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ABSTRACT: To accurately evaluate the thermal-expansion property of short—fiber-reinforced
composites, a predictive model for the coefficient of thermal expansion (CTE) was developed.
The model was based on an analytical solution for unidirectional laminates derived from thermo-
dynamic theory and incorporated orientation and length probability density functions. First, the ef-
fects of fiber distribution characteristics, such as mean orientation angle, mean length, and vol-
ume fraction, on the CTE were systematically investigated using this model. Subsequently, short-
fiber-reinforced composites were fabricated using extrusion injection, solution injection, and sus—
pension injection moldings. The fiber orientation distribution was quantified using image analysis,
and the fiber length distribution was determined via pyrolysis. Finally, the resulting data were in-
put into the model, and the predicted CTE values were validated using experimental data. The
results show that the longitudinal CTE decreases with increasing mean aspect ratio and volume
fraction but increases with increasing mean orientation angle, whereas the transverse CTE de-
creases with increasing mean orientation angle and volume fraction yet increases with increasing
mean aspect ratio. The mean orientation angle and volume fraction exert significantly stronger in—
fluences on the composite CTE than the mean aspect ratio. Both the mean orientation angle and
mean fiber length decrease as the fiber volume fraction increases. The mean fiber length of the
extrusion injection—molded specimen is 107.9 pm, while those of the solution injection and suspen—
sion injection molded specimens are 139.0 pum and 206.6 pm, respectively. The excellent agree-
ment between the theoretical predictions of the proposed model and the experimental results dem-
onstrates the reliability of the model and provides effective guidance for the optimal design of
short—fiber—reinforced composites.

KEYWORDS: short-fiber—reinforced composites; coefficient of thermal expansion; injection mold—-

ing; fiber orientation; fiber length

JEL 2T 2 3 5 5 5 ORE T AR S 1 ) A R RE
MRS REE, TE0RA . s . SRS
U EA B RN E Y IR R (coel-
ficient of thermal expansion, CTE) J&— ff &8 19
FERHE M, 24525 bR S5 A0 7R 28 13 P15 IR 9 8
feis, CTE ¥ B4 m i 0k i R Fa e v,

o R RE . B, PR R A MR CTE
XPF AR TREMNHMEITEAEEZNESE
S

TE B R T 20 T A AR B AT sl 2 4
e Tl s A s E A p ek, Bl T
WAL R A R R B ZR 5 5, INET 4k 5 A7 4k
gAgESEA. SHESHERZEMMHEEERN, R4
BB it o B 2T AR AR AT 2 AR R A S TRl HE A
21 4 (0 ) A B2 2 B AT RR IR B ST HRRAE AT
35 DOl 3 245 Sl B HE 2 LR A R Y 3 25 21 A 1
SR GBI SV SRR BT AR S K
HEXHSE A BB CTE S5 4L A A 3 B, il
N7 38 FH T 2R R A A Y 5 A5 b R B PR i
PERE UM AR A

HET, X G bRk ik M e w0 ) i 58 K
Z [ 58 )2 FE AR . Schapery ™ ¥ 21 4 Fil 54k 2
R 2 [l PR AL L, T T 22 BT e i T A
B 1 G 1) FE ) CTE B9 AT 23820, Ran %100
X £F 4 Ay Ak O 45 1) ] M BRI DL HEAT TR SR
e B e Tl i) - TR PN A ) g 2 v R A I
) ) CTE 5 2 4k i s P A i A DG, Cox™™ Y
WEFERWY, X T B ) HE A ) 40 2T e 3 5 52 5 MR
L2 A s P A i 1 e D) — A 5 27 A 1R A S 1 At
R bR T AT RSN, BUE AL R B 2 A
MR CTE W EEF B, filinfd ook, Ka-
lashami %" B AR AR R TT S T A BR oA
LIS RN E: TR OP TR EA T P e
BHE CTE. R, X HA & 28 (A HE A i 50 2F 4k
W58 5 A M B T A B TR B ATY T I L AR EE AR N
Do A ] 43 3l B R A Il G, H R X R R
Iva) HE A %) 0 2F 4 34 98 &2 5 A kL CTE a5 1R 2D
F T 2 B X5 A A 45 1) S R R D SR A R R
21 4 43 A RRAE XS L CTE 5200 A9 AH 5 20 7 FlLEL 25 o

TR o 10 5 21 A 1 ik 52 5 B RL Y £ 4 53 A1 R



26 KT TRER 24

039 B 6

TEZ T H CTE (RTH#E, WK kL4 s 12
W LB BRSO B T B SR, AR E SR
TEA B, B N REAS L & A A T AT 4
1M 1SO 22314 ZR UG B 300460 AR, TAf 4
FR. X Hum srAi, #FoE NG C & 7R 2 5%
o Kawamura 55 F] 494 7 27 W 308 4 3% T
SRBOIF N ) FAFLF YR = HEHn . SRR B &
AFX 7 B H A AR B L 5, TR By 2T 4 B 1)
A3 AT A w7 iy i I R B
2 B AG R U S TR Ao R 2 A %) A (B,
A AR 2 S B ) A, R TSR AR A
S R e 1] RN s R 7 IL Pl & S 1R DB s i €
Vélez-Garcia & ffk T 2 1w 4b 3 5 BIG Ak 23
T, DA BUGAOM R) 8, 1] Sharma 5 27 i — 20
TRICK I, AR B B 53 B 38 25 1 35 4 ity 1
S50, HET S W 25 B4R 2 M RE TR0 AE A 1
R EE T BN A 4R #E R R, 17 Sharp 55
HE— LI NVR S B I BE, B 2 I TE Sy i 15 AT
L5 50 2 Kl R

AR S A W 3R T R BOK A 3R 2T AR M ) SR
FER Gt R IE, 2RI e, #ar
TIE FH T AT e 5 A 5 AR CTE F30 A5 A
VBB T 4R 4EF- 34 Bem) ff o 2R 4 B R A
AEAR R B 2 4 o3 A R AE X &2 5 M OBE CTE /52
W MR o IS, A T ik T G o SR Tk I I e
(short carbon fiber/polyetherimide, SCF/PED &
B MR PR i R AT I, X HE 2
SY AT RRIE HEAT RAE AT B T AR 1 RAESEL . I
Je K A R A A T A Y Ol A S S
2SR T L, R TR AT AR

1 EHEEEE S CTE Fi

BT HE AT 1Y 34 25 2 AR 1G5 AL G R A 1 B
i i 2R 80 oo I o) B K 2R 55 o2 W] LLSE 3 55
BER T 22 J7 IR AT 2 0 YA YR SRR A R 45
] [} PR AR, o (R 31 AR o
o = EwaVi+ E,a.V.,
EV:+E.V,

e ViRV, o0 5l O 27 E FUEEAR AR R 2
E. 73 590 9 21 2 R AR A SRR 5 o BT v 20301
R ET HE R AR B P K R %

=4 B g HE A B S 2T A G 9 52 A bR R AT 4
K L], 27 AE s it BV 3 L — sl R 4L

QP

AP FRE R

A= - tanh (l/2)

nl/2

/ 2G
= |[——————— (3)
K Eatln (R/ro)

A G NIRRT ORI r AT EFAE; RO
S Y 2 6] 3 TR T ) S BB R L AR A R
MIETTIEHEAT, T

R_1,(m
In o 21n( V[) (4)

i) A A S 2T AR 3 5 52 B BB o8

0 _ )\E{C{fo‘I‘Emame (5)
‘ AEVi+ E.V.,

SRNT, B o) HEAT A9 3% 2k 21 R 3 5 52 A b RLRI
i 2T He 3G 52 A MR o T OB 0 35 1
ad=(14+v) aVi +(1+v.) auVu —alvi, (6)
K vifllw, 39N ERER AR, 26
BORFE AR L v 7 3RO
v="Vivi— Var. D
1 27 YE AR A R LA ) (R PE AR LT BRI
Py 25 ol [ P AL RE I, B o] HE A Y AT e R A
BRI o) RFEER L (5 HLF4EtHe b RS
B T oo B 480 Sy XoF 1 1 1) A4 RSB AT R
8T AR YA ) e R AT A B ) HE AR Y 2T A
SR MR of
o AEqanVi+ E,a.V.
T TNEW + EL,
e En B an J3 900 A 21 2 1 Bl 1) 5 A i R BRI
Jik F &L
BCRT, Ha) HEAR A % 2 A R BG R 2 G AR
af THE A

o

(2

y
|

(64

(8

gzam—O—M D)
n1+n2+n3

Horp
di = Ea ExVwnl (vi +vaVa) (aw —an) +

2Vilap — awn) + viVilaw + an — 2ap) ]
d»=EvE Vi 2v2V.. (1 —v,vi) (o, — an) +

viVu( 202 — v, + i) (o —an) ] (10
n=E.EqVil vy + (v +vio) Vit vwraVa —

(14 4v20) varviVi]
n,=EnVivi(1—v, — 2v,v)

ny=EnExViv,(14+ Vi — 202V + v.V.)



2025 4

W, T JHAENGR A A AR R BB Oy vk 27

s Eo o 50 31k £F 2 6 48 1 53 A e AR
MK Z B S TEF4E 1-2°F i NS e, s A
va =viEn/En
[, @2 (8) H iy £4F 4k s P S & B
Fe Ll —MHrim R EUS . FHARAR (9 ARefssm
1] HE AT 1 RL2F AE NG 58 52 G AR a8 315 2
A S ] HE A Y 2T A 5 A 5 M RE B £ 4
S e AR TG\ 1] 64 D 5 #1 h 0, DUIAE 1 D ) 20 T
)b 3 P 2R s T s T 4350 4277 Sy
ar = a! cos’d + al sin’f (o
ar = &’ sin®6 + af cos’0 12
B2, G55 £ A BE 43 A AR 23 A HE A
W REERIR S (DR g (0), AE5m HEA6 1)
2T 2 58 5 52 5 BB A 1] TR ) HRR2 K R AR o
o YT RIB A5
a = JiZKO(a?coszﬁ—b—agsinZO) £C1) g(o) dide
(13>
ay = Lﬂ/iﬁxo(a?sinze-kagcosze) () g(o) dide

(14
2 EAEEBEESMAH &SR

21 BAHEERESMAEE

K FH vh ep A T 2T A R0 A BR N R AR A Y
T800 W4T SYTS5S-12K, il 4 DL vb 1 & at (p
B BF & A R 2 A B 3R Bk BE W (PEI,
Ultem-1000> N 3eAR 92 & M RHARE . b, i
%N 1.8 g/em’s PEIUSEJE 4 1.28 g/cm’,
4B R 100%, By A Ok )R F 2424 0.125 mm, 4351
il F s BTt 3 L VS VBOIR BUTR TR AR R R A%
BB G  T A6 % SCF/PETE S MK

1) s vk ok e s BRI AL T LA PR
F) B AL A ] ) SUBRAT B L SK60/KY3-15-12-7,
SR A YT IR R, 5 Y 4 R R 2T 4
RBUE 43 Fe 23 3ok 5% . 10% ., 15% F120%. B
F O i 88 R BL A A B 2 E] B A A T b
MA900I1/260 3 ¥, B w] 153 2 4R B 4 L 43 5
5%. 10%. 15% F120% ) SCF/PEIZ &K, N
I B JG S A, BB - T A H R E AR
v 4 N “ 44k & & SCF/PEL: (extrusion) ”, 0l
20SCF/PEL: /R H #% th— 1 28 T 20 5 0 45 44
FUET 43 He ok 20% 19 524 41k,

2) WO BUE I AR BIFE . RIS 4%
(4B L 47 4k (R BUE 43 BB R 40%, i J5 KRR RS
—E 1 PEUK AR A ¥ 50 5 AT 1 90 45 B4k
FUE 43 ok 20% 1 SCEF/PELE & 8, nl il o fr
W 21 AR B B A BT i 4B, AT A 2 T
PEIjriE . 2, WiFh i, BHES PELB KR
JfE L3R 215 ¢ 185, WG W -1 98 M2 1% i -1
I T2 A5 B £F HEAARRLUE 43 H R 20% B9 & A R R
4y 5l 4 5 20SCF /PEIsi» (solution and dilute) Al
20SCF /PEls:» Caque—ous suspension and di-lute) .
T P8R R RS A 365 'C~385 °'C, fEBES T H—
AN T], A EEEE R 170 °C o sk g il 45 T 25 %t
FERRE MR, R[] T2 AR AT, AR AE SR
J M PELVE VR IESBALN S, Wb,

22 EA%EEEEHR CTEMIR

W ASTM E831 b ™, R FH % 4t A 9 il
FF35 43 50 W 3 1 98 Jy 1) A L3 98 7 ) X 2 A 6
RN T BB 1] 1 FAI BK AR AR AT TN . Ho
T3 VL 2 5 L R 30 'C~180 °C, FHE B K3 C/
min, MWHAFARE A, Bk, iR ER Ry
P, TR RGN Ty, RS R R
TR B IR AR AR AR AR, R O TRFF AR
B A Syl A RS K A AR A, TR SR IR R B
AR AL BRI, B AT AR A7 B8 B I R AR Ak A SE iR
2. AR IK REOTEN

oo L= Lo
Lo x(T, —T,)
Kb Lo WFESFERIRIRE To TR K E; L
FRESAEIRE TR BB . IRKHE ASTM ER31 #rifk
gR, BAMRIEAEAR DT 34, REBCOFSE,
23 AEKESGEHIT

SR FH AR 1 0 28 4 NS4 0 Rk v ) B ok
W U0 H T ORI RE LB T A IER MR R A R
AR AR R IR OTF-1200X 1, 7E 580 °C F ks
1.5h, THEHEFLE N3 C/min, ML IEASE
SIS IR TE B R AR T AR AR TR £ 4 K 27 4
FHI A FIFH TR TR E R A R A 4Rt
1) 4 AH 2 3 BE CXA40M AT 4R, i R dn &1 1
fiias, I FHECE Tmage] & 2F 4 (K 3, BEFh 4T 4
B/ 300 AR, e 2G0T B Y £ 4E K
A G WS AT R (Weibull) J3 A -

fu):4{£) wp—(é) (16)

Kb a fo I IRS BRI E S5, HIH

(15



28 KET TR AR

55 39 &4 6 U]

B1 AEKESHRITEFERES
Fig. 1 Statistical optical micrograph of fiber

length distribution

24 AHLEWEASTHEIT

W G A B BRE 0 S B i A A A, A
EMEZR G % T MATLAB A, HARGE i 72 dn
To B, BurEs s e A AR K H %L
W AR B & H AR AU AT AT LLZ Wil R . AR
J& . RPRE S PDTE HEAT IO L BRRR . BB TE B
BRSO AR B 1 B Sk T BB B b A B 27 4k 1 A R 4
JE, AR 2 FR o AR A B KR R, i T AR
oAl BIG5E BE 2 A1 A0 0F R IR A (OTSUD #
JRPE R — A8 AL s A3 T AR 19 3 K I 5305 4
G i R A 4 Ml W 28 2 4351 5 38 5 Bk 4l
B A5 B 2T A5 A (5 48T Y L A A B R, BR T AR
Ak T Ry B AR R, BT B LA G RO HE
T B 2T 24 W) AR TG\ 1m] 4 D 5 #3 0 2y °

0=cos' (s/t) amn

s @ NEFYERh A SR Ty ) Z [ F RS, s Al
G390 A T AR A T A e ) e et R B, AL 3 R
& N EFAEAE R BT 5 P BB S H T —
A AR ARE Y A

LW .:.:..,.. s .\.f ‘... .t’: "

S R 8
2 AEWMEAFHREILFBRE R
Fig. 2 Statistical optical micrograph of fiber
orientation distribution

&7 A A
¢
2
2
(a) Z4EWfA (b Z4EWAMA

B3 AEBETE

Fig.3 Schematic of fiber orientation

GEit i B (9 25 e B o3 A ol $0L5
- (sinf)” ' (cos )"
g(0)=

0,

f ( sin6 )" (cosf)* 'd6

K p Mg G RNGESE, EASNT
0.5; 0w HEUR Fe/IME 5 00 FHL I B R AE S

(18

3 GR5WR

31 AUSHHEMNEEHE CTERF G

R TR FE AR YE o3 A REAE X AR 4k Y R G M
BECTE W2, A0 2F 48 B K AR T Lo/ (270)
L Y FT B S O e FNEF HEAR LB Ve, LR 2
BAHEERMNBA ., rn=25pm, lww=90.27 pm
(a=100,6=1.5), Ounn =12.95°(p=0.6, ¢=8),
Ey =E:=297GPa, E» =8GPa, an =a;=—0.56 %
10°/C , ap=6x10°/C , E,=33GPa, a,=
38x10°/C , vu=v;=0256 , v,=036, V=
20%. RJE, HEHP A28, HRASHEA
A5 REI UL A ER AL

A E ZE D RSB a R L 178
b, 13BN Y- B AR L/ (270 X oy Fl a 1)
o, mE4 (@) i, M3 F/NT 200
BF, o Bl G 2T 2 7 AR T 0% 31 R T /)
MO AR IR ] 200 5, AR EEGE TS, X
& FH T LA 1 A K 2R R L T 4 Y G 1) B K AR
BOR, AFRdext O 2N 2 A ERT, I B A £ 4
IR AR T IE I, 27 4R X TR 2 S RE ) 1
5, TR EE A MY a0 J8 /N o (B X 2 4T
BRI KRB — e BN, 2R 4 X AR 2
Re I MEin T s e 4, WY, o JLFARBEZT 4R
PR RAR B AR AT K R R A o W B A 2T 4E T
KRB RE A, HI624 X2 4871



2025 4

W, T JHAENGR A A AR R BB Oy vk 29

KABAEE, XEh TEEGHE , 4%
TSR 1) AR, TR i) R A T AR AT 4 5 R R
ZTA) B ST, DT 5 BT A X R A B 1) 24 R
B .

4.6 38.5

a/ (106-C 1)

200 400 600 800
Lo/ 270

(a) ~FRIHAR LT S IK R B 45

20
o015 =
s o
5 e
z 10 °
~ 3
& S
5
0
O/ )
(b) “FIHR ) F 0 HIZIK R B T 45
40
o o
= 35 ¢
[
2 z
>~ ~
> 30 &
S
25
20
0 10 20 30 40 50
Vi/ %
(o) ARBU B AR 2R BRI
—— o EF YR A [ o TR 18] [F 1

- o A I - - - o 2T R R
B4 AESTHFENESHBABKRENZE

Fig. 4 Influence of fiber distribution characteristics on

the CTE of composites

WL EE S8 p . SR g KA 0, 1975
1, 153 O X s Ml B, WE4 (b) JT
IR o O REIE XTS5 MBI A ik 2R B0 A W 3 1Y)
oM o B Qe FIIE N, o SURIIG O, T o WU SR
FWlN o UL YRS A A RN ) e B, 27 4R
FEARGN 10 B 29 SR BE 0855, TR B IR TR I A
6] A2 SRAE ) o

Vi [RVAE XS o Bl oo A7 3 35 OS2 0, A& 4 (o)
FI7R o oo Al B9 FEABE S Ve B BETH T T %, LA
AT RN 22 ) S AT A 0 A R R R R A MR
WK R B AT B, K, e BB/ ViRt
FEAEBY B BT, 302 R ok £ 4 1) il ) 455 B 30
KT AR, ) A0 ik REGE /N TRk, B fE
TEVENIEBL T, 5 44K IH 2 06 25 078 B 1) 7Y
7 AR S AR 55 1) 0 oK 5 T 2 o S AR B 1) 7 1) )
S ss DR SR AR 2 AE A 1) O [l 3 AR K A b
BT IK AR .

ZE BTk, A TR, Oue F
Vi K J T 2 1 5 52 R A ik 2R B0 5 i)
W HBEEORE, AH TR 2F 4800k 45 n) [R] 1
PARE A BT R O A5 1) [ S TR 00 1) ooy T ey BT
AN, BXF o BB G, DA B AR A 2 A X S A
ML HRAEN
32 WA%HEREESME CTE N

XiF il % (1) 6 Ff SCF/PEI & & M B k47 27 4 K
B3 A M) 43 A e it Geitai RNk 1 s, Xt
Iof 1) I B 22 80003 A K T 45 SR an i S R o

F1 AZKENRELIHFRITER

Table 1 Statistical results of fiber length and

orientation distribution

54k a po e/ %«

5SCF/PEIL: 1727 29 1540 24 74 288

10SCF/PEL: 149.2 3.1 1334 23 84 267
ISSCF/PEL: 1294 22 1146 2.1 94 243
20SCF/PEL:  121.5 2.6 1079 1.7 9.0 223
20SCF/PElLss 1561 2.8 139.0 1.1 3.7 263
20SCF/PELsw 2333 23 2066 1.0 49 222

mELFR, FHE-FBTZH M
SCF/PEIR G ERE, H e F1 0 BIBEE Vi EETH
M/ o X T aEES A TR, Vil
2T Y 22 [] 2 A il 95 1 ARE 5 LA B 0 il A 1 el R
. AR R AW R B R, g
KB gy A R HoV oG, 4T 42 3 H R
WA YEh sh ok, iR S R A %%, i
AR T H U A T O 1 M) o Y Ve =20% 1,
B - T AW 2 A MRS I S 4R K
Luean 7 107.9 pm, -3 28 T 2 TR R -1 T
20 & 1 A R4 4R & 139.0 wm 1 206.6 pm,



30 K TRER 2240

55 39 &4 6 U]

B 43k 28.8% F191.5% , WA S s, T
XV AR U, o BN A TR, T
oo WA X AR R AR AE o LA, 4% 1 [) 1 A 75 g U0
25 1 RS TR 6T oo, TN ) 352 25 100 161 43 31 o 23.8 %~
31.9% Fl 21.1%~27.6%, X a» Fh 15 2% 30 6 43 501 M
15.8%~21.9% £ 18.6%~25.0%. H TS8R 21
BB, 76 XF i 2 2F 4 3 0k A b RN EAT M B
DR, BTl 37 45 52 1) £F 4 5 A M e 1 21 4k
JUAT 2 55007 45 3] 1% 3 M 4SS 2t T 55 55 590 =2 [
{18 SF- S8 A X 15 22 38 H AR T 10%5 X F 40 £ 2
WERE G M E, TR ASEILTBIAT, Ak
B TR 25 29 R 20% . R, P AR R 3 B
A R TIUIORE BE, $4 T S B PR S O O TR
BRI, LA 45 i i) A A 7 sk —

20
3 E 1SR
17.9 b
5 B A% [ AR
MHM R B0 A ) [ AT
I
~ 1’3,012 6
o 12t
< 10.4
3 9.9 9.9, 10.0
NG 72 7976 8.077
3 6.0
T 53 52
4 L

0

¥ [?Q\k 0‘3 WB e o [gﬁ\x 5 W@X«e ¥ [Yﬁ\b |?B\ P
'l

(a) AIEJ#“W)}K?&X]‘ t

60
ll%ﬁﬂﬁ&i
50F 439 N
5 3. 44.0 441 3

~ 40 T I = ) T
jo 36.835.6 36%_ 6 356 344 34.1
- 34, 3400 043 2.0, 1§27
S 30t |
<
< oo

10F

0
SSC? P g,CX [Y‘?‘“ C¥ PeN SC‘E b5 QSC‘Q RE\S Weldas -

(b) *ﬁﬁmﬂwﬂﬁ:‘f’ﬁiﬁtt
B 5 St5mieialxtte
Fig.5 Comparison between experimental results and

theoretical predictions

UeAk, TS TR, M T B I -
A& AR VR SCF/PETE &M 8E, I -1E
TR V7 W - TR YR ) 4% 1) SCF /PELR A A BHP Liean
K E T T, H, 20SCF/PELiso [ L 550

HBEA TN Oneano IR0, UNIETS Bz, A6 R 0
BER G IR A R 22 B, X AT REE th = A AR
P Y AR AR B GE T IR 220 LAY, ANAE SE T e
W, R A 2R 4 TR B A W SR A T B £
ERJE

ARSCHEF IS F IS, I 25 A 2F 4R B R

JEE PR K B M AR B R B, T T AT A Y
ﬁﬁmMHMUEWMﬁWOﬁ Cor T TR A M
HBLEF Y 53 A7 RE AR XS 525 BRI ik P BE Y 52
S3EAE BE I -TEE  R TE BRR R - TEE T
Ziil% T SCF/PELE G MEL, Siit T 2F 4 W m) Fi
KRS a‘fmSCF/PEIEAM*WLWH{%@%‘Eﬁ
ﬁTMﬁ B, R R F0 25 AR 5 S 4
frxfte, EEZBIT,

1) B #2738 5 2 2 B ) M 5 28 B ok EIOR
R B RO AT 2 G, T T BT MR R
ZAME CTE MINAL R, JE T BB 5347 T 2F
Y ATHRENE O ean Ve N ZE -2 K AR LU 0 4T 4 34
55 52 MR B P BE I S R B . o S AT 4T
KRB VEAMEE, 5w BEMHL; ol
Oean T VR TAAAE, FEFYEFHRKAR L IEAHG

2) ARG G OB CTE X 0 e A1 VY
BB & T X AR e I R AR LU U, o BT
BIRAR L8 K 202 1 Tb L B O F1 VO3S K
M 2T B

30 AHEL T4 ) [R) AR TR A% 1] [i) A A 7
RN W AR AEXT AR SRR . 2 Ve < 40%0
HAM Y or T oen AR /N T 45 0] [] PEASE AL 5 17 24
Ve > 40%} ,  PR2F 4 29 oA 2% S S B ke
T, B

4) Frih TR T A H S B AR Qs T Lo
oy i £ 4 AR B o E i 2 m i s s 2 Ve =20%
W, SEILF AR Lo 7 107.9 pm, R -5 T
2RI A W - 2 A R R AR =
139.0 pm #1206.6 pm, 318 73531 4 28.8% F191.5%.

5) PRSI HA — o W TROORS B, L rp o
WA 1o [a) MRS PE — 25 o X T o, A o) ] PE A
T By T i 22 7 B Ry 23.8%~31.9%, A WL 4% 11 [F]
PERERL K 21.1%~27.6%; FF T o, A 22 70 B 43 1)
1 15.8%~21.9% F1 18.6%~25.0%



2025 4

i, A

L 2T i 3 5 A 5 BRHEA I K 2R En s ik 31

Sk

[1]

[4]

SUN Z, ZHAO Z K, ZHANG Y Y, et al. Me-
chanical, tribological and thermal properties of in—
jection molded short carbon fiber/expanded graphite/
polyetherimide composites [J]. Science
and Technology, 2021, 201: 108498.

SUN Z, LI Y Q, HUANG P, et al. Tempera-

ture—dependent mechanical properties of polyetherim-

Composites

ide composites reinforced by graphene oxide—coated
short carbon fibers[J]. Composite Structures, 2021,
270: 114075.

kg, EMAE, Bhth, 55 PREEERLT LGP R
Il AR WF o R (D], KM 4 DR R 2
2024, 38(4): 108-118.

NIE T, WANG H C, LI R Y,

progress of thermosetting carbon fiber composites

et al. Research
recycling technology[J]. Journal of Rocket Force Uni~
versity of Engineering, 2024, 38(4): 108-118.
BB, H, XHER, 5. BURERAERIEREE S
LS8 P AR B R B H B SRR ] KT
THEKF2EHR, 2024, 38(6): 73-77, 90.

REN B Y, CAI H, LIU D J, et al. Crack self-
repairing and matrix strengthening of microencapsu-
lated resin—based composite wrapped unidirectional
plate[J]. Journal of Rocket Force University of Engi—
neering, 2024, 38(6): 73-77, 90.

JAWE, KRBT, B, A& MR A SRR AR A/
2009A1 & A& BRI Ik AR BB (D). B R e,
2024, 60(7): 977-989.

ZHOU L, ZHANG M Y, YANG X S, et al.
Simulation of thermal expansion coefficient of config—
urational GNPs/2009A1 composites[J]. Acta Met-
allurgica Sinica, 2024, 60(7): 977-989.

ISLAM M S, BENNINGER L F, PEARCE G,
et al. Toughening carbon fibre composites at cryo-
genic temperatures using low-thermal expansion nan—
oparticles[J]. Composites Part A: Applied Science
and Manufacturing, 2021, 150: 106613.

ZHOU C, ZHOU Y X, ZHANG Q, et al. Near-
zero thermal expansion of ZrW.0s/Al Si compos—
ites with three dimensional interpenetrating network
structure[J]. Composites Part B: Engineering, 2021,
211: 108678.

KABLOV E N, STARTSEV V O. The influ-
ence of internal stresses on the aging of polymer
composite materials: a review [J]. Mechanics of Com-
posite Materials, 2021, 57(5): 565-576.

FICWE, EIREK. PTG UR MU Bl A5 SR T A

[10]

[11]

[15]

[16]

[17]

af A P A BT R A5 (0] b ARRE A Kb RE, 2023,
52(6): 92-94.
HAUSMANN J, ESHA, SCHMIDT S,

Mean value-amplitude method for the determination

et al.

of anisotropic mechanical properties of short fiber
rein—forced thermoplastics[J]. Journal of Composites
Sci—ence, 2022, 6(6): 179.

MAERTENS R, HEES A, SCHOTTL L, et al.
Fiber shortening during injection molding of glass
fiber

length measurement method development and vali-

fiber-reinforced phenolic molding compounds:

dation[J]. Polymer-Plastics Technology and Mate-
rials, 2021, 60(8): 872-885.

LI S Q TIAN H C, HU G H, Effects
of shear during injection molding on the anisotropic

microstructure and properties of EPDM /PP TPV

et al.

containing rubber nanoparticle agglomerates[J]. Poly-
mer, 2021, 229: 124008.
SCHAPERY R A. Thermal expansion coefficients

of composite materials based on energy principles

[J]. Journal of Composite Materials, 1968, 2(3):
380-404.
RAN Z G, YAN Y, LI J F, et al. Determina-

tion of thermal expansion coefficients for unidirec—
tional fiber-reinforced composites[J]. Chinese Jour-
2014, 27(5): 1180-1187.

The elasticity and strength of paper and

nal of Aeronautics,
COX H L.
other fibrous materials[J]. British Journal of Ap-
plied Physics, 1952, 3(3): 72-79.

KAMARIAN S, BODAGHI M, ISFAHANI R B,
et al. Influence of carbon nanotubes on thermal
expansion coefficient and thermal buckling of poly-
mer composite plates: experimental and numerical
investigations [J]. Mechanics Based Design of Struc-
tures and Machines, 2021, 49(2): 217-232.
PENG Y H, ZHAO H T, YE J R, et al. Mul-
tiscale 3D finite element analysis of aluminum ma-
trix composites with nano&.micro inclusions[J]. Com-
posite Structures, 2022, 288: 115425.
KALASHAMI E R, ANSARI R, HASSANZAD-
EHAGHDAM M K, et al. Effects of alumina nano-
particles on the thermo-elastic constants of unidi—
rectional short glass fiber-reinforced polyethylene
composites: a finite element analysis[J]. Journal of
Thermoplastic Composite Materials, 2025: 08927057
251359545.

GUO F L, HU J M, GUAN T, Model-

ing and characterizations of mechanical behaviors of

et al.

short carbon fiber and short glass fiber reinforced



32 K TRER 2240 % 39 B4 6 I
polyetherimide composites[J]. Composites Science et al. Uncertainty quantification of fiber orientation
and Technology, 2022, 229: 109685. distribution measurements for long—fiber—reinforced

[20] PHELPS J H, ABD EL-RAHMAN A I, KUNC thermoplastic composites[J]. Journal of Composite
V, et al. A model for fiber length attrition in in- Materials, 2018, 52(13): 1781-1797.
jection—-molded long—fiber composites[J]. Compos- [28] SHARP N D, GOODSELL J E, FAVALORO
ites Part A: Applied Science and Manufacturing, A J. Measuring fiber orientation of elliptical fibers
2013, 51: 11-21. from optical microscopy[J]. Journal of Composites

[21] International Organization for Standardization. Plas— Science, 2019, 3(1): 23.
tics=Glass—fibre-reinforced  products—Det-ermination [29] RE MBS RIG P& 8 5 SR 2 BT 6T 5 {461 At
of fibre length: ISO 22314[S]. Geneva: Interna— HEATZRVERIE K AR IR B0 7 1. ASTM E831-2003
tion—al Organization for Standardization, 2006 . [S]. 2. FEEMRSIKE P2, 2003.

[22] KAWAMURA M, IKEDA S, MORITA S, et al. American Society of Testing Materials. Standard test
Unambiguous determination of 3D fiber orientation method for linear thermal expansion of solid mate-
distribution in thermoplastic composites using SAM rials by thermomechanical analysis: ASTM E831-
image of elliptical mark and interference fringe[J]. 2003[S]. Philadelphia: American Society of Test-
Journal of Composite Materials, 2005, 39(4): 287- ing Materials, 2003.

299. [30] EBERHARDT C, CLARKE A. Fibre-orientation

[23] MLEKUSCH B. Fibre orientation in short—fibre-re- measurements in short-glass—fibre composites. Part 1:
inforced thermoplastics II. Quantitative measurements automated, high—angular-resolution measurement by
by image analysis[J]. Composites Science and Tech— confocal microscopy [J]. Composites Science and Te-
nology, 1999, 59(4): 547-560. chnology, 2001, 61(10): 1389-1400.

[24] BLANC R, GERMAIN C, DA COSTA J P, et [31] HINE P J, DUCKETT R A, WARD I M, et al.
al. Fiber orientation measurements in composite ma— A comparison of short glass fiber reinforced poly-
terials[J]. Composites Part A: Applied Science and propylene plates made by conventional injection mold-
Manufacturing, 2006, 37(2): 197-206. ing and using shear controlled injection molding[J].

[25] BAY R S, TUCKER C L III. Stereological mea- Polymer Composites, 1996, 17(3): 400-407.
surement and error estimates for three—dimensional [32] FU S Y, LAUKE B. The elastic modulus of mis—
fiber orientation[J]. Polymer Engineering &. Sci- aligned short-fiber-reinforced polymers[J]. Compos-
ence, 1992, 32(4): 240-253. ites Science and Technology, 1998, 58(3-4): 389-

[26] VELEZ-GARCIA G M, WAPPEROM P, BAIRD 400.
D G, et al. Unambiguous orientation in short fi- [33] HUANG Z M. On micromechanics approach to sti-
ber composites over small sampling area in a cen- fness and strength of unidirectional composites[J].
tergated disk[J]. Composites Part A: Applied Sci- Journal of Reinforced Plastics and Composites,
ence and Manufacturing, 2012, 43(1): 104-113. 2019, 38(4): 167-196.

[27] SHARMA B N, NARAGANI D, NGUYEN B N, (i BF)



