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Abstract: This study investigates the effect of voids as manufacturing defects on the matrix-
dominated strengths of carbon fiber reinforced plastic (CFRP) by coupon level testing. Specimens
were cut from CFRP laminates prepared with different void volume fractions, V, by intentionally
changing the curing conditions during their fabrication. The transverse tensile strength and the
inter-laminar shear strength were evaluated by transverse-tensile testing and short-beam shear
testing, respectively, using unidirectional flat specimens. The inter-laminar tensile strength was
evaluated by performing four-point bending tests using unidirectional L-shaped curved specimens.
The test results showed that these strengths decreased with increase in V, and the ratio of decrease
in strength to the increase in V. varied according to the loading direction. The X-ray computed
micro-tomography of the samples taken from the laminates used for the strength tests revealed the
microscopic features of the shapes and the distributions of the voids in the CFRP laminates. The
effect of voids on the strengths of CFRP laminates considering the stress concentrations around the
voids is discussed based on the microscopic features of the voids and the internal loading directions
in the critical regions.
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b, TEEOFERIC X VAT E»T Sz nit s,
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(transverse tensile strength; TTS) I DWW TIX90EF |
TREESAER, JEME AWTEE (inter-laminar shear strength;
ILSS) 22w TiFy 3 — b E— AW AMTRERERIC XD
ML 72, %72, JERIS[ERME (inter-laminar tensile
strength; ILTS) I2 DWW, L FRIERER %2 iz 4 5
dhiTEkER I & 0 S L 72,
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7, ¥a— b E—2aRERIC X BEREAWISH, LFEM
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2.2 #M#E L UEBRR FH CFRP BERDRME

AWFIEIC BT 2 Z B OB 12 1%, KEWHE/
REFY 7V 7S 7 UTS50/#135 GRIET v 7 A, 180
CRLE, —rM) 2H v, 2 OMEO IR
% Table 1 IZ/RT.

TTS 5 & WILSS ORI IZ, V., Zkic 1 KOEE
B (#9330 mm X 230 mm DIFEHR) % BEL ¢, HizEH
OB 210 U7z, LFREERF O 4 s ic X 2
ILTS OB ix, V., 22 LB oR@ER 154 il
(R ) ONHEIEEER 6.4 mm) % 8I7E L CRERE 210
HL7e.
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Fig. 1

Schematic relationship between void in
CFRP laminate and locations of highest
surrounding stress concentrations for
various loading. TTS, transverse tensile
strength; ILSS, inter-laminar shear strength;
ILTS, inter-laminar tensile strength.

JEREE L, TTS/ILSS OREHRIZIE [02] %, ILTS @
FEEH I [006] ZE2NZHEH L 72, 200 ONFRIRE
FZFNZFh 456 mm, 3.04mm Ths, SEERZEE
THBICE, TG EBERMCZERT, sx8%
%V, &y ORERZEEL 7.

BFERICDOWT, BEREGIC LD R4 FERY
AT —=NVIBWTHNTRICOHL TS 2 & Z2HER
L7z, R4 FEBEEE V. 1%, BERO H 2 Wiz s o
ZF MR I L B GE HET 5 LXK
A Tz RA N OWTAE G 0O 24 32 WrTE O WAL 1
THHRE L TERE L, KL, EEROBEEDERI,
b2V, #AEE L CHLEFEELS®EZ OO, f
B LTEshABEERD V, 385 TS CRI% I &
ZTWTHary —F£RHDERZ D, D, £
JEHIC DWW TARER 2 2 WTTHT CEARTE IR C 13
BCHIzRA NEPREK ER/INOEWIE, L FRRER
TUENE ST 17 D H AT & G i m D & Wi (R #8)) @i
3%V, OFEEZOREERDO V, E LTRRT S 2
L7z, Ve OFHIK R Table2 IR T &£ B D T,
TTS/ILSS D 7 2 ORI V=0, 1.0, 2.1,
2.7, 3.1, 4.6, 7.1%, ILTS o 7 >0 L FRIREEHRIZ
V=0, 0.1, 1.1, 2.0, 4.3, 5.4, 6.0% RED V,) TH
S, ZZTHEMEBEWO V., 1 Table 2 1R & 5 &iE
BB e, FHOPRBEER > & &35 OBk
2E10 BRI, BEREG RS L 42 28505
YV HT &3 iE Lz, 2L, V=21, 2.7, 31%
DHDIZDWTIE V., OHPADELE > THE Y, RAEF O
Y10 H UALE W & > CiEssERABROS R 5 nlhe
MDD 2 7- 0, RBHEROFHMIC BT Z O % &5
WL Z ke 5, nB, LFMREKRO R ERHIASE
DV, % Leg #i%° R ¥} & Leg &5 & Ok H0 & b L 7z
LA, Vo=01%% L U 1.1%OFEER T R ZB-Rdeff
DV, MERS Tz b DD, Zh s S ORERIZB W
T, REBOHRAIT & Leg & Leg &8 & DL D
V, BRA%TH- 7.

Table 1 Mechanical properties of UTS50/#135 (UT500UP?2).

Loadin Environment Strength Modulus Poisson’s Failure strain
g (MPa) (GPa) ratio (%)
Tension in 0 deg. DRY, 23°C 2,410 131 0.325 1.67
Tension in 90 deg. DRY, 23°C 60.3 8.61 0.022 0.75
ILSS (in 0 deg.) DRY, 23°C 105 — — —
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Table 2 Void volume fractions measured for respec-
tive CFRP laminates prepared in this study.
<Flat laminates >

Laminate Measured void volume fractions V5 (%)

No. Location A* Location B* Average
F-1 0.00 0.00 0.0
F-2 0.59 1.36 1.0
F-3 1.57 2.67 2.1
F-4 2.35 3.03 2.7
F-5 2.80 3.31 3.1
F-6 4.43 4.75 4.6
F-7 6.72 7.43 7.1

* A and B are the locations where in-plane V, levels
from ultrasonic inspection were seen as the mini-
mum and maximum levels, respectively, in each
laminate.

<L-shaped curved laminates >

Laminate Measured void volume fractions V, (%)

No. Center** Edge** Average
L-1 0.00 0.00 0.0
L-2 0.15 0.10 0.1
L-3 1.08 1.04 1.1
L-4 1.97 1.96 2.0
L-5 4.48 4.14 4.3
L-6 5.55 5.35 54
L-7 5.89 6.01 6.0

** Center and edge mean the locations of cross-
sections for V, measurements were width-wise
center and edge, respectively, of the L-shaped
curved laminates.

2.3 BBRABSLURBRAEE

(1) TTS

Fig. 212 TTS OB MR, L0720
DETEEW D 5, Fig. 2 R THEORBR % 4895
IO U TR L. 3HEd ASTM D3039™ 1cfit > ¢
FEREL, 7v A~y F#EE 1 mm/min THHE% &0 L
7. REREED & D AR E £ 20O 18 L R O
PR B AT L 2e ZEH O3 A — 2 & O T R Rl
L7,

(2) ILSS

ILSS 1%, ASTM D2344 [Z#EHLL 723 2 — F E—A
MREEEERIC L D EHE L 72, Fig. 3 B & SERIERE D
B 2R, REFF I3 TTS EE U 7 OORER» S %
nEn AR ML, BB ORSE, RBHIKIC
PE > TEBEWROEFRE ¢ 1cED VTR R

Load applied area

Strai
S / (grabbed using abrasive paper)

(biaxial, both sides) ._
B

!
@
@
i
T

25mm 25mm
175mm R

>

Fig. 2 Outline of specimen for transverse tensile
strength (TTS) test.
[

4t @ Ni 6.35mm

Outline of specimen and test configura-
tion for short-beam strength test for inter-
laminar shear strength (ILSS).

Fig. 3

R-portion

r=(D/2)

.

Fig. 4 Outline of curved beam four-point bend-
ing test for inter-laminar tensile strength
(ALTS). =50 mm, /,=100 mm, »=(D/
2) =5mm, ¢{=3.04 mm (nominal).

4402, ZRE VAMIIND A —N— N\ TR EINZ S Z &
WX DHE L, SRR OMEIX 6.3 mm, 7O ANy R
HEIX 1.27 mm/min & U, 3EEED S O ERHREO H
VAR > JON A

(3) ILTS

ILTS i&, —JHmEM o LFRERERR % Az 4 sdh
SHER %, ASTM D6415™ ICHEHLL CTHEMET 5 2 212 &
DEHE L 72, Fig. 4 B fr L ABEEOME 2R3,
SRERHE A S QAR E P 13 4 SOEFH» SRR Leg
EADEE D AR P, £ %0, REF O A2 S0
FEFEC B TR T RE E 25, ZOR, —HRH
BT R B CEME BRI T X 5. 3

(14)



Wk - B - d - P B R A N A% CERP FEEHSGRE I RIT 3 B O BT TN & 5 75 185

BR O~ S, BB IC0E > T R EBOWNHIERE 7=6.4
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JE 2 & 3R OPID L TER L7, BBRiGE DR
EY s AEEYiIZOownTiE, oIz -7
N7 7 FEMHLTOuRL, EICEZTHID L
DHETFET 22 L CHIMEEZRERS 2 L L b, BB &
g o n T, REML LT AONCRKE & PTFE 7 —
TR &, BT D 2 0BT EET
DREITDEomp D BEL BN & Z2HERL, BRI X
2 BRI~ DR DR 2 K - 72, FETFOFEE 7 133
BREIC BT 2R E v - AR E VERE D =10 mm fH24
D5mm & L7z,

5B, FHERBICLY, O 2 DOARETFDA/S
>l R ERERHRGE D O 75 mm & LA, EET
b2 REBTOWIICE LI Leg #RD ETOLIEIC B W
THITHEES 2 2 EHEAL 72, 2Dz, LEIOER
EFOANY [ Z50mmIcZEEL, REPEE LT
THHESE LU 2 L oLz, BRI Emzhehno
Leg #»S E FOHEFHTEMRRTH 2 2 & 2HERL,
EEBCVER T 2T € — X > b ZFEFOMNALE ICES
WTHET 2BAOX D) EOHH OV TEZ WS
D EHWr LTz,

7ua A~y FHEEIZ1Imm/min & L, REHE» SO
ARFEP L7 a A~y N4 OH T % Figk L 7.
ILTS i2oW Tk EFED 7 —% & Fig. 4 DFENRT A =%
PORDOD—HEOREHWTEHEEI NS,

FHOD 2 OOFETRIZAEL M TE— 2> N M
X, KWk sY, BB, ZOFAEBICBIT 51
EMTHD REECE, DO M OAPIMEAT 5.

N dy
M—P,,lo—<2 cos <p><cos p +(D+1t)tan qo) (1)

[ERAS RIS o 1ZR (1) O M ZHWTH @) Ic X D EF
HTEY, WESICBU 2 6,82 ORBCHET 2
ILTS TH 5.

o M _ 1_p/c+1 & Kk—1
o T R [1 1—p* < ro>
- 17/)/:—1 e 7o K+1
e ()]
gy 1y ps T BERB)~@O)WRTEBYTHY, K,
E. X RE®D 6 F51m, » JFAIOHERE, »n, 7 & RED
IR, SMIRAOFETH 5.

(2)

_ 1_p2 _ % (17plc+1)2
) xtl 1—p*

2 _k—1\2
yoxpt (1=p)

3)

x—1 1—p*
p= (4)
0= 2 5)
_[A=p e+ D(pr) " Toe
A e e ©

2.4 BEBROXBCTICLZ2EE

CFRPBEJER T D R A F ORI AR EE % X AR
CTIC X VEEZE L/, TTS/ILSS OFEEN 2> & 1318 3
mm, ILSS fEHUKES OREF %, ILTS OfER»
51F RO A 2YIY H L 73EA (K& 25 mm(=ILTS
FRERF OIR)) % NnZhHEfEL 7,

X HEBRIIERERE~ 1 70 CT A% + 7 (SkyScan
1172, Bruker) i2 & v, & 100 kV, FEH 41 A T
Bz Lic, A¥ v VHER (RO X HEEEHEER) oY% A
A%, TTS/ILSS OFRERF 12D\ Tl 2000 X 1336 & 7
X )v, ILTS OFERF 12D W TIX 4000X2672 7 )L &
U, fBGEEIZREERFIC DWW THBEZRBE D A < 3.12~
5.15 pm/pixel ICEE L THZE L7z, A F v VH O
ARAT v 71 0.2~0.25 &, 180 EEH L < 13 360 ED A F
Y VE{RERE LT,

FSETE ©— 20 & 5 X RESZE G2 S O Wi EE & O
FBREEICIE, Feldkamp 703 ) X A2 ED < HEREHE
71 72 2 (SkyScan NRecon package, Bruker) %
Awiz, FEEROBOBMEORERE LY ~VIZRA N TE
LU TE B L S WL .. B s
FIR DB R D S BIESS R U0 1 L, Viewer V
7 b (DATAVIEWER, Bruker) #f\WCFHli L7z, %
7z, KA F ORI T 2R VGStudio MAX
(Volume Graphics #1:) ZHwCii L7z,

3R B B R

3.1 X#CT Ik 2EBERR

Fig. 5 1z, PR S & O L FEIEER O R &8>
WO X CT Bk #AF 2R T, FRO 3 RICER
B oams &5, R4 FIFFEHRBPTH LFEHD R E
T b e IR W AR AR Th 5. fikiEc
o7z 0 EHFADOWTHE TA 5 IR WK, M
WXL T 90 EHAOKE TA % LMD L IXEME
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Fiber direction’

Fiber dire

AERESES |, Fiber
é \dirccuun

<3-demensional transparent view >

Flat specimen (V,=4.6%)

Fiber

direction

<3 orthogonal views>

<3-demensional transparent view >

Curved region in curved beam specimen (1, =4.3%)

Fig. 5 Typical X-ray CT images of CFRP laminates including voids.
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DEERINC I ERERIRIE O L Tw b 2 E050h
5. ZOXI%RA FOBRSLHMOETIE, ChET
DOIFEIC BT BMtd 7Y 7 v 7 % v 7z CFRP B &
THERBFICBES N TN, DRy 7)) vy
ZWA L7 CFRPREERICBWT—BIELDTHD

LHEZDBIENTE S, fit> T, INETOW? TR
ENTW2 XS, SEIOFREFERS L FRRERC
BWTh, RA NIIHEERFICEEICID AN EZR8Y
Bt TR DK PHEFER S DR & 72 > THI A WO R
A FHEU, LR OBIE LIRS 3 2 REEDRFIC Z
NOMEET 22 ELT, LD LS BRSO R
SlebDEFEzZOND,

FEED X CT O 3 RITHi R, &, & FHBLEHRT O
filx DRA ¥ D% VGStudio MAX D f#HTHERE % F
WTCEHIIL 72, R4 R~FikiE, 3B (BEER) oIEs
A, WREAF, MiEHREZzheh X i, Y, Z e
L7Hfz, RA RihhEL, »o, SEEic T2
L OBEAREEZ, TOBEAEROSMHTRADRE
EELTEIZa, by, cDEIWCEHE L, REHIEL

3.0

25
20 | | ]
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e g "
E
- u
g 15 |
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Thickness “7,,
direction B -,'-I'
—
a
05
Width direction
[
0.0% 10% 20% 3.0% 20% 5.0% 6.0% 7.0% 8.0%

Void volume fraction

Fig. 6 Means of aspect ratio (a/b) of voids in
CFRP laminates.

T, 7ARZ ba/b D V, T DFHE X#HCT T
DOFEFH COREANY)) % Fig. 6 17, REIZB W
T, V, OB T7 A7 b a/b BETRE L
B AMEAR A SN B EIZOWTIE, R4 RAZWIEE
WEAHOFE b 3DV ELSZVOIIHL, TEHH
DFFEaDRKENRA, RBRENDL IOk D E
gD, Z0LANE Ve ic X 2B OERIZ A S
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0.15 100
"Vv=10%
BVv=3.1% 80

BYVy=7.1%

010 Vv="7.1%
Thickness
direction

Width direction

Probability

0.05

i .

04 10 16 22 28 34 40 46 52 58 64 70
Aspect ratio

Fig. 7 Probabilistic distributions of aspect ratio
(a/b) of voids in CFRP laminates.

Cumulative probability
°
3

O Experiment

‘Estimation

0.0 10 20 3.0 4.0 5.0 6.0 70

Aspect ratio

Cumulative probability of aspect ratios
(a/b) from X-ray CT observation of voids
in CFRP laminates (V,=3.1%) and esti-
mated cumulative distribution function
assuming lognormal distribution.

ipoiz, iz, Fig. 7121, AFRWE 3MED V, 12D
W, MRMEAANCIERR T 2 MEICE T 5 R A N &S
M & A 7c85E O R/ Eilo 7 A~ MHoa/b O
SRR T. FERE LT, 7 AR MEORERSEIZD
WTH Vo IC L 2 EBOMEmIEA SN EhoTz, RA KR
DT A7 b ORISR O W TR EIERSE & 7
ZIENHFEINTVLED Z s, REMELT
V,=31%DFIEER I DWW T, SBIEHRSA & AT
PUICETE & 2 RSB L Fig. 7 OWESR G465
S O AT FE B4 & Hhig L 72 & D % Fig. 8 1ITR 7.
FIE & D RA RDT ARY b HLOWERSAR X FATHIZED
R LEWEATH 572 £ A BT EMNTE B,

3.2 EERBRER

Fig. 9~Fig. 11 12 TTS EBRKF DI J1 -0 9" A AR,
ILSS & & FILTS @ iRERHF O 17 85 - 2147 o (R £ 41
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0

0 2000 4000 6000 8000 10000 12000
Strain (10-%)

Fig. 9 Typical stress-strain curve of TTS test.

4000
3000
—\v=0%
2 —\y=1.0%
2 2000 —Vv=2.1%
3 —Vv=2.7%
=Vv=3.1%
——Vv=4.6%
1000 —\y=7.1%
0
0.0 0.2 04 0.6 08 1.0 12 14 1.6

Displacement (mm)

Fig. 10 Typical load-displacement curve of ILSS
test.

2000

1500

—Vv=0%
=—Vv=0.1%

1000

Load (N)

500

—Vv=1.1%
—Vv=2.0%
—Vv=4.3%
=—=Vv=5.4%
=—Vv=6.0%
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L . L . L L
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Displacement (mm)

Fig. 11 Typical load-displacement curve of ILTS
test.
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Fig. 12V, vs TTS, ILSS and ILTS results with

CV of respective strengths. Each test
result was normalized using the average
of respective results for V,=0%.
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Fig. 13 Schematic of load transfer configuration
and critical cross-section in TTS speci-
men. *Weakest cross-section due to void
contents and/or distributions.
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Critical
cross-section

Applied loads

Schematic of loading configuration and
critical cross-section in ILSS specimen.
*Resin layer between plies around thick-
ness-wise mid-plane.

Fig. 15 Typical X-ray CT images of ILSS speci-
men after failure (1,=2.1%).
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Fig. 16 SEM image of ILSS fracture surface
(V,=2.1%).
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Table 3 Typical stress concentration factors around circular or elliptical holes and spherical or spheroid cavity.

Stress concentration

Definition of «,

. . *2
No.  Hole/cavity shape Loading factor @*l conditions, etc.*! Remarks
1-1 2D In-plane uniform a =5 for a/b=2 Fig.1C
e . a=1+2a/b .
1-2  elliptical hole tension a=2 for a/b=05 Fig.1 A
D . . .
2 3 . . Uniform tension  a=2.045 for v=0.3 a=(27—15v)/(14-10v) Fig.1 A, C
spherical cavity
3D . .
3 . . Uniform shear a=1.91 for v=0.3 a=15(1—v)/(7—5v) Fig.1 B
spherical cavity
3D . . .
4 . . Uniform tension a=3.33 a/b=2 Fig.1C
spheroid cavity
3D . .
5 . . Uniform shear a=2.84 v=0.3 Fig.1 B
spheroid cavity
6 3D Uniform tension a=1.544 EI/EM =05, a/b=2

spheroid inclusion

*1 @ stress concentration factor, «, b: major or minor axis of elliptical cross-section of void v: Poisson’s ratio,
EI: Young’s modulus of inclusion, £M: Young’s modulus of matrix.
*2 Critical locations of similar (corresponding) stress concentrations are shown in Fig. 1.
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