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A RE MG B, D RE MR — i A v a0k
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o N T RERBTOMORE “SEREBL . AR . LW
PE” PR EIMES, HRETER FERBETUT =K
BAKZ, D RTHEZoEBEEI. Zehtabi-
an SFE i XA R B Z R AT A, RS-
B -EL IR I7) 5 e A 5 S0 25 1 o 3 1Bl P R I AR A 1Y
Fidrtkie. 20 RHZESHM, FIHTE HHUR R0
HER G F AR, DUPERFSE R B, 2.24 mm )RR
SnO/BaSO«/BLOs I A i 5 M ORI B Y 1
0.5 mm W ETEIAR , (&t LY FEIAE % 18%,  [A]H
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1) 6 AF T PR AL T8 10 BB . M TR G IAR I
RALIHEIM, ONT HIEA RIS
S, JFHC RS REA  Re 17, R
CNT #BEAE Ry 3 pt, 300 DLtk — 25 52 T4 R Bl
PBE ST, Fujimori %% B CNT () 5 i % 9l 2 5 i
FE T GEH 100%) & 52 m A f# A 28 Chighly
oriented pyrolytic graphite, HOPG) Fl & #)) &
(C60), AL, CNT HEFEA B Am T R B
Fb A BT e Y B i R U R A, R T TCs TR y S 2R
JEEBE A 10 mm (52 1] CNT 8 15 2 0 58 08 R 50l
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FA AR AT e B e, HOFRRIA AR
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K w M Cu/p) 530 Z TR MBS AN
JRTT R 1 S BRI o o Dl R A

AR TR AT B R B ) TR 5465, 51
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WERPE , R SCE SUR 22 1 43 FUX 2 /A8 7 1 71545
BT —BHERIE, Rik=Uh
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T (S1X10° Pa), B A REA BHRL 7 TR
FHUBE CNT W (JERE 10~20 wm) £, B
UK DIRe)Z .

i B B P RE S5 50 7 s o S R R b
7o fF“Co (1.17 MeV F11.33 MeV) FI'Cs
(0.662 MeV) fE R vy SR, L Ha M H)G
T LE W R 5 o ¥ AR B 1 2 65 R o TR
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F, I AR (D THEARHY BERSOR o

2 BEHERINEMBNZSHMETES
i i
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Table 1 Elemental functional materials”'

B RS EE/(geem?)  MR/TC
Bi 83 9.75 271.3
w 74 19.30 34220
Ta 73 16.65 3017.0
Gd 64 7.90 1313.0
Sn 50 7.31 231.9
Zn 30 7.14 419.5
Ba 56 3.62 727.0

*2 LEMTEH B

Table 2 Compound functional materials™

WwEY EE/(geem ) 15/ C
Bi.Os 8.90 817.0
Bi.WOs 8.10 825.0
WO, 7.16 1473.0
La,0s 6.50 2410.0
Gd,0Os 7.41 2500.0
BaO 5.72 1923.0
BaSO, 4.50 1 580.0
ZnO 5.61 419.6

FI F Phy-X/PSD Il XCOM F2 % £ 1 i1 2
vh TS B R BT AL S I TE 15 keV~15 MeV fiE
LN MAC AR5, R340 T 2%
BB A B 43 R 5T ) e bR A R 2 LA
REm AL MACTH, JFH@EE AR D HHHE T2
NEERMEE . WER3IWTLIFEH, Phy-X/
PSD il XCOM M 45 R 22 ¥/ F 0.1%, HA =
— Bk, HE— 2D XS W AT AR [F R A AT,
71 HH 5 B ARARL A 5 R — B

PR AL A B MAC BEE T fE B 1 728 1k i 28
Ay an i 1 FE 2 FiR o
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*3 o ERNEEME MAC K Phy-X/PSD 5 XCOMHHEZ R R ERE
Table 3 Calculated values and deviations of Phy-X/PSD and XCOM for the MAC of selected elemental

functional materials

T e Bi Ta
(MGV) Mo, Phy - X/PSD /.Lm .XCOM e/0 0 Mo Phy - X/PSD Mm ,XCOM e/%
0.015 115.960 333 4 116.000 0000 0.034 1953 134.021 969 5 134.000 0000 0.016 395 1
0.040 14.952 208 7 14.9500000 0.0147739 10.254 890 9 10.250 0000 0.047 716 1
0.060 52328927 52330000 0.002 050 4 3.568 7273 3.569 0000 0.007 640 8
0.080 2.5217256 2.5220000 0.0108803 7.587 281 4 7.5870000 0.003 709 0
0.100 5.737474 1 5.7370000 0.008 263 9 4.300477 8 43000000 0.0111116
0.150 2.082 3854 2.0820000 0.0185110 1.530 795 3 1.531 0000 0.0133703
0.400 0.239 1330 0.2390000 0.055648 5 0.188 067 9 0.188 1000 0.017 065 4
0.600 0.127 672 6 0.1277000  0.021456 5 0.107 624 3 0.1076000 0.022 583 6
0.800 0.090 366 5 0.0903700 0.003 8730 0.079 811 2 0.079 8100 0.001 503 6
1.000 0.072 1399 0.0721400 0.000 138 6 0.065 664 8 0.0656600 0.007 310 4
1.500 0.052 8499 0.0528500 0.000 189 2 0.049 774 8 0.049 770 0 0.009 644 4
4.000 0.042417 6 0.0424200 0.005 657 7 0.040 184 2 0.040 1800 0.0104530
6.000 0.044 375 1 0.0443800 0.0110410 0.041 878 3 0.041 8800 0.004 0592
8.000 0.047 254 0 0.0472500 0.008 465 6 0.044 458 7 0.0444600 0.002 9240
10.000 0.050 254 1 0.0502500 0.008 159 2 0.047 167 3 0.047 1700  0.005 724 0
15.000 0.057 207 6 0.0572100 0.004 195 1 0.053 500 1 0.0535000 0.000 1869
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Fig. 1 Variations of MAC of elemental functional 0
materials with photon energy . ) A
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Fig.2 Variations of MAC of compound functional

materials with photon energy

N VEAIAS H 2 1SR 2 vh A R Sl BE A A B i
REJ1, ASSCUARE . BB HALE Y B, W5
HMAC BT RE i i BRSSO . B, B9 9
L HAR S MAC B RE 1 A9 28 1k it 265051 4



2026 4F: TR, AR RO WD RE AR ORL S S BRI O R ARV BRI 5T 103

3FIE 4R
120 To Bi
& - 9-Bi,0;
10017 1 - o- B WOs
b
80 i ?\l 6 ..
% el
o "W o
" 60 N
5 iy T
~ 40 \ g
3 32
20} A 0.07 0.08 0.09 0.10 0.110.12 0.13
oF 97 0-0-0-000-00-0-0-0-000-00
107 10T 100 10"
KT hEE/ MeV

B3 BiEREREAESYWMACKHETHENEL
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materials with photon energy
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(3422 °C). Ta (3017 C) LIJBiLO;s (817 C) .
BLWO, (825 °C)., WO, (1473 C), Xflifd BifE
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oo BLAb, 4 3¢ b TR A )R 2023 4F i B
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BARILH.

20
—o—7n0 —o—BaO ——BaS0O,—o— BiZWO6
—o— Bi,0;—o— WQO; —o— La,Os
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Fig. 8 Variations of TVL of compound functional

materials with photon energy
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FH LA AN [R) 2l BE A 6} 1 J57 i 7

3 CNTHEEESHERMBHIEENR

3.1 H&EHE

AR ST R ) BUBE CNIT 3 JIE 7R 5o JCSW -
CFM, HAMERESHFE AP R, maisse s g A
A (b a) BHEARA A, HaiE R
99.999%, Z%Jiot® EEAMHE Cu, Mg, Pb. Zn,
Ag%, HEHEERAEDL 1 ppm,

D e S e S /AN R E Rl )
MEB-600 I 75 % % 1 5 U1 A 28 48 0017 FE i 1 45 .
ZARGET PVD JFEHE, a3 i b R 2 2% &

FHERE, FESHE FTHAASHFIBR TR
FIE B . X RGO ER T WS N T 5
T 1X10° Pa, PLEEREA 0.1 nm/s, il & m AR
B9 R, Bt I, MEB-600 % 4 Gt % £ 5 il &
R B LAk 28T ok B2 o SR,
PSR B RE S gt R R, TS EORMSRE
PE 23 X il 85 45 S 7 A e e, G IR D) RE A ORI
M B E AR 2R R R, — ROk UL, AR
s S v, PR R s R AR XK. SR A Bi A
BLO:VENZE LR, TEFE S il 28 b 95 J2 SRR il
150 nm, 17 5% TafE > 28 A U I 5 2= )5 B e Ay
20 nm. lE ARG I E 10 B R o

F4 BRECNTHEMESEHK
Table 4 Performance parameters of single-walled

carbon nanotube films

B 4
JE &/ um 10~20
S5 /MPa 30~120
EREE/% <0.5
FHE/(S-m") 0.8 X 10°~2 X 10°

FWE

B apuposEd
H5HRGME
v
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A
LD R Tl
[ s |

Fam A ALY
4 BE4SHIE T s
b

9 HmEERE

Fig. 9 Flow chart of sample preparation
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Fig. 10 Prepared CNT film-functional material samples
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Fig. 11 Experimental setup

B 1250 T £, 40 )2 CNT #K-Bi &2 & 41

BB A0S B EEE R 1.33 mm,  XF “Co S5 (14 B ik

B 4.13%; 40 )2 CNT #i I -BLO, & & b kLR

it B NS R 4 1.00 mm, X6 “°Co Bl 5 5 1) B i

B R 6.78% , LA L 2 FhoRE S 34 SR B R4 iy O

LBEMOMRE . T TallE S8 m, FrsleEs b
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5
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22 8

1230F

1220 I 033mm ) St
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SRR LR EL
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1200} A
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Fig. 12 y-ray shielding performance for CNT film-

functional material samples
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4 AREVHEESREVHIEEMNIT LT

Sy itt— 2L B AE CNT AR 52 5 B b e} i da
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X HG T AN b B 5 MBI SR S bRk e RE . L
e, BA RO B S INZE %O 40 )2, UiRE)Z (BD
B JEE 3 [ 52 S 150 nm, SEBUCH PLEER R (Silicone
Rubber) . B M (PE) ME A LM (PVC) 3 /b
B UL AR S FE P Sl AR G M R
i HL 52 5 B o R B i3 5 S B ) 45 B CNT
R B MR A Y, SR A X L AR g R A R
CN'T e JIE 1) J5E B8 5 o Ay LB AR B f . AN TR BE A4 -Bi
525 B RE I 5 i 200 2% B A RS B 1 A A G R [
13 i,

M 13 8] LA Y, 43 413k PE. PVC I
Silicone Rubber /f 24 544 19 52 5 A4 6} 57 Wi 1 BB AH 22
FEAR K o AT CNT i, >4 3 A3 bt #IR J5 32
9100 wm B, 7 iR 5 i il £ 1 CNT i fisE -
BisZ AL A Y (£50.7 mm 424D, PE. PVC
fl Silicone Rubber [ % B 45 5l b 0.92 g/ cm’,
1.406 g/cm®, 1.108 5 g/cm’, W& /T CNT j# fii
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Shielding and Lightweight Performance of Carbon Nanotube
Film-Functional Nanoparticle Composite Material

WANG Fei', YANG Miao', ZHANG Wei’, WANG Xiaobin®

(1. Rocket Force University of Engineering, Xi’ an 710025, China;
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ABSTRACT: To address the dual requirements of shielding performance and lightweight design for gam-
ma external radiation protection equipment, a gradient composite shielding material system based on syner—
gistic enhancement by carbon nanotube films and functional nanoparticles was designed. Based on the high-
throughput computation of shielding—performance parameters, Bi, Bi.Os;, and Ta were selected as function-
al-layer materials. The carbon nanotube film functional layer composite samples were then fabricated and
evaluated for their radiation shielding performance. In addition, a substrate functional layer composite
shielding simulation model was established to compare carbon nanotube films with conventional substrates,
and verify their advantages for lightweight design. The results show that a 1.33 mm-thick carbon nanotube
film Bi composite sample achieves shielding efficiencies of 4.13% against “Co gamma ray, demonstrating
excellent protection against gamma-ray. When the functional layer thickness is fixed at 150 nm, a 20 wm
carbon nanotube film Bi composite exhibits shielding performance comparable to that of 100 wm convention—
al substrates, such as Bi composites based on polyethylene, polyvinyl chloride, and silicone rubber. These
findings suggest that carbon nanotube films can enhance the shielding performance of composite materials
with reduced substrate thickness, highlighting their potential for light-weight protective equipment against
external gamma radiation exposure.

KEYWORDS: carbon nanotube; functional nanoparticle; radiation shielding material
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