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Property Evolution and Damage Mechanism of CF/BMI Composite in Space Environment
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ABSTRACT: Objective To study the evolution performance and damage mechanism of carbon fibers/bismaleimide (CF/BMI)
composites used as structure materials in spacecrafts and provide basis for forecasting and assessing its service performance and
life in space environment used on its broad application. Methods Ground facilities were used to simulate different space envi-
ronment factors involving vacuum thermal cycling, proton and electron irradiation. Properties and corresponding damage
mechanisms of CF/BMI composite in space environment were investigated by dynamic mechanical analysis (DMA), thermal
gravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), thermal expansion analysis, atomic force microscopy
(AFM) and mechanical tests, respectively. Results Vacuum thermal cycling could induce matrix outgassing and interfacial
debonding, which resulted in the reduction in the transverse tensile strength. While the flexural strength and ILSS increased
firstly and then fell back to a plateau value, which were affected by a crosslinking effect in the early stage. Proton radiation
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could cause molecular bond breakage in surface layer of the composites, thereby leading degradation of thermal and mechanical
performance. Electron radiation could introduce both degradation and cross-linking effect in the irradiation process, while the
degradation effect played a dominant role at higher fluences and thus became a decisive factor for degradation of thermal and
mechanical performance. Conclusion The expected results would provide a useful theoretical foundation for assessing and
forecasting the service performance and service life of CF/BMI composites applied in space environment.
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BREF Y/ b g3 ( CE/BMI) B AR H
FOak | T L AR ST . TSR — R A R AR
TE T 23 0T R SR AR A PR & e A3z N, R T B
Br— IR K BB S50 AU, 25 IR B4R AR K £
BOPURARIZAT I IK BRI TE SR M T2, b B i)
WEE R RS ES RIS FREY BT T
b R TR S TR R AR S SR R R
B A A RHERE B AR T Z A0, T 2
RASTERN G 2B 5 Far . BN, &SRS 5 | & W
BEAR AT R, 8 U A MR T R R R R )
AT E M, B0 W0 AT REXTHA R 25 1G22 sl
SRR TG Y SS AR B S S AR AT A S AR S A
(R ST A 5 | A G ER AR T, s B T A AR 1
HL RN TR R REAS 5 | R A RL R 20 T HER Y, fE &
MG BERE & AR Ak, SehhE Rl
e o= R ey 1 Y S R P S W N = TR
PHBIERERG N 2 . I, WA R G A58 CF/BMI &
B MRHEZS [RAEE T B REAE b S 0it 7k, DAY T4y
H AR P AR 2 [ PR 5T T W IR PERE S 5, A7 RE
Bl b R A AR A T e 50T

SC R I e k6 2 AR AL A (R R BT R B
PAEER . 170 keV i 148 8 Jo o 4 FE X Bk £4F 2
(T300 ) /XL AP R g JE ( QY8911 —1) B A& #F
BIEFFAEHE, R DMA. TGA. IR, XPS, AFM Al
J12EMERE IS 37 7 2 /3 i E 58 T CF/BMI & & 41
RHEAR TR 23 [ A5G AR M Ab2= 2548 . iy . 3Rl
TES . AERE K T2 P e A AR AL L L LB O30

1 eSS EZN A

H2SHIER (107 Pa, —140 ~ 140 °C ) X} CE/BMI
ZAMRHFERN T tan o il EERE AR ANE 1 FTREP,
FTLAEH, tan & WEREE PG PR UCE 8 Nz 1) 2 i
T s, MM BESAFEASRIE (1) AR
233.54 ‘CHEMF 250.55 ‘C . [RIAT tan & WA PR H. 58,
(B ARALBRR 0.14 FRIKE 0.09. BEESILEEASIREE )
BN AR L R LA (R S R BE AR 5, B n T o T
BEBC MR URAOMERE , (R BEACI A A AT A 4 1
JRMY, XE AR RAFI

&l 2a > BMI #4 il 14 26 15 Bk 22 T il 26 Fil CF/BMI
EAMRHRE ML kA I &), fTIE S, 24
ARk F8 A 1) £ M K v 2 26 B0 5 A R 2R B A AUk

it AR ALK AR 2b s, S
P IKAT A AAAE W 22 52 . R, Dhra SR K
1705 £ ST il 1 B P AKAT AL, BIERSR v K Y
Fr oo 27 45 1 g LA ) A ) 9 A2 Ik A T S 1A
P 52 A0 VB S A M TS a0 ek A T A ke 3% 8 R o
FER LT, Sl 24 A 2 Jey B X 3l A B
8 P FASE g 2 S BT 25 IR IR A AR 0] 57 A 5 T s 7
JRERE i A T RS DX S 2 AL 2, O ) B i
11 03 1) T 5 ) g SRR DL A B Ik V2 4

0.16
0.14r Unexposed
0.12}  —— 48 thermal cycles
—— 283 thermal cycles
0.10f
§0.08 F
0.06[
0.04f
0.02f
O—100 =50 0 50 100150200 250 300 350
Temperature/ C
1 s IR CF/BMI & A AR SRE K 718 5 3
A5 Wi
0.0008 —— Neat BMI "
0.0006F  —=— Unexposed composite &
| —— 48 thermal cycles &
0.0004 +- 198 thermal cycles . &5~
0.0002F  —— 283 thermal cycles £ &
< of '
3
< -0.0002}
-0.0004F g
-0.0006]
—0o0008L <, ., .,
-150 -100 -50 0 50 100 150
Temperature/ C
a i
0.0006F  —— Unexposed
—=48 thermal cycles
0.0004  —— 198 thermal cycles
——283 thermal cycles
- 0.0002F
=
SR — -
-0.0002F
—0.0004[ I 1 1 1 1 1
-150 -100 -50 0 50 100 150
Temperature/ C
RN
B2 aiRiiRS CF/BMI & &M R AK AL TE Hh 2

B2 PE IR BN CE/BMI & A bR P R 1 52
WP 3 AR FRRAE 95 KRG IE K =



B15E H2H

THLEE 23 [ BREE T B AT /XU B IR 6 52 5 bR 1 RETE 16 S i 475 HL B -3

0.35%J# TAaE o BURE AR 2R A /N THEBL
P & ) A B o3 KA WU R i s 3R R R, B
HRZ MBI RAERE B UST IRRE T, iB SRR AR T
JLEHFE TS . CEBMI SRR (/T
1.00% ) S84l TR A4 AR FH 20K o

0.4

Mass loss ratio/%
o o
o o
T T

o
=

1 1 1 1 1
0 50 100 150 200 250 300

No. of thermal cycles

B3 EAs IR B CF/BMI & G MR 56 14 52

=]

KT 1 B (AFM ) WL S AR i
TSN 4 fi, HodhaRge | WEAE LA & — 2% ] A i
S BIBEARTE N AL BRI C., R IHDHLAS B G045 35 7 AR A
RERE R, AN AT YRR BE R G TR 1o 4 am] UL,
A PR B U T LU, 21 A AR S A ) 40 32
T B HHES FE i . 28 48 IR AE BN 4 b T
N, USRI, R, A R, LIRS, AR
TE i B 28 R R B CRAT MR 1 X — 4 2
JEA . 2 283 IRIVIEHACES , A 4c WL, AIXE
SEHR T A TR IR, DA B R
BT LFYE, R, M R, WA AR . $72 A0
IR AT oy B2 BRI R /Ny TR R R 2Ok A TR
[T v 7 SN U 7 B S REN D TRAR E SY ST S
CSAT R R T A5, S8 4 554 i SR 8] ) R A7 2
G, PRI B TR 2R B R 4P

x1 BEFRABEZHBEIRLERN CF/BMI £ #EHE

B H i A e
Sample R,/nm R,/nm
Unexposed 39.0 29.9
48 cycles of exposure 102.6 80.5
283 cycles of exposure 56.5 43.1

K] 5 0 ELZ8 BAF IR T CE/BMI & A AR [ 7 f
S8R P AR R R P00k 1) 7 (R B PR R R A 70.7 MPa R
W22 95 WCHBE RN 1Y 64.5 MPa I T-Ha 5 . — 7 T ,
BB L AT R 25 PR T B ICAAT A (o FE R P R
A5 DA T S SORE 1] 7 o B )RRG5 S — T, A
I 3 B I AE G T RE S| K B RS 614 N S i 24 a0 i
FEAE, WA ATRES | R AR R K SRR AL,
25 1% A R A 5405 AR AL o 52 A G PR F 4
N S FF A, IR MR T X & A MR RE R 3643
VEFR . BEAh, BIHIEER A0 309 %) 1P 5 B A P o o A i) o
i B A5 B T — R R ER .

Kl 6 Sk EL25 BUH IR X CF/BMI & & b 25 i 588 2
FIREIR o T AR 25 5 B AR Ab A Y 1649 MPa
FhE 2 48 IRPVIEIAVEF T Y 1788 MPa, Fifi i 28 i %

ok Transverse tensile strength

£8 Ch t
= ol -~ Change rate ]
32060_% . | 20 o
5} =
Z 50 -0 2
= 40} - E
Z -—20 5
£20f -—40 ©
Zi0f %
= o - -60
& & cﬂt\ cﬂc\ ao\ cﬁo\ dc\ cﬂt\
R & o

No. of thermal cycles

F5 A PIERRERT CF/BMI &4 £
GAREVR GRS

K% 1658 MPa, Jf-T 198 IRIVEH G THaE . #
PG I [ AL SR o 96 32 S b7, X625 il i
B —E D HUCGEVE T, WIS 24 5w RS SO0 1225 5 4
S M R, A B R B 2 BRI 2 ) BT D) 5
(ILSS ) 55725 fily 3 B 525 fh R AR U200, e
MRS A PPRA i (CaniE 7 i ) B3, &
i 283 YRAE IR ALBR 5, S A X% B 24 80 DX A Xt
BN, RRESIE T 2 — 2w ke, Wi &
R 2k e IR AL B — e R 5 T RRUE



2018 4F 2 A

2000

7z Flexural strength
-+= Change rate 420

—_
oo
[=3
(=)
T

110

1600 7

-

Flexural strength/MPa
S
hange rate/%

% 2
SREBERERRE

400 - % % -_20u
ol // /% % /é /% —40
NI

Q@"VQO% \b‘d b?oc*\ 0’60 \q"ocﬁ o &S q?g) &

B 6 BEASHIEIRECST CF/BMI &AM 25 a5

B 7 % 283 WHZHAEIR)G CF/BMI
B AR Bl I A6 SRS

2 BiFREBRHFIm

&l 8 i CF/BMI & A 4 HH 2 A [] o i 1 o 1
Je R WA A L0 AN P i LUE Rk
g P18y e B8 ot o O R o O BRI 347 1 B R ) R
1706 cm™ &b C= O WL Il 5 K AR, 5 AR SR AY
1593 cm™ &b C=C W idesim B I 4, HRA AT
6 Sk R 1577 om™ b TR IR G, A4
Zikyrh C=0 B MR . N—H 5 iz sh

a R HERHT

& 9 CF/BMI & & B2 A W 35 & 756 185 9 AFM JE 51

&1 10 S 28 AN [R) SR 2 1) JoT - R 5 BMIL AR 1)
TG #h£E™, M 10 A7 0L, o7 e e i B
o M Hh B B AR 388 i ) AR f bR 4 3k mT B = PR
J T R A R R T A A T S, T R T R 2 B
B MBEER N TR SRS R, RG] R T IX 2y

4000 y\&“

b 5x10%cm™

C=C HEMMARIRSN . T+ o 22 oAb 2 A FL B 24 1Ty
TR A B S AR, YERPI HI A &
A R PR S S N A AN T A R
KR N—H HE, AR C=0 5
—NH, 8{—NHR FEAHET B EEE ), ff C=0 XU
PR, PO H s H 1706 cm™ [7] 1577 em™ #6371,
4N, 760 cm™ AL A CIA T JE o C=C fERYASTEIR B)
R 3 I AR R B B R NGE, 5 1593 em™ 4k C
=C HEMP AR IR S SO0 32 B S B i 1 45 SR A — 2,
HH 5 R A L TR AT B B e 1 I 48 45440

3.0=3 x 10" cm™? 4.0=5 x 10 cm™
5.0=10"cm™ 6.0=3 x 10" cm™

»/'7\7\ 1572\ e

I N AN
W
W\/N

AR A

\
1593 760

1 \]i706 1 1 1 1 1
1800 1600 1400 1200 1000 800 600

Wavenumber/cm™

— WA N

Fl8 AR &R T BJS CF/BMI & A48
Fm LA

K AFM WL 28 A [R) SR 18 14 IR b Rk 2k
T O IE SR S A an i o Fi s, mTRLER H, RA TR
- B R R A XS RO 4E (LI 9a) , MR
WA IEF] 5x10"° em™ B, Aokhg ™k B B3 (0
K ob) 5 MR 3x10'° em™if, HRRE
BRWMESER, RN (WK 9¢) o BT
TRTE SR R 2 T A 2 T 2 Y [R] B 2 5 T B ) Ak
O, R T EOM R R 22 1 R 35
Wil BRI B BT, A Ak T o R S 43 4 R o T 32
AR, X5 T R A SR G

¢ 3x10"%cem™

HIUE Ty Je A 280, i i A kLB $ER e PR A o Bt
Je A ME R HE T BB VR A TR AL 2 AW R
T A A5 7 28 448 1

K 11 i CF/BMI & A M BHE AR SR 2 758
HE 5 i 8 P8 %) 7 A i 2 220 R B0 25 3 B P R 2



£15% H£2W

THLEE 23 [ BREE T B AT /XU B IR 6 52 5 bR 1 RETE 16 S i 475 HL B -5

—=— Unirradiated
—— 3 x 10%cm™
—— 5 x 10%em™
v 3 x 10'%cm™

Weight/%
IS o
S =)

[\]
(=
T

200 300 400 500
Temperature/ C

FEl 10 2R F R 7 RS BMIIERY TG #h4k

1660
1650
1640F !
1630}
1620}
1610}
1600}
1590}
1580}
B0———5"70 15 20 25 30
Proton fluence/( x 10" cm™)
B 11 ORI L 148 IS CF/BMI &2 4 4 RS il i
A A% Ak th £k

IR 1649.32 MPa FFIRE 10" em™ B B Y
1582.99 MPa, Ffif5 FFEIRBEEZE, 258 R A &k
#) 3x10'" cm? if, Z5Hh5RE S R 1577.61 MPa.
PR RBER AW TREWT 2L | SR TR ki

18 000

Flexural strength/MPa

15 000
&
12 000

9000

Intensity/C

6000

3000

0 290 288 286 284 282
Binding energy/eV
a HEHEHT
18 000
15 000 —C—C—
%)
@ 12 000 \\
2
% 9000} \
\
=
6000F __N_c—
30001
O 1 1 1 - 1
290 288 286 284 282

Binding energy/eV

¢ 5x10% em™

Kl 12 CF/BMI & & B2 R 9 & B 55 B XPS /) Cls

P REPR G, S iE s M PEREIR LAY BN . il T
DIt EAURIBR TR )2, X481 A PR RE A A0 25 A
B, i A2 i 52 A M 38 22

3 RTERBRHZMm

12 i CF/BMI & & #HBHEA ] i i H - 58
M5 H R TH Y XPS Cls ZrIEI5 &, R e A% =1
ARAR LS 224 A A T | Rk 1R A8 TR A [ fi
PRI o A A /NG, BRI R BT, ff
A EEEAS RN L kL A AR S R
MR N A 5x10" em™ B, SR 46 A 4 3
T, AR RIS RN BRI A A
TN Bl R R O — N & 3x10"° em?
W, FEMRAVEF S A& R R fb i, &, AE e
VAT F PR RIS L Bk 2k A1 % 1A B3 o

E 13 L TR IERTS CF/BMI &5 4 R il
WL 09 AFM K. a8 13a Fis, fRIEET R
AN o SRR N E] 3%10'° em™ B, LR
9% T 3 A3 R 1L TSR A o A R A R ) TR DX 3
Kl 13b 7R Do $5R2E 0 H - B AR 0 R AR
W m ), e A R T ) XA S K, R LA
RS N Y, 5 R R A I S T ]
e HL P ATE AL R AR B R T TR K
Bl 14 2k AT R i -5 S BMI AR R TG
M, TLIEH, 2 3x10"° em? A H 48

24 000

20 000

16 000

12 000

Intensity/CPS

8000

4000 [—

0

290 288 286 284 282
Binding energy/eV

b 3 x 10" em™
21 000

18 000
15 000
12 0001

Intensity/CPS

9000
6000

3000

1 1 1 - 1
07290 288 286 284 282
Binding energy/eV
d 3x10"%cm™

3 1 P



6 BB TR

2018 4F 2 A

MR, PG AP AR PR, T2 22 ol HL A LA
V7S B o 28 5x10" em™ BT I 19 HL TR HR S
FEL 4 TR 14 S IR (RS i e R ) S TR B o AR,
SE PSR o AR RN ZE 3%10" om™ W, BEEAE
PV 325 R AT AR E TR T R

®2 AEFRTRERTFIERE CF/BM E5##
REERASENTL™

The concentration of correlative functional groups/%

Fluence/
em? —CC€ —CN -—CO _, —CN
_ _ — —_C—
0 62.1 16.5 11.8 3.5 6.0
3x10°  86.3 8.5 24 1.6 1.2
5x10% 76.6 11.6 4.8 2.9 42
3x10'6 81.7 9.8 3.6 23 2.5

z/nm

2000

&
% 9
b 3x 10"%cm™
Kl 13 CF/BMI & &M B2 AR Wi & 58 S 1
AFM B3
100 pex

1N
Z 60
-%D —s—Unirradiated
B ——3x 1055 cm™ 2
40t
——5x 10%em™ A
——3 % 10" cm™? v,
20 ’
200 300 400 500 600

Temperature/C
E 14 2 AFEHR G &R 75 ES BMI R TG ik
15 & CF/BMI & &M EHE A [F H 7 4R

W I 25 g ) AR A 20 2 4 R R g R 3%10" em?
BF, R i VR P R A 25 ot 5 3 PR SR LR Y 1649.32
MPa [%{EE] 1631.76 MPa., Y448 B S 7 B 4k 2z in 2
5x10" em™ BF, BT AR i o 3 S, A 5R
JEREINZE 1691.25 MPa. b5 , 2458 IBA i HEiA 5] 10'°
em™ B, FEARAE PR — K 5 4 R BT, A il 5
F% % 1602.79 MPa. HFH T4 CF/BMI 2 & #
B VE FAURBR T2 102 N, DRRA Ak i) 25 il 5 14
TERRAR S — 2 B2 et T A

1750

Flexural strength/MPa

Electron fluence/( x 10'5 em2)

B 15 ARG 7585 CF/BMI &4 # R il 5%
B 1y A8k

4 Lt

SCHR R GEHIBETE T A TR 2 (6] PR [N R AL AR s
PAEER | BT M T4 AR AR CE/BMI 2 541 RHY
PERE AL AR DI LEE . ATFERIT, i s B A
TEINRENS 51 A A BRI SAT S B S T BRSO
(52 5 AR i e B8 ARG PR B 400 S8 ) [
SRR Ty A PR RE AR B T —E B AR
25 5 5 R () 5 ) 50 R S B T v i R AR A A2 Al
R TR BRRE RS 5| A bDRE R T2 AL~ H A T SR
WAk, SERPRSRE > T AR A i U . 5
Jot7 A PR B BRI SO TR, F A R AR R 5 | e 2k
TR Fgp 280, AEL G Af VR e 28 3 R R BE IR A
(B R 2R ol o b T PP S vE R S 48 CF/BMI &
B B 23 B PR 58 N 3R A T 09 1 g e Ak S 1 L
B, LIS DA R0t VA -5 B0 AR 25 [ 2R T (9 R
BEVERE AN AR A 75 1 o

S 30k

[11  REX. SRt 2 A BEEkC), 81T =4
[ E M B B AR FAR RIS SC4E. Mt P E
Ml B2 85T e =428 TALBFFE BT, 2009: 117-132.

[2]1  BRF, BB @0 T a8 eEM] deat: (2T
b H R E, 2010.

[3] BAEFR. QY8911 Wlig HRA R TN ], TRE¥R}
NFH, 1995, 23(1): 1-8.



£15% H£2W

THLEE 23 [ BREE T B AT 2/ XU IR 5 52 45 B ARk A P8 T3 1 B A8 A BIL 3 -7

[4]

(7]

(8]

[10]

[11]

[12]

[13]

PAILLOUS A, PAILLER C. Degradation of Multiply
Polymer-matrix Composites Induced by Space Environ-
ment[J]. Composites, 1994, 25: 287-295.

GUBBY R, EVANS J. Space Environment Effects and
Satellite Design[J]. Journal of Atmospheric and So-
lar-Terrestrial Physics, 2002, 64: 1723-1733.
TENNYSON R C, MATTHEWS R. Thermal-vacuum
Response of Polymer Matrix Composites in Space[J].
Journal of Spacecraft and Rockets, 1995, 32: 703-709.
SHIN K B, KIM C G, HONG C S, et al. Prediction of
Failure Thermal Cycles in Graphite/Epoxy Composite
Materials under Simulated Low Earth Orbit Environments
[J]. Composites Part B-Engineering, 2000, 31: 223-235.
SHIMOKAWA T, KATOH H, HAMAGUCHI Y, et al.
Effect of Thermal Cycling on Microcracking and Strength
Degradation of High Temperature Poly Composite Mate-
rials for Use in Next-generation SST Structures[J]. Jour-
nal of composite materials, 2002, 36: 885-895.
LAFARIE-FRENOT M C, ROUQUIE S, HO N Q, et al.
Comparison of Damage Development in C/Epoxy Lami-
nates during Isothermal Ageing or Thermal Cycling[J].
Composites Part A-Applied Science and Manufacturing,
2006, 37: 662-671.

MEI Z, CHUNG D D L. Thermal Stress-induced Ther-
moplastic Composite Debonding, Studied by Contact
Electrical Resistance Measurement[J]. International Jour-
nal of Adhesion and Adhesives, 2000, 20: 135-139.
NICKERSON S, MAYES J S, WELSH J S. Mul-
ti-continuum Analysis of Thermally Induced Matrix
Cracking[J]. Engineering Fracture Mechanics, 2005, 72:
1993-2008.

LAFARIE-FRENOT M C. Damage Mechanisms Induced
by Cyclic Ply-stresses in Carbon-epoxy Laminates: Envi-
ronmental Effects[J]. International Journal of Fatigue,
2006, 28: 1202-1216.

PIRLOT C, MEKHALIF Z, FONSECA A, et al. Surface
Modifications of Carbon Nanotube/Polyacrylonitrile
Composite Films by Proton Beams[J]. Chemical Physics
Letters, 2003, 372: 595-602.

Zfh, B0, WEE, 55 R SRR T4
FERIBBUGIIFI]. PPREALLBEEAE, 2009, 30(2): 25-
27.

BHADRA S, KHASTGIR D. Degradation and Stability of

[16]

[17]

[18]

[23]

Polyaniline on Exposure to Electron Beam Irradiation
(Structure-Property Relationship) [J]. Polymer Degrada-
tion and Stability, 2007, 92: 1824-1832.

PILLAY S, VAIDYA U K, JANOWSKI G M. Effects of
Moisture and UV Exposure on Liquid Molded Carbon
Fabric Reinforced Nylon 6 Composite Laminates[J].
Composites Science and Technology, 2009, 69: 839-846.
ZRIE, 223688, TKEHT. S RBRHRY R AR e
ANFTIMALIILT]. APRMIETE 412, 2003, 17(2): 113121,
KIEFER R L, ANDERSON R A, THIBEAULT M H.
Modified Polymeric Materials for Durability in the
Atomic Oxygen Space Environment[J]. Nuclear Instru-
ments and Methods in Physics Research B, 2003, 208:
300-302.

JOHNSON N L. Environmentally-induced Debris
Sources[J]. Advances in Space Research, 2004, 34: 993-
999.

YU Qi, CHEN Ping, GAO Yu, et al. Effects of Vacuum
Thermal Cycling on Mechanical and physical Properties
of High Performance Carbon/Bismaleimide Composite[J].
Materials Chemistry and Physics, 2011, 130: 1046-1053.
T, BRT, BEAR. DL 4/ XU A AR A A A RHE A
PRI R b BN oAl B BUERAU D). FOBMIFTE 2741,
2012, 26 (6): 583-589.

YU Qi, CHEN Ping, MU Ju-jie, et al. Surface Molecular
Degradation of High Performance Carbon/Bismaleimide
Composites Induced by Proton Irradiation[J]. Nuclear In-
struments and Methods in Physics Research B, 2011, 269:
318-323.

YU Qi, CHEN Ping, WANG Li. Degradation in Mechan-
ical and Physical Properties of Carbon Fiber/Bism-
aleimide Composite Subjected to Proton Irradiation in a
Space Environment[J]. Nuclear Instruments and Methods
in Physics Research B, 2013, 298: 42-46.

YU Qi, CHEN Ping, GAO Yu, et al. Surface Analysis of
High Performance Carbon/Bismaleimide Composites
Exposed to Electron Irradiation[J]. Surface and Interface
Analysis, 2011, 43: 1610-1615.

YU Qi, CHEN Ping, GAO Yu, et al. Effects of Electron
Irradiation in Space Environment on Thermal and Me-
chanical Properties of Carbon Fiber/Bismaleimide Com-
posite[J]. Nuclear Instruments and Methods in Physics
Research B, 2014, 336: 158-162.



