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Fig. 1. SEM fracture image of LDPE and LDPE/MWCNTs composites at 77 K: (a) LDPE; (b) LDPE/2% MWCNTs.
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Fig. 2. The (a) SAXS and (b) WAXD intensity distribution curves for LDPE/2% MWCNTs composite

irradiated with 110 keV electrons for various fluences.

K14 H T 110 keV HLFHEIE S H G AEHI 5
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N, TERCIE SO BT BT LDPE 34k 5 MWCNTs
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Table 1. The o vs. fluence for the interfacial layer in
LDPE/MWCNTs.

Fluence

0 5x10% 1x10® 5x10% 1x 1016
Jem ™2

o 0.824  0.897 1.280 2.241 3.647

3 ZEREXR
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18
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14
2
[f 12
s . 1
2 1: Unirradiated
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0 " 1 " 1 " 1 " 1 " 1 " 1

" 1 "
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K3 110 keV B T4 5 LDPE/ MWCNTs & 441k
PR At h 2
Fig. 3. Tensile curves of LDPE/MWOCNTs composites

irradiated with 110 keV electrons for various fluences.
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(a) 5 x 10* cm~2;
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Fig. 4. (color online) SAXS patterns for LDPE/MWCNTs composite irradiated with 110 keV electrons for

various fluences during tensile deformation: (a) 5 x 10'* cm~2; (b) 1 x 10'® cm™2; (c) 5 x 10*® cm™2;

(d) 1 x 1016 cm~2,
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B A P P, X R B 7 fE 8 LDPE
FAR AR R UG R B 2. M E TR R
HEREMBIES x 10 cm 21, E& MBI SAXS (5
55 AN S AR R PR AN R AR B AR
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Fig. 5. SAXS intensity distribution curves along the equator for LDPE/MWCNTs composite irradiated with

110 keV electrons for various fluences during tensile deformation: (a) 5 x 10 cm~2; (b) 1 x 10*® cm™2;

(c) 5x 1015 cm~2; (d) 1 x 1016 cm—2.

110 keV electrons ——0o— Unirradiated
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Fig. 6. Invariant vs. strain along the Equator for
LDPE/MWCNTs composite irradiated with 110 keV

electrons for various fluences.
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Fig. 7. I(¢)-¢-strain curves for LDPE/MWCNTs composite irradiated with 110 keV electrons for various
fluences: (a) 5 x 10 ¢cm~2; (b) 1 x 10*® cm™2; (c) 5 x 10'® cm™2; (d) 1 x 10'® cm™2.
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Fig. 8. The orientation parameter vs. strain for
LDPE/MWCNTs composite irradiated with 110 keV

electrons for various fluences.
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5 R A e R T A8 T W A P P M ok
ARG, 4 TR SR i T 32 215E K
AWK KR Z, AR SRR T LDPE S0 4 A2

a4 RON, InJEI LDPE 348 5 MWCNTs 2H 7t 2 [6]
IS AR B RN, R BN E G AR FL i 2 W48 B il
A B T S B LR B TR R 5

F2 AFFEEHETHERE LDPE/MWCN TS (328 5 5 W38 55 R
Table 2. The o values vs. strain for LDPE/MWCNTs composite irradiated with 110 keV electrons for

various fluences during tensile deformation.

Strain/% i
Unirradiated 5 x 10 cm™2 1 x 10 em™2 5 x 10!® cm—2 1 x 1016 cm—2

0 0.824 0.897 1.280 2.241 3.647
7.5 0.951 1.039 1.428 2.417 3.842
15 1.068 1.172 1.587 2.587 4.069
22.5 1.201 1.298 1.752 2.778 4.239(a)
30 1.318 1.429 1.911 2.952

50 1.453 1.612(b) 2.132(c) 3.201(d)

70 1.572 1.776(e) 2.813(f) 3.438(g)

100 1.686 2.508(h)

120 1.825

144 1.938

: (a) AR 23%; (b), (c), (d) FAEA 40%; (e) RiAE N 50%; (f) FLAEA 72%; (g) AR 51%; (h) RiAEHN 92%.

——o— Unirradiated
il o/fﬁ keV el o sx10tem ™
0 keV electrons 1% 101 em-2
" —v— 5X 10" cm~—2
=z 35 —o— 1x 1016 cm 2
3
el
3
~ 2r
5
1k
1 1 1 1 1 1 1 1
—20 0 20 40 60 80 100 120 140 160
Strain/%
9 AR 110 keV L 7481 /5 LDPE/MWCNTs

ZeEotuwEL i e I Ve Stk S id
Fig. 9. The o values vs. strain for LDPE/MWCNTs
composite irradiated with 110 keV electrons for vari-

ous fluences during tensile deformation.

3.2.2 WAXD 5 #1

1 1 R /N f O 2Rk, X R T TR
LDPE/MWCNTs & & # ki it i 72 o () WAXD
155 AT 7 AL 4 B, A7 S AERE W 10 BToR,
B A A 7 ) D KSE D ). R Fie2D 3 X
ITHAR A B SRR T ARNER B TR E A M
LZE oy A R b ) WAXD B840 A i 2%, & 11 0
B 12 43l 48 T A ok R RO R AR R Y

A MR AR I8 J5 180 BT 45 28 07 1A () WA XD 58
Bl IR 260 £, DR RTETSREE 1(6).

AT LR B, LDPE/MWCNTs & &+ B T
WAXD 5 FE & o 355 AN B 2 IR RRAE U, 430 2
(110) A1 (200) fi7 50, BI2 fH LDPE B:A £ 5E IE
A e A AR BT S0 B A SR B RSN, (110) A1
(200) AT 5 e () 5 P R AR T AR M. M FRRIREE
KT 1 x 10" em™2 i, £ WAXD 55 /5 4 15.8°
F20.1° (A7 B I TR AT S, Xt R A M
¥} LDPE H ik o 7 o as s A i = AL IR S 0. 78
HTEETEEET 1 x 101 cm 2 i, Z48RAF:
s 7E R AR T 0o AR o R R A IR A AR, X SR
110 keV HiL %5 fE B % 40 &2 G ADRIE S i 78
7R A T AR AR AR

EEBERMT 1 x 10" ecm 2K, K
S PPRVRE SR FRTE J7 1] 1 (110) A1 (200) 77 5 0
(58 B B N B, WP 13 B, (B R PR R TR
SRR, EREFEES T 1 < 1015 ecm =28, &
B R S5 R RLRE BV AR T 1) 1Y) (110) A1T(200)
9T ST U 1) 5 P FE AR AN R A4k, R B 110 keV HL T
AR TSR ZAN I A M R FERLAR AR T I F o H B
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(d)

10 (MTFPE6) A FEEH T4 B LDPE/MWCNTs 28 JE I () WAXD 56 (a) 5 x 10 cm~—2;
(b) 1 x 10*® ¢cm~2; (c) 5 x 10*® cm™2; (d) 1 x 106 cm—2

Fig. 10. (color online) WAXD patterns for LDPE/MWCNTSs composite irradiated with 110 keV electrons
for various fluences during tensile deformation: (a) 5 x 10'* cm™2; (b) 1 x 10 cm~2; (c) 5 x 10'® cm~2;
(d) 1 x 106 cm—2.

Intensity/arb. units

Intensity/arb. units

(a) E
<
<
z
B
15 4o
N
20/(°) 20/(°)
E (@)
s
@
z
E
N Ay
D
15
20/(°) 260/(°)

11 AFEFEEBRTERE LDPE/MWCNTs ZF I REJT7 7 1) WAXD #5502k (a) 5 x 10 em—2;
(b) 1 x 10*® cm~2; (c) 5 x 10%cm™2; (d) 1 x 1016 cm—2

Fig. 11. WAXD intensity distribution curves along the equator for LDPE/MWCNTs composite irradiated
with 110 keV electrons for various fluences during tensile deformation: (a) 5 x 104 cm™2; (b) 1x 10'® cm™2;

(c) 5 x 10™® ¢cm™2; (d) 1 x 106 cm~—2.
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(b)

Intensity/arb. units
Intensity /arb. units

20/(°) 20/(%)
@ A E
I\ B
\
E
0
7.5
5\0
15 Q}o\
} ) o &
15 20

20/(%) 20/(°)
12 AN[FE R R LDPE/MWCNTs 2RI 7428 77 171 1) WAXD S8 filiZk (a) 5x 1014 cm™2;
(b) 1 x 10'® em™2; (c) 5 x 101% ecm~2; (d) 1 x 1016 cm—2
Fig. 12. WAXD intensity distribution curves along the meridian for LDPE/MWCNTs composite irradiated

with 110 keV electrons for various fluences during tensile deformation: (a) 5x 104 cm™2; (b) 1x 1015 cm™2;
(c) 5x 101 cm~2; (d) 1 x 1016 cm—2.

(a) 110 keV electrons g Upirradiated (b) 110 keV electrons Unirradiated

—o0— 5 X 10" cm~—2
—4— 1Xx10% cm—2

—o0— 5Xx 10" cm~—2
—&— 1 X 10 cm—2
—v— 5Xx 101 cm—2
—0— 1x10%6 cm—2

—v— 5Xx 101 cm—2
—0— 1x10%6 cm—2

Intensity/arb. units
Intensity /arb. units

/0

10 100 10 100
Strain/% Strain/%
K13 ARERE 110 keV B THEEE 1) LDPE/MWCNTs & &8 B AR TS 7538 75 17 (1) (110) FT (200) 777 565 06 5 12 il 17 A%
PIASALAEAL  (a) (110) I%; (b) (200) U4
Fig. 13. Intensity of (110) and (200) peaks vs. strain along the equator for LDPE/MWCNTs composites irradiated
with 110 keV electrons for various fluences during tensile deformation: (a) (110) peak; (b) (200) peak.

n A A, AR R A R S, I P AR A B B 5 a3 5 R G hE HRRE S AH ], (H AR T8 S P BRI
SN EARIBEEM T 1 x 10 em 20, B& EHTHEBEERE T 1 x 10'° cm 2 i, 258 B
FARIE T2 28 77 181 (11 (110) T (200) A7 57 068 1) 98 55 RV T 27 0] BT S U8 R P R AR FF AR . X3
B EA WA 14 s, B TFERBEEMET 1 x 1110 keV HL 4@ B AT 98 244101 LDPE/MWCNTs
10%° e ™2 I, W5/ 4R 77 1n) FROAT S 0g 6 52 ) A% A, A MRNSIAR S I SR U6 AR R R BT AR T R
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FER R R B, JRAA v S B T R AR 1
S 4.
i LT R, 110 keV HL T 48 @ 4 LDPE/

MWCNTs & & AP RHL A28 23 72 Hh 3RO 45 44 52
ARR, X 4L AL 1 R o it B0 A% i ot A e 30
P i BB KB o AT B A A
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(@) 110 keV electrons

(b) —o— Unirradiated
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14 AFEEEHTEER LDPE/MWCNTs 26 MRS TEIN I 74207 M A (110) A1 (200) #7506 58 2 56 R A7 1942 16

(a) (110) FiT5U&; (b) (200) fi7ffie

Fig. 14. Intensity of (110) and (200) peaks vs. strain along the meridian for LDPE/MWCNTs composites irradiated
with 110 keV electrons for various fluences during tensile deformation: (a) (110) peak; (b) (200) peak.
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Abstract

Polyethylene/carbon nanotube (PE/CNT) composites with high hydrogen content as a kind of structural material
for space radiation shielding have extensive potential applications in future aerospace field due to their unusual radiation
shielding, lightweight, and easy processing. In the space irradiation environment, the composites are sensitive to radiation
damage, which changes their microstructures, directly affecting their mechanical performances and shielding effectiveness.
Low energy electrons (<200 keV) are important radiation environmental factors. Effects and mechanisms for mechanical
damage of PE/CNTs composites induced by low energy electrons are studied, which has important academic value and
practical significance. Previous research mainly involves the qualitative evaluations of the changes in the mechanical
performance index of polymer nanocomposites. The inner relationship between microstructural change induced by
radiation and mechanical behavior of the nanocomposites, especially in the PE/CNTs composites has not been studied in
depth so far. In this paper, low-density polyethylene (LDPE)/ multi-walled carbon nanotube (MWCNT) composites are
chosen as a research object. Based on 110 keV electron irradiation, tensile deformation mechanism of the LDPE/MWCNT
composite is studied. The synchrotron radiation X-ray small angle scattering (SAXS) and wide angle diffraction (WAXD)
are used to reveal the real-time microstructure evolutions of the nanocomposites after and before irradiation in the process
of stretching. Tensile deformation mechanisms of LDPE/MWCNT composite after and before the 110 keV electron
irradiation are revealed. Experimental results show that the tensile deformation behavior for the irradiated LDPE by
110 keV electrons is different from that for unirradiated sample. The electron irradiation increases the tensile strength of
the LDPE/MWOCNT composite and reduces the elongation at break. Moreover, with increasing the irradiation fluence,
the tensile strength and the elongation at break of the LDPE/MWOCNT composite significantly increases and decreases,
respectively. The electron irradiation could hinder the deformations of the LDPE matrix including crystalline case
and amorphous case, constrain the fragmentation of original lamellae, the directional arrangement of the MWCNTs, the
formation of new crystal and the rotation of lamellae, especially in higher irradiation fluence. During tensile deformation,
the main strengthening mechanism for the irradiated LDPE/MWCNT composites by the 110 keV electrons is crosslinking
strengthening effect in LDPE matrix. On the other hand, enhanced interaction (mainly interface strengthening) between
MWCNTs and LDPE matrix induced by irradiation is attributed to the main strengthening mechanism for the irradiated
LDPE/MWCNT composites. These results could provide a theoretical basis and technical support for the reasonable

design and successful application of CNT-based polymer composites as structural material for space radiation shielding.

Keywords: nanocomposite, electron irradiation, synchrotron radiation, tensile properties
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