1132

HABIE S5 (A ) #@X No.04-0758
71 % 708 %5 (2005-8)

‘SR L TS AF v o RIZEITS

BEHERE D—M LIS DR R D gt
¥ OB & BB, om oW R, RO B R
Generalized Stress Intensity Factors at the Fiber End
in Fiber Reinforced Plastics
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1-1 Sensui-cho, Tobata-ku, Kitakyushu-shi, Fukuoka, 804-8550 Japan

To evaluate the mechanical strength of fiber reinforced composites, it is necessary to consider
singular stresses at the end of fibers because they cause crack initiation, propagation, and final
failure. The singular stress field is controlled by geseralized stress intensity factor (GSIF) defined
at the fiber end. In this study, periodic and zigzag arrays of cylindrical inclusions under longitudinal
tension are analyzed by the application of the bady force method. The unit cell region is approximat-
ed as an axisymmetric cell ; then, the problems are solved on the superposition of two auxiliary
problems under different boundary conditions. The GSIFs are systematically calculated with varying
the elastic modulus ratio and spacing of fibers. The eff(;cts of volume fraction and spacing of fibers
are discussed in short fiber reinforced plastics.

Key Words: Elasticity, Composite Material, Fracture Mechanics, Body Force Method, Generalized
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Fig.1 Unit cell model for 3D arrays of inclusions
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SKHT 1-1). (d) Axisymmetric unit cell model (e) Local polar coordinate
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Fig.2 A cylindrical inclusion in a unit cell
Uo: Average displacement at r=1,

( Yo : constant displacement at = lzz)
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Fig.3 Auxiliary problems.

WBHASOERTHS. 8/, FAEKRILELRAE
KNEYELRIBRECBVNTERNERSTH L
EEKRL, [, o=y FELOBRECEWTHIANE
BATHELZ2BHRT 5.

1 1
—EFan(sl)_EFnll(sl)

+Iz, h,.,. (’l S,) er(’x)d’] +Jn h..)ZM1 (’1 Sx)Fxm(rl)drl
—j hFdl (71 5 )Fnll(rl)drl —JI. h::“ (rl’sl) “(r')d'i
+I thm (rzvsl )sz(rz)dr +I hﬁm (rz’ 1) Mz(rZ)drz

I “'nn

_I hFMz(rz'sl)sz(rz)dr Ih (rZ‘Sl)E”(rz)drz

2 “'nn 2 "Fnn

=0 < (8)

ROINEYRERLOBERRKMSR 0N -0, =02 KT
e DRY Tuy— T =0, Up—1,; =0, uy, —u, =0F LU
A=y FEER EOZRGX(Q),Q)HEIRICKRTE
3. SIT, .ty (Oup Ty (IEEBREK D AR
LERBFERECELCIEMERANTHY, (1),
(g, T,g) (IR | OARRNEME R ZREBR LEIC
HEULIEMERANTHD. ARIFATIE, WRE &
BIREA [ [CHBVWTAEYIREBBE LI REMBE—HEHE
570, BWR& 01y FIVBEROMRICHERA
ERTESED, TabL, TEOEEFR,, ~F,13X(09)%
HBETS.

[Z;: Z'Zz:l[szil [;1:{':; Z‘Lﬂ[ :"/21}

HEASAERIOBMEKERFDO 25, RN
EYHE LUy FEIVERIREBRENSDODHOD
BEARMICHFMER4CTT. BERAED DKL
AEBORAMILBERITENE L THBETS L, 22T
3, —RICE—RILE-RID2EBHDOERMEL D

(9

1 i
axl, =J'0 o, |,=:2mdr}at —

------- ~~o Ol 1::1.. =0
o Tralemi el =0

————— T bl 720

" : uzlz=x"“zlt=14,=uzo
|
P a,xznl, l,= I zt:r,|'_‘%zr1,zd1}
i el

a r=l,

F = KlA,

Lh o‘fl"‘n

(@) Uy =0,u,=c, (b)Ug=C,,Uy=0



TR 7 T A F v 7 281 B BRHERE O —RALIS IR R DT

1135

T, REBERLCHHESEBEGB/NE & FICH
LTE 106 =0ARICHT 3R (E— KI) &
HHER (E— K1) 0 2 @AOHHRRZRAT 3.
5 DIREBAD 4, - A~ 4, DRE IS E £ B HBNELL
FIRT &S CEABEBRM (17, 2 WEBICKHL

THHBLUVERHEREZ2RRT 200 EE) LEH

BB W, ~ W ETELTS ((10)).
an(rl) (1) an(rl) Wn:\rll(rl)rlll_l+wnfrll("l)"lh—l
Ml(rl): ( )+FM1(’1) WMI( ) M I"‘WM(’) 111 N
Fy (r) = By (5)+ B4 (7)= Wy (r)Rn ™ + Wiy (n)5 ™!
F;n(’x) F;;l )+F:;l1(r1) W:;l(l)rlll +‘Vlfl(l)lh-l

+(10)
Wan(r) = £ ant, Win(n)= £ b
Waa() = S e, Wii(n)= L dp
Wnlll(rl) = 'gl en”! th'l(rl) =§1 A
M M
Wi(n) = I 8% g Wllnl(rl) =3 5!
i e - - (1D

HOOICEENDEAZERY M, 7 (JREBAK
WESECOVWTHRBNEEONHEBERSKRRATS

(E—FRI) 0XEXE2RRTS. FBHATAHLSR00)
ONDOXRRIZ, WREMBICHIGT S ERFESLUSND
ZREEZSFRN. #>T, KOTEREIN DL (CER
K ICHRBOAFEDEME—HEEI LD CAENE
SHmEEDH. LEDLSIaBBILFRICLY, KR L
LB ICRALATORRARGELSRO1)Da,~1F
DEBERETNEL, BEBRS A BIOBRNESNS.
FLT, NEYOREBAICBMLTERESNLSDIEX
RBK . Ky, (FHEBA RIRTOELBHEO W (0),
wi(0), WH0), W) hERHENS.
4. BRABRBLUER

4.1 MOWEHE FH2ICRTLOML3RTRINE
BTAERNEDOHEBOTFSMBAICENT, NEY
Ly bEIVOTERBINELG, G, 2 A TH#R
OIS HIER BRI K, K2, DBIRET /. 18, &
RYTRBEEDEDVY=v,=03 L. £1(3,
Fi a0 Fp  DIERIZ S EHBARIC ST 5 ED FioE)
DRROHIZRT. ARICAVEEROBEEREDH

Table 2 Mechanical properties of carbon fiber-

reinforced plastics
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Table 1 Convergence of F,,and F, ,,

CLyl1,=30, L/l =31, 1,/l,=22)
M G,/G,, =60 G,IG,, =10
FIM FIIAZ FIM FEAZ
3 0.4398 |0.5354 |[0.4588 |0.4872
4 0.4407 |0.5368 |0.4613 |0.4921
S 0.4416 |0.5375 |0.4628 |0.4925
6 0.4413 | 0.5371 |0.4628 |0.4924
z
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48, —%
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L, _.mb’ =5/3
b, =5/3
L,=20 2 2 toe—f
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1 B == e_ll_
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Bio r
1,=1
=5

Fig.4 Boundary division(l,/l,=10,1,/l,=5,1,/1,=2).

Polycarbonate| Polyamid |Polyphenylene
Carbon fiber |/ Carbon fiber | , o Sulfide
arbon fiber |/ Carbon fiber | / carbon fiber
Young's modulus
of matrix (MPa) 2000 2800 3800
Density of matrix|
&/om® 1.19~1.23 [ 1.14~1.16 1.35
Young's modulus
of fiber  (MPa) 235000 235000 235000
Density of fiber
&/ cm’) 1.80 1.80 1.80
Aspect ratio of
fiber (average) 30 30 30
Elast;c r:tlo 118 84 61
Weight percent
of fiber (%) 30 30 30
Volume percent
of fiber (%) 122.08~22.68)21.37~21.65 24.30

Table 3 Mechanical properties of glass fiber-

reinforced plastics

Polypropylene | Polyethylene [Polysthylene

e I / Glass fiber |/ Glass fiber |/Glass fiber
of matrix (Mpay| 9001300 | 950~1400 |3100~3200
Pensity of, M3t 0.69~0.91 | 0.94~0.96 | 1.04~1.05
Youna's '“°(dhj|‘;}:) 76000 76000 76000
Density of, fber | 251 2.51 2.51
et o | e [ w

lastic gatio 58~84 54~80 | 24~25
Nelrt. P 40 40 40
X;";‘i:’; "e'c‘(a;;‘) 19.09~19.44/19.96~20.29[21.62~21.79
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Table 4(a) F,,for zigzag array and periodic arr
(G,/Gy =60, I, /1,=30)
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Table 4(b) Fy ,,for zigzag array and periodic array
(G,/G, =60, I, /1,=30)

Volume casel case2 case3 anume( casel case2 case3
percent percen!
f fiber |Zig-zag|Periodi ig- iodi ig- iodi Zig-2ag|Periodic ig- iodi ig- iodi
o!%!er agrayg :prgym Ip/1, Z;g";yaiP:'r;gdxm lalla Z;g";yai P:Prgdy.c g1, of&ger array | array |k/b Z;?.—:;g P§,’}33’° L/, Z;g";;g P::',:g'c g/l
25 10.41310.381 (15.78|0.626 {0.388 {17.71 {0.118] 0.362 {20.58 25 10.456]0.395 [15.78(0.792 |0.384 |17.81 [0.315(0.368 |20.58
20 | 0.4480.445 [14.09 |0.708 | 0.428 |19.61 |0.116(0.398 |25.72 20 |0.54110.508 [14.09 ]0.975 [0.481 [19.66 |0.378|0.436 |25.72
15 |0.511]0.499 |12.18|0.825 | 0.455 [20.37 {0.129 | 0.342 | 34.30 15 [0.655(0.589 |12.18(1.048 | 0.560 |21.27 |0.403 | 0.433 | 34.30
5 0.861 |0.811 [ 7.02 |1.127 [0.778 |48.13 [0.568{0.718 [103.11 ) 1.253 |1.198 | 7.02 |1.498 [ 1.178 [46.32 [1.055( 1.138 [103.11
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Fig.6(a) F,,for periodic array Fig.6(b) F; ,,for periodic array



SRR 7 T R F v 7 AT B T B BRHEIRER D —RALIG T IER R B D AT

1137

ICHLT, THREFIDBESIBAEMSRELTNSC
EMAMB. O LR 2ARDBCHER (RAENE
) OFSHRERTHT 9 LUBBATES.
B7ICRTL ICHENSRRICEEENTS18E8
(1=10) 1, ZDEEICHE>TF,,, . Fp . ZROEHES.

1.1 - o =0c"
Lo AR
’ R 130
08 bR ,
Fia, 08
nlvD. 0.7 1.&\ -
0.6 "2//
0.5 = 7
g =
0.4 .
0 1 2 4
1.3
1.2 fi=0.
1.1 \
1.0 =l
F”-MO.Q =3
atD 4 g N (
0.7 L=
0.6

°11d34531ll

Fig.7 Results for two rectangular inclusions under
plane strain

(a) F ;,at D vs.d relation (b) F; ;,at D vs.d relation
(G, /Gy, =100.v, =v,, =0.3)

Table 5(a) F,,for zigzag array and periodic array
(Volume percent of fiber =20% ,[,/1,=30)

LD LMD ICRBEENAKE (1=01,2) TEE
TRIBAICIRE,, . F, 0T 5. FTREITE, 1
AOBCMHITETEE, tOBBIHDEERD
BALCHFETHDT, BHOT AR M1, /1, H548M
THLE, BBMOBHDERICHE> T2 DOOHEN
EUBZEICRD. £oT, FHENTIE, BMHsH
BICEELTRET 353 BENMBETROBBMENL
U, F o F n RICRABZEESEZRAONS. SO
AR OBRSEESELLTHRHSNS. B,
HHOABEFENRD T BICONTEDEAMIIA
ERY, ZOLEDBHDOT AN FLEbAEL<
EoTWL.

4.3 PBIHLOFSBEAOEECOVNT  KRIC
HUEOKBREAEY, =20%, HEDT ARSI ML
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G, IG, EBMDT ARG Mt 1,11, 2HLEET 4.2
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Table 5(b) Fp ;for zigzag array and periodic array
(Volume percent of fiber =20% ,1l,/l,=30)

casel case2 case3 casel case2 case3
G/1Gu {zi i Zi [2ig-2ag|Period iaded ! % |zi 2i [2i v, - 0%
a’r’ra;’ array Lll, .’rray’ array falla ;?;:;g ::‘rayc L'l 3;:;9 r:;:;“ Ll é—::g P:I::lc L1, g-::g P:,':Sk L/,
10 [0.368 [0.363 [14.09]0.609 [ 0.337 [18.43 [0.105 [0.270 [25.72 [0.617 10 |0.582 | 0.567 |14.09|1.038 | 0.507 | 20.50 [0.402 | 0.453 [25.72[1.124
60 |0.441 |0.435 [14.090.693 [0.404 [19.31 [0.119 [0.361 |25.72 |1.556 60 [0.537 |0.503 [14.09[0.967 | 0.470 [19.81 |0.435 | 0.435 |25.72 |2.156
100 ]0.463 | 0.440 |14.09 | 0.740 | 0.382 [19.58 |0.111[0.305 |25.72 [1.943 100 0.492 | 0.476 |1409]0.850| 0,429 |18.77 [0.356 | 0356 [25.72 (2,673
2 T T I 3 r T T 7
F Vv, = 0% G, /Gy =100(h, =0.7632) | ¥ F,, [ V0% G /Gu = 100 (; = 0.6218) {
LAl 4 b e
2.5 9
15 v, o 60 (A, = 0.7660) ] Vi = o% 60 (\, = 0.6384) ]
V,=20% , [ i
I/, =30
[
Tr 7 1.5 | B
G,/G, =100 60 Vv, = 0% 10 (A, = 0.7857) ]
4 4 (A, = 0.7857) ]
7 ; 10 (A, = 0.731)
/, 0% A‘;\:ﬁ& [ Y 1 F 8 G, /G, =10 7
0.5 b [ ]
ot 10 05 F <39 60 3
- V, =20% £ * Vv, =20% 100 N ]
0 I 1 I . N oL ) 1 i .
10 15 20 25 Iyll, a0 10 15 20 25 L1, 3o
2 Fig.8(a) F,,for zigzag array Fig.8(b) Fy ,for zigzag array
T . — T 3 —
3 T T T T .
F,, v, 0% G, /G, = 100 (A, =0.7632) { 702 v, ~0% G, /G, =100 (A, = 0.6218) 1
2.5 3
Lo 60 (\ =0.7660) ] it 60 (A =0.6384)
2 r _'
r ] 15 [ ]
g Vv, 0% =0.7857) ]
Vv, 0% 10 (A, =0.7981) L 10 0y = 0.7857)
0.5 + - G,1Gy=60 109 4 V, =20% G, /Gy =10 © 3
o ;Hr‘—-__..__ﬁ__;;, Lil,=30 o5 a =z . ]
v, =20% 10 [ 6= ]
Il ! 1 " v, =20% 100
0 0 | B 1 It . N
10 15 20 25 Iplly 30 10 15 20 25 LI, a0
Fig.9(a) F,, for periodic array Fig.9(b) F; j,for periodic array
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LEBDTHS. CNOSORBICESHIFREES (K
104, 1,) OEHRLTWS. B8, 9LYURUHEM
ZHRMGETS, G, /G, =10—100 LBItELEASHENT 3
[CHE> TTFSHRMKRELRY, BHMSEMCHELETS
B8 (RBIMDV, »0) ELRTE,, . Fy,,OR 0O
BNKRERBZENIMND. MAILG, 1G,=100TI(T,
ARENETRERIOBEESDT, F ;). Fy, OED
WO TET BBAOME A, ,, P, L1
RTHhHu /F’-"llv,-»o =0.06 ~0.38, F1., /Fll.lily’_.o =
0.13~0.32 TH3DICHLTG, /G, =10 Tl
Fosil Fral, o=017~0.99, Foia /Fiul, L, =0.36 ~
092 THY, HMULSHMTHEETIBRELIZLALE
boRRWEEHHS.

4.4 HEORBLEEMNICOVWT  AFRXTIIA 1
(a), D) ICRTABERISLUVUTEEIOMBERY
ok, ChHSDETFNLVEHOGKEE—TDH L
THENITHEORYIZERT S L, K5, 6£ES8, 9
JYUBHET M SBRIRICET 2B %2kKkE, 1=y
FELDTARS b, 11, Z2RETNIE, BHEERD

22" "r2

HRISHENESTEZESDMS.

5.% B
M) 2on#HBMBDCEREDLELY, B 1()D)ICR
THAMRNETFESEREIICHT I REBUERBOE RN
DBEEXRYT 5 — AL HIL KRB ERIRT 5 5%
ZRLAEMBZI=y FRIAKICEERZAT, 0
BREGZARNEOHERRS HBXICL > TRRL,
REHPAYEBABEMHREELUXTELL TR /.
KREOEMHBILTSRAF v IRDT—% (K2, 3) &
BICHBONEERERRICRLE.
(2) AURS (1) CEWTHHEDKEISEEY,
MEMETBEFR,, .FpnEBICREYT S (E6,9). V,=
—EDIBE, BHDTARS e, /11, 58MT 32D
NT, F . Fy, DESERCHICH LTS, BIEHAR
ICHTTIHHMSBETHLMRMELS. £
ZORVERIHEOERRIFENRENITERE .
(3) FHREY (H1(b)) CHEVWTHHEDKEIFEY,
WENTBDEF,, . FpWnEBICHPTS. AL, ZOR
VERBHOT AR b, /11, ICE&ET S (85, 8).
5V, =—FEDIEE, BHDOT7 AR ML, /11, 0F1E
ICHLUTHYAS BESHDHICHAELTRET 555
BEDMBEBTRGOBIREMLY, F,, . F, ,EICERKXEE
ED. e, HMOARESFENSKREWMIEFR,,.F)
DERKRES, HROPFEHBARE 3.
(4) BUEHESTHRIPAMENZLZTIBED
Foa Fp n ZHACBHENBERTHEETIHRELLEXS
&, AUBAZENZGTOHRMLLEOMICE> TTFS

MBEKREMY, BRTHEETZBALYGE,,,
Fr n DRODEBHRENS.

(5) HEDHEE—ED b & TRENTHBORIIE
ERT L, HEQ), Q)& UBHET 5 MM AR (18
THBAERE, 1=y FELDTARS ML/,
ERETNIE, BERBOBRBNENESTEST
EMBEMES L.

%2, 307~ FHATRIEY - RESXEL OB
hEBE. &F, BREEEHCHUAERERR
EBHEOWHEBLE, R<BLBLLFET

=

X (7)) DBHICONT EZon=MaEE1
BLGHR 1 (@1, 2=y b EICHERT ZEHD
FEN o, =0,0,, =0TENEEDERTALS Nk
KEHL, Fp, . Fy, THD. ARICHRE (b) ICFRY
&>ic0,,=00,=0, DKIEEERS. TOLEDE
RIEALBHIERERIL F,,  F,,, THB. Thd EAE
2[R B4 DHBMBADFHIEN o, 0,y 0,, 0, ICK
AL > mBESKITS.

O. O,
F;?A, ZF;.J, +ET-F;‘A" F;,b;., =Fl,z., +;:'F;,z, - (A1)

a g, [} .
Fra,=Fpa +?7Fn.x,’ F;.;.) =1l +-o.—:Fﬂ‘l,' - - (A2)
HAD, (AL YF,, , F; , 28T 3 EN(A3)£185.

_ F — (0, /0, )F&, _ Fia, =0,/ ol)F:,;.,
"% 1-(0, lo\ X0, 10,)" "R 1-(0,/0)0,/0,)
- +(A3)

Ow =0

Fig.1 Problems.

v =61

a b b
Fn,;t2 FI,).l’ FII.A2

Fig.2 Auxiliary problems.
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