Chae H K, Siberio-Perez D Y, Kim J. Nature[J], 2004, 427(6974): 

523 

4 Chen J H, Jiang C, Xiao S D et al. Nature Nanotechnology[J], 

2008, 3(4): 206 

5 Balandin A A, Ghosh S, Bao W Z et al. Nano Letters[J], 2008, 

8(3): 902 

6 Coletti C, Riedl C, Lee D S et al. Phys Rev B[J], 2010, 81(23): 

235 401  

7 Elias D C, Nair R R, Mohiuddin T M G et al. Science[J], 2009, 

323: 610  

8 Pedersen T G, Flindt C, Pedersen J et al. Phys Rev Lett[J], 2008, 

100(3): 136 804  

9 Han M Y, Ozyilmaz B, Zhang Y B et al. Phys Rev Lett[J], 2007, 

98(20): 206 805  

10 Carpenter C, Maroudas D, Ramasubramaniam A. Applied 

Physical Letters[J], 2013, 103(1): 13 102 

11 Zhao S, Xue J. Physical Review B[J], 2012, 86(16): 165 428 

12 Song Hu, Yang Wenning, Zhou Xiaosong et al. Journal of 

Radiation Research and Radiation Processing[J], 2011, 29(1): 58 

(in Chinese) 

13 Xu Z, Liu L, Huang Y et al. Mater Lett[J], 2009, 63(21): 1814 

14 Beuneu F, l’Huillier C, Salvetat J P et al. Phys Rev[J], 1991, 

59(8): 5945 

15 Dumitrica T, Hua M, Yakobson B I. Proceedings of the National 

Academy of Sciences[J], 2006, 103(16): 6105 

16 Terrones M, Banhart F, Grobert N et al. Physical Review 

Letters[J], 2002, 89(7): 75 505 

17 Teweldebrhan D, Balandin A A. Applied Physics Letters[J], 2008, 

94(1): 13 101 

18 Dume´e Ludovic F, Feng Chunfang, He Li et al. Carbon[J], 2014, 

70: 313 

19 Hua Jun, Hou Yan, Duan Zhirong et al. Theoretical and Applied 

Mechanis[J], 2016, 48(5): 1080 (in Chinese) 

20 Lee S, Seo J, Hong J et al. Applied Surface Science[J], 2015, 344: 

52 

21 Zeng J, Liu J, Yao H J et al. Carbon[J], 2016, 100: 16 

22 Fischbein M D, Drndić M. Applied Physical Letters[J], 2008, 

93(11): 113 107 

23 Zhang Q H, Han J H, Feng G Y et al. Acta Physica Sinica[J], 

2012, 61(21): 214 209 (in Chinese) 

24 Chen J H, Cullen W G, Jang C et al. Physical Review Letters[J], 

2009, 102(23): 236 805 

25 Tapaszto L, Dobrik G, Nemes-Incze P et al. Physical Review B[J], 

2008, 78(23): 233 407 

26 Ng T Y, Yeo J J, Liu Z S. Carbon[J], 2012, 50(13): 4887 

27 Krasheninnikov A V, Banhart F. Nature Materials[J], 2007, 6(10): 

723 

28 Frenkel A, Nordlund K. Journal of Applied Physics[J], 2010, 

107(7): 71 301 

29 Li Weisen, Wang Xinwei, Zhang Xitong et al. Scientific 

Reports[J], 2015(5): 9935  

30 Marks N A, Mckenzie D R, Pailthorpe B A. Physical Review B[J], 

1996, 53(7): 4117 

31 Terdalkar S S, Zhang S L, Rencis J J et al. International Journal 

of Solids & Structures[J], 2008, 45(13): 3908 

32 Lehtinen O, Kotakoski J, Krasheninnikov A V et al. 

Nanotechnology[J], 2011, 22(17): 175 306 

33 Li Weisen, Li Liang, Zhao Shijun et al. Journal of Applied 

Physics[J], 2013, 114(23): 234 304  

34 Li Dongbo, Zhao Jun, Hua Jun. Journal of Xi’an University of 

Architecture & Technology, Natural Science Edition[J], 2016, 

48(3): 454 (in Chinese) 

35 Singh B N, Horsewell A, Toft P et al. Journal of Nuclear 

Materials[J], 1995, 224(2): 131 

36 Singh B N, Foreman A J E, Trinkaus H. Journal of Nuclear 

Materials[J], 1997, 249(2): 103 

37 Odette G R, Yamamoto T, Rathbun H J et al. Journal of Nuclear 

Materials[J], 2003, 323(2): 313   

38 Li W N, Xue J M, Wang J X et al. Chinese Physics B [J], 2014, 

23(3): 36 101 

39 Ma L, Xiao S, Deng H et al. Computational Materials Science[J], 

2016, 120: 21 

40 Ilyin A M, Guseinov N R, Nemkaeva R R et al. Nuclear 

Instruments and Methods in Physics Research Section B: Beam 

Interactions with Materials and Atoms[J], 2013, 315: 192 

41 Zan R, Ramasse Q M, Jalil R et al. ACS Nano[J], 2013, 7(11): 10 167 



                           Yao Wenjuan et al. / Rare Metal Materials and Engineering, 2019, 48(10): 3130-3135                         3135 

 

42 Martinez-Morlanes M, Castell P, Alonso P J et al. Carbon[J], 

2012, 50: 2442 

43 Xia Wei, Wang Tao, Song Li et al. Journal of Inorganic 

Materials[J], 2018, 33(1): 36 (in Chinese) 

44 Kolanthai E, Bose S, Bhagyashree K S et al. Phys Chem Chem 

Phys[J], 2015, 17(35): 22 900 

45 Kim Y, Lee J, Yeom M S et al. Nature Communications[J], 

2013(4): 2114   

46 Liu X Y, Wang F C, Wu H A et al. Applied Physics Letters[J], 

2014, 104(23): 231 901 

47 Huang H, Tang X, Chen F et al. Journal of Nuclear Materials[J], 

2015, 460: 16 

48 Yang T L, Yang L, Liu H et al. Journal of Alloys and 

Compounds[J], 2017, 692: 49 

49 Biró L P, Lambin P. New Journal of Physics[J], 2013(15): 35 024 

50 Liu L L, Qing M Q, Wang Y B et al. Journal of Materials 

Science & Technology[J], 2015, 31(6): 599 

51 Chen Chao, Wang Dongqi, Meng Xiangrui et al. Chinese Journal 

of Inorganic Chemistry[J], 2016, 32(1): 18 (in Chinese) 

 

 

�������/����	
��������� 

 

���

1

��  �

2

���	

3 

(1. ��������	�
���� 200072) 

(2. ������ 200072) 

(3. ������ �������������� �� �� 541004) 

 

�  ��!"#$%&'(	)*&'+,-./�0123-4256789:;<=1>�?6789@ABCDEFGH&

IJ/KL�MN�OPQRSTUV89@WXYGHCDE1Z�[\]^_�`abGH>�<=1cdef89ghijkl

m�'+,-.1n�opqrcdstef89@GHCDE1uvwx&>�,xsy@z�{|^_&`abGH891}

~�@P����;<=1bGH�	������cd�������R�,x�]�������GH��@���/cdef

89s���1��&���>&uv^_s�0��x/��1
��4P�� �¡���/cdef89GH¢1,xz�i

���/cdef89@'�01��£¤�¥¦§P 

�������¨���/cdef89¨GH©ª¨«¬®¨�¯bGH89 

 

O°±²³´�µ¶1956·�¸¹º»������������	�
���� 200072.¼³021-66133698E-mail: 

wenjuan@mail.shu.edu.cn 


