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Study of out-of-plane (Interlaminar) tensile test method for CFRP
Laminates: Part 1

Eiichi HARA™, Tomohiro YOKOZEKI ?, Hiroshi HATTA™ and Takashi ISHIKAWA™

Abstract

Although several out-of-plane test methods are proposed in MIL-HDBK-17 and in research publications, their
reliability remains to be established. The present study focuses on the flatwise tension test. Finite element analyses
and experiments were carried out to find the most suitable specimen configuration to evaluate out-of-plane stiffness
and strength.

Several variations of specimen configuration (cylindrical column and spool column) were examined. Nine types
of cylindrical model were investigated, with the diameter fixed at 25 mm and the thickness varied between 2 mm
and 100 mm. The numerical calculations indicated stress concentrations near the adhesive layer and a multi-axial
stress state in the cylindrical model. The “stress ratio” is defined as a representative value in which the nominal
stress is divided by the maximum stress in order to describe the apparent strength. Based on stress ratios, the
best configuration among the cylindrical column models was determined to be the thinnest. In the case of spool
specimens, stress concentration near the minimum diameter at the center of a specimen was predicted. Through
these calculations, it was concluded that the degree of multi-axial stress was lower in the spool specimens than
in the column specimens, and the stress ratio approaches unity as the minimum diameter approaches zero. This
suggests that the strength of a spool specimen increases as the center diameter decreases.

Several experimental tests were also carried out on cylindrical and spool specimens. Failure (including
delamination in the adhesive layer) was confirmed for cylindrical specimens, whereas failure at the center of the
specimen was confirmed for spool specimens.

Key words : test method, interlaminar properties, out-of-plane properties, CFRP
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1.7
1.1 HEBREODEM

fEAE 3R (L~ F A F » 7 (fiber reinforced plastic :
FRP) (& — Mo\ S5 2 on 3 . 2 o0 B 5 1 i N R
ZAHE T 5 72912, £ < O FRP BB N ED Hi T
BY, HEERFHIIZ IO O S 7R R A
TAMERASN TS,

VL4 CFRP O 73 BF LRI ARV, BT 3R 1 &
JEMICALT D 2 &I Lo TEM O8I A M b Sk
R0, @R i ME A2 Bl 5 CFRP %235 S, =
LS OB —FRIIML 22 O — R ET M I A ST
WD ORI B ORE T —Z ZBUGT DRI,
INREME DO FRER 721 TIIM B O ) 2R 2 GR35 Tk
ELTEARTS T, mAMEEZ G T 5 2 &0k b
L LU b AN T IR OB RFHE 2 BT 5
72 OFRFHFGNIRIZE D AL TV AR (L m st
SRR EEASIZREE L T JIS X° ISO 5 O R B fs 12 2
7o DUERIERE L LT, [MEBR GIEICB T SR v Retk
ZHONIT DI AR 2T o RE £ &0
HbDOThD .

1.2 XHBBEZEEFAHEOHBRS

121 XEOHEE

KEEFEAHEEOEAM E LT MIL-HDBK-17 "/
WD . 20Ny KT v 7 3BS85 50k, &
Bk MR — 2 NERH LS F L0 b TEY , Bk
IZOWT B O FERTDR STV D | SO
flifike LCiE, 3ERBRATEOMEMN T TEH DR,
BESNIEBET oy 7 2N LTRBREB IR I A=
LU RA v TFRDT7 T hUA ZRkBR Y (HERIEOH
S F N EBEAT % 5 2 5 EHEARE) | A0 Bog

farakBR (MEEAAHE) BEAESNTWDS .

B R BRI B LT, B & SR L D
N5 . ZOfFH L, BEARLE LT, MEWNREO
SERRRER Y, W A B S 7 PR O W E R
BEBRA Y, U o 7R A (FW 5o F 2 L7238k
F) P EROETENEN STV | EATRETIR,
BEISNEBAET 0y 7 20 LTHRIKICAREZ 5 2
5 EBEARE TR 00 ko BHZE T
ISHEFRTH D . MR TIE, 2O ER 2B &
57O AR EOBEARAMICEHIY I LAkEL ,
RS |, A LB BT B ( = AEHm )
TR 27 T HIEN IR EN TV D .

R ARE L LT LAY 0 2o 5| AR
DL ST RBRE O SR SR TV D LR Y B
DHE D TIRPEREOT (RE S - B - RIS - #hiA
D ROHE) REHEIENDIENICENEEZ D 2 &R
AL LTI TV . 23 0 POMREERS 4 Al
FRRBR T 1% ASTM(American Society for Testing and
Materials) |2 & 0 kL STV 2 7 A 0 ZoHER
ZZNLSMZ B WL O OIRFR SR TR Y, RRE o=
72 HEVIHERE O TR LA R Th 2 P Mk L
L ClEEfEPANC,, HDIEERi>7- CFRP 7 > 7 V75
A BB HE N TSR 5 4, T OBRMRIKE |
BRI AT B B BRI D & 2 A B L7 it 0
%> FRP O M % B F I EM S5 2 L CHEorgIE
i S & FEE S B FRP OHIZS 3BT E R S h
TWa Y ZoFEITIIS Dy s ) — FREERERICHE
BRSO RBR L b5 .

F72,mFEOHM & L TASTM Tl Interlaminar
Properties (Z B 9~ 2 3 BR LM & L T E 82 & ff 1B D
WorkItem [ 572 &L, HS LTINS T AEE R ED BTN D 2

Out-of-plane tensile test methods

////////»\\\\\\\\\

Direct test methods
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)

Fig.1 Tree diagram of out-of plane tensile testmethods
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Fig.2 in BHLY 11714

1.2.2 FAROHARSE

AIETO L 512, a5 REFM BRI R B A ik &
MEEaAED 2 BHICEESN S (Fig.1) .

B AL OF FIERBR B R OME S I2H 5 ASTM
Hks 2 I HL D &R B RIS O 4 ST & FIE RER
THD .~ ZOHFEDKREE LT, SRS E
BEAMTEDOFRRBRA IR THEMETEMIC RS 2 &,
B R OMRAE LW & EHRRETER TS Z &
MOIET HRBISTOFENER I TWD L E7z,
MR AL TIRPSIR 2 BIRRUE L T iU ig 72207
B, BT IEEER SN LR E R U AT 5 &
RS 720, Leld - T, a&Ft 7 —2 L LTEALIZL
WZ EBMETH D .

B AMTEOF T, AP TR A & A s Sl
TEXLZ &, BRLEISTMICHEEICATIELND
WICH D EBHEO RIS E LTI, EEENEEE 5 2,
BRI NERRAEL D Z ERNBET D &
fEfshTns .

AWFZE TIXEBEAMEORR Z R 5 . RBRIE BiX
NEHBY Y RA v FRDT Ty NT A ZRBRIGE? %
BEICLTHRE L Fig2 ISR X 902, B A ITR A
Tay JICESE L, RBME, HFERTEN L TR
BB 52 % R ELO TR II A L FAEO R E
WMEREHD S A T =R E L. Winx EHE
THZELEZLNDN, ZOHEEF A TG HE
RS .

2. R AR OWRET (FEHT)
PRI R U T, A BRESEMEATIC X 0 g
EATS T2 T ET ML 3 RIL Y U v REFRE W,
it 7 2% ABAQUS6.5 2 L7- .

21 MEEH
2.1.1 CFRP(IM600/#133)

CFRP & L CiL, T F v 7 28 IM600/#133 D —
F s bt 2 48E L7 . 2 CFRP O B3 % Table
TIZRT . 2D OMEHES L  JAXA/ A3 Bk B %
YU B — DI — 2 =2 W LB LT B
SI3ES7 1A D BMER TR 90 T WEREF U Th 5 LAE
U, e m & st S EmoRT Y oy wiZmiN o’ &
N0 DRT Y tby e ERMEEIRE LTz . 72, v 2
= 0.5,G2s = E2/{2(1+ v 2) LIRELT- .

21.2 EEBM#H (AF163-2K) D5[5R:ER

Rk LB R 2 G 3 585 M BT 3M
B AF163-2k OF —Z e LI . W 2 v /7 — 2 Tl
SRR 7 EOMPEIE R STV W . 2 D72,
BEEMBARORERE L, Zhnb okl 217 - Tt
J1-0F F (S-S) i & 5IRMRIE A7 BEEM DI
YI5| R8I 1% 42.83M Pa Th o 7o . F iz, BaaslEsehix
S-S HEMRICIERIBIE 2 R LT . 2 O%8) 2 BRI
DAt BRI OSE & WM ED
o T T 24T o 72 .

WUYRMERE T VI, IEfERIG N AT % 5 2 % & E
INLHNHEICERMAZET S . 22T, EERE AR
MR & Llcd i EBYEIR & L CRIR L1286 0
FERAE L, I RS B oOF AEER L TH
7o BRI TP IRARAT T, BB O FHI S 7o R
RERT VU EHEH U . PN T3 ,Ramberg-
Osgood ¥ ¥ € 7 /L % i i L 7= Ramberg-Osgood ¥
T L THWIZ T B & BT — & O ik R 4
Fig.3 1257 .

50

40
35
30
25

20 * Ramberg—Osgood model

Stress (MPa)

15 — Analysis data (ABAQUS)
10 * Test data

0 2 4 6 8 10
Strain (%)

Stress—Strain curve

Fig.3 AF163-2K D) /) - BRI
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Table 1 FEHFRVEE (F55EMESR - ANT Y 1)

E, E, E3 Vo2 | Vo3| V 23 G12 G13 st
G Pa|G Pa|G Pa G Pa|GPa|G Pa
153 | 8.20 | 8.20 |0.335/0.335| 0.5 | 4.36|4.36 | 3.07

22 MBHRETILORIR
221 HEEBEEOMIREEREG
Bk O EBR A EFE L, BHR% 25mm, HEIL 2mm >
5 100mm F T 9 EREIC A b S ¥ 72 Figd I 7”3 X9
PRIRATE TV A AERR U7z . iR BT & 7 VLRI B 2 5
LT, D12 £ 1/4 0B Y EiFET vk
LTW5 . ZOMFET VL3RI Y v FEH (8Hi
) CHERR L, BESTIEIE, B X 0.03625mm, AN L —
W 0.5mm DOFE & Lz . (Fig.sb) & &% ,CFRP 7
UL 7 1ply DR E 3K 0.145mm TH VY , 2D 18
& 4 5B L7 0.03625mm Th D . 7272 L, — K
JE 25mm LA DT ET VERWESRE L —HH0 2
DOEEFTA Y v aBHEERE L, HE 0.145mm TH
0.5mm A DR EFRAMER L. o, BEEIIES
0.10mm & U , #75JE 0 ih BB N — k72 s i 2207
whZ T BEEBRO&BIITAKE KE L, BEEE O
SRS VX S T O A, TN T TR O BRI AL &1 0 &
L7z . BRI ZEAL I 10000 o FY O5Efl & Lz . 7= & %
X 6mm 73 DFENTE TV EAER LT 56, BRI E X
2RI ZE A & 1T 0.06mm,100mm DO HEREE T LD 5A
MHIZE R Imm & #E L7z . (Fig.h)

D25

e

t12

P25 | s
\
(=) /_ (=)
+ I \ + ]
Di3.145 Pi6.Y5
s 75
i e
PilZ.b Dils.75

Fig.6 A7 —/LIRARHEEA (Brim X))

222 RT—IRREREEITET IV

M 7 L LI B 05 O I N4 O 8 & R © %
R G NEP IR ERIRT D HEL LT, AT —E
REFRIEDORBR O BF 21T - 72 . A 7 — LT IR RA T
D —fFl % Fig.6 \Z/59 . 27— )LIRHERA T, 225
O E A 25mm, (AT 8mm THb & L, AR
D243 O foe /NI TG S OO ELAR A& 8.125mm,6.25mm, 12.5m
m,18.75mm @ 4 BFEIZE 2 T-fTET LV EIERR LT .
AT = VR DT E 7 0 b FIHE 71 & AR
3wy Uy NEFE 4fiR 4K L, Avia
SHEIHIE ST 1 0.145mm, [ N 71149 0.5mm 7
FREE L7z 7220 IS HEP R TR IND P LEOE
S 2mm OfEEE (Fig.6 Wim K Ofkta Ny F 2 73H) 1<

t100
T
[
t50
t25
t16 @
—

Fig.4 PR OMRNTE T /1 ik

AR FE TR BN B 22T

Tl
[
[
% |
2 L7
1

Fig.5a fLEIAMENTET L

s

0.5mm

3.03625mm(ﬁ¥$ﬁ/ v a DIET)

7 $t0.145mm
(NN R P )

J I FIVEE)

Fig.5b M€ T VWi E K[
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OWTIXHAFE R ET L EFEE, A v ¥ a~HEER
JEH5 112 0.03625mm & L7z . fakik o ih B Mo
FHEOWBIERET L (WKE £0.10mm,) #3211, Afr
Sk & LTS O B IS —RRBR I Z0L & 5 %
7o BRI ZENLIX AN T T O Fx TIN5 1) OO BRI ZE A B i
0 & L, TRZENE B XA SRR 0 10000 w43 & Lz .

3. BRI R
3.1 BINER1 (AERRESRE - EEREERE)
3.1.1 IHha9Hw

WE 8Smm AT T L DR TR LK1 D5y
filX % Fig.7a-Fig.7f (279 . LFIOHEALIET~T M Pa
Th b AR N TIE— RIS oA TiEe < moh sl
TRIGITET T2, maE AWNG T0m NS ) b FEAE L

ST eI T bR EN D .CFRP HICEBIT 54
W T3 55 O Fig KAE B Qe K Jis 1) % 7% L 7o v 8 % Table2
2R AT ORERIZEB W T ,CFRP &%) O [ 4k fix K
THE XV b HE 8 O mE A R KIS IEAS 15l - 72 Fig.7c
VIS 8mm DE T VBT 2 w4 S5 18 DI 134K T
HEE D 1/4 ZFR L TW5 AT ORKRRIGH
(Max Stress) 1T EDOHEETH 90" Hin (Fig.ha &)
D @R E OO BN T2 Fig. 7f 13 i A
AR T HERIAD 18 R /R L TWA . IHNE A
W ) B KA AR R Bl 7228, JE B AV /)
O e KB Fig.7f T84 90 " AL o B8 8 05 - ik
RNERIZ 3 A L7e Fig.7Ta TR LUZEAN O H Wk b
AL DAL TR /1 (53M Pa) 28385 L CTW A A i
W BERBRIZ X 2 TR (2700M Pa) 02 5H35 % % L1k

TWAZENDMNY | F 72 IE SO TS IS SRR Wr~DEEIT DN EBZ LD N 90 i Il
(BP90° 570 "
1 (EF0° &)

2
‘/'I\SL P25

=}
jrin]

~ —
+ )

0" J51m

b 2
oo8: J-oop_ et

_£08_D25_ud_THEDD.odb

test h
OB : ~J~pop_ci_tOR_DI5 ud INGOO.odb - ARRQUS/STANDARD Vi

. 2 ~., Jtep: 3tep oop, H.mm
7~ “, Otep: step cop, H,mm 1 inctement 1i Step Time = i
1 Increment 1: 8tep Time = 1.000 Primary Vac: 8, £11
rimecy Var: 3, 522 3 Deformed Var: i Defocmation Scal
3 wtor ar: ' Deformcicn Scale Factor: +6.187es01

Fig.7a fRNTREER W 0" FIaG 1150 A
(/4 =T L 18 EF L)

(EPI90° Arel)
1 (@10 Ara)

2
13 P25

1
i
——— 1
=] - i
+ 3
1
_ -J i
1
i
1
1
y
g
0
1
.
HLA7:M Pa
Eest b teat h
40Dt I-eep £i_t0N_D25_ud IM600.0db  ABAQU/STANDARD ¥+ oOl: " d-sep_ci_TON_DI5_ud_IHE e

=O%P Y Btap Time = 1,000 : TS Tnotenant = P1Y Biep Tiee = 1.000
Var: | Deformation Scale Factor: +6.167e401 /l[ B fonad Vars 0 széftm:u.n ion Szale Fa
Fig. 7o AT R e 90 " J7 IS S 53 A
(/4 €T V& 1UBET V)
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(EP90° 4151
| (@PI0° Hra)

Z
13 ®25

=]
ric]

~ —
= J

SSSIRERIRNSRCIRARARE

SE=EREREEEEaRa

N0 W

test b
0083 -oep_ci_tON_L25_ud_

test
2 25 i S [ G b4 008 "I-cop_ci_tON_D25_ud_IME00.odb
2 ., Stept weep sop, ,em 5 % < EAG T PNV o 5 poi_ 25 _ud_
1 Increment 13 Step Time = 1,000
Feimay vac: 8, 8 L
3 formed Ver: U Deformstion Scale Factari +6.187e+01 - 4 TEap: atap cop, i s -
Frimacy Vi
3 Deformed \.il'. o Defeemarion Scale Fu

Fig.7c  fRATAIR E5)7 1L ) 54
(114 TV & 18 ET V)

(EP90° Ara])
GR=n)

2
[3 ®©25

(EPI90° 75741
2 (@m0° A

‘/'I\SA P25

R —
s s

tear b
SR 5-sop ¢1_t08_D8S bd TME00.0db ANAQUE/NTAMDARD v+ O0B:™=0op_ci_tO#_025_ud_IME00.odb  ARAQUS/STANDARD Ve
2T, Sten: atep cop, W, . g "1, Stepi atep sap, M,
1 Incremsnt 11 3tep Time = 1,000 1 Increment 1:'Step Time = 1,000
Feimary Var: 3, 912 Erimicy Var: 5,
i Deformed 1 Deformsrien scale Pactor: +6,187eed) 3 Deformed Var: i1 Deformacion Scele Factor: +6,187e+01

Fig.7d ﬁﬂﬁ*f*% MmN ARSI (14T L) Fig.7Te fEdTHE S J&@ W AW ) (18 H1A ) 4376
(1/4 =5 V)

(EIPI90° 75751) —
EN (@mo"ﬁm) e

o
sy

Tant
BB - oop_ci_t08_024 ud IME00.odb AEAQUE/STMIOARD Ve /

ear_n
Lop s B ) o0 I-cop ¢i_t0#_D3%_ud IMEGD.odb
- 455 D \ : N
2 Butps step cop, Hrm B BT E D 90 L TR 15
Inctemnr 1! $rep Tiem = 1,000 S  sEss sten oop,
Fimary Vact .
3 Daformed Vact u Deformation Scale Factor: sd.187es01 £ ol 1 ..!!'l Time = 1.000
3 | Pruurr v-r 5, 32
aformed Var: Deformation Scals Ta

Fig.7f M5 B RIE AWS ) (23 J7 ) 434
(/4 EFT V& 18ET V)
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Table 2 & Jts /I D e K his JIE & S8 AL 1

REFEORET (0 1)

e CFRP CFRP CFRP CFRP CFRP CFRP
s RG] = INNV = INNV = INNV = INNV = INNV
Su Sus Sus Suz Sis Sus
mm M Pa
2 39.0 44.3 87.4 9.7 8.1 20.2
4 39.0 485 104.6 10.9 10.8 29.7
6 47.4 48.4 122.3 11.7 11.2 35.2
8 53.7 46.9 136.2 12.2 10.8 38.9
12 60.0 15.8 153.4 12.8 11.8 42.8
16 62.3 476 161.2 13.2 11.9 44.0
25 54.8 46.0 158.0 13.4 12.0 40.7
50 52.6 43.3 146.5 12.5 10.6 38.0
100 47.2 41.7 141.2 12.3 10.5 36.1
CRIE 4 1) Bl Sl Sl Sl (D) Bl
CENDY . - . + 45" JjiE -+ |+ 457 S5l - 90 " JjfAl -
Al Freteca B B I W PRGN | Pt | Otatei
(iEMJ51m) i s It It It

VXE AT ORI SED 40% FRE TH 503, s i
BEOMRAE P RIICENTWA T, T b ~D
BIIDIpNEBZHND .

MFEFEAR D UK DS A | A7 17 O K5 BRI ) 38
AT IE DI LR i\ g I AT ) D38 AL D3 HERR
STz [ARROALE IS R RIG I DFEE L TN D& R D
IS % G U2 5E, TERAE AVWNG 75 (Ses) (X1 A4 51 3R
W JIDK 30% FEETH Y |, T OMOW AWIL 1T E S5
RIS DK 10% FLETh 7= . 2%, B TORRIZE N
T CFRP B s i K I L 0 & B3 g o s i oK
IEAB LRS- TEY , ZHIEEEEE#EERE LTET
MELTW DD HEFNELTWDTTH D . 8
HEDET MO EIT 3.3 HiTikind D .

31.2 J IFish (B#EsAH)

AT ClL, PR % G5 2 -8RI B I D2 KA KD &
NTWD  BEAmICEATRENORTORRIZET S
A BIR T 18 O K A5, kAR 54 h & —
T 5.2 CMITRENLRDON D, mH IO
KA F 2 BaR O Wrim B TR L 72z 2 X VI
(Nominal Stress) =#EHEIL & LTHW: .
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