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Abstract: In this study, flexural tests using both thermoset and thermoplastic carbon fiber rein-
forced plastics (CFRP) laminates with varied ply thicknesses were conducted in order to evaluate
the effect of ply thickness and matrix resin on the flexural properties of thin ply composites. Results
confirmed that the flexural properties were improved by decreasing the ply thickness in both
thermoset and thermoplastic laminates. Furthermore, in-situ observation of specimens during the
test revealed that short delamination occurred in the carbon fiber carbon fiber reinforced thermo-
plastics (CFRTP) thin ply laminate, while long delamination was observed in case of carbon fiber
reinforced thermosets (CFRTS). This indicates that damage progressions of the laminates were
influenced by the toughness of the matrix resin. On comparing the in-situ strength in the first ply
failure calculated from the classical laminate theory in the thin and thick ply laminates, it was
confirmed that high damage resistance was caused by higher in-situ strength in each layer in the thin
ply laminate.
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Table 1 Specification of prepregs.

Matrix Thickness
resin [mm]
Thermoset prepreg Epoxy 0.02
(CFRTYS)
Thermoplastic prepreg ~ Polyamide 6 0.04
(CFRTP)
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Table 2 Stacking sequence of the quasi-isotropic laminates.

Code d(i:rljeti?fn Configuration ThiCkne[Sri;g a layer [ (Zof ]
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523880 90(;0 %?Zg;%ﬁg?g}: ggi (Thin-ply laminate) 53.4
ﬁﬁjéjﬁjgo 9000 {4—52{3%0:?21 ?gj g;i (Thick-ply laminate) ~ 53.4
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Fig. 1 Load-displacement curves in flexural tests (thermoset resin).
900 900
800 | [—=EP-20-0 800 I
700 | | ==-EP-240-0 700 |
=600 | N =600 |
Q 500 | e Se Q 500
3 ~
=400 | "_—' . =400 |
8 300 e 8 300
» 200 » 200
100 } 100 }
0 0
0.0 0.5 1.0 15 2.0 25 00 05 10 15 20 25 30 35
Strain (outer) [%] Strain (outer) [%]

(a) Cutting direction: 0 degree

(b) Cutting direction: 90 degree

Fig. 2 Stress-strain curves in flexural tests (thermoset resin).
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Table 3 Flexural strength of specimens; ¢ [MPal.

Cutting direction

Ply thickness [mm)]

0° 90°
Thermoset prepreg
0.02 809 (831) 806 (828)
0.24 618 (630) 367 (375)
Thermoplastic prepreg
0.04 699 (720) 667 (687)
0.24 593 (611) 393 (405)

* Data written in brackets indicates flexural
strength normalized to 559 fiber volume fraction.

Table 4 Flexural modulus of specimens; £ [GPa].

Cutting direction

Ply thickness [mm]

0° 90°
Thermoset prepreg
0.02 43.9 (45.1)  41.0 (42.1)
0.24 38.3 (39.1) 17.2 (17.6)
Thermoplastic prepreg
0.04 40.6 (41.8)  35.6 (36.6)
0.24 38.7 (39.8) 18.5 (19.0)

(22)

* Data written in brackets indicates flexural
modulus normalized to 559 fiber volume fraction.
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Table 5 Fracture strain of specimens; ¢ [%].

Cutting direction

Ply thickness [mm]

0° 90°
Thermoset prepreg
0.02 1.9 (1.6) 2.0 (1.9)
0.24 1.6 (1.6) 3.0 (2.3)
Thermoplastic prepreg
0.04 3.3 (1.6) 2.7 (1.8)
0.24 1.6 (1.6) 4.7 (3.0)

* Data written in brackets indicates the strain at
which first ply failure occurred.
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In EP-20-0 specimen, buckling occurred at
a compressive side, e =1.6%, (a). Next,
failure occurred at a tensile side, &=
1.9%, (b).

Fig. 4 Micrograph of a failed area at a tensile
side in EP-20-0 specimen.

(b)

1 mm

Fig. 5 In EP-20-90 specimen, buckling occurred
at a compressive side, e =1.9%, (a). Next,
failure occurred at a tensile side, &=
2.0%, (b).

Fig. 6 In EP-240-0 specimen, buckling occurred

at a compressive side, e =1.6%.
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Fig. 7 In EP-240-90 specimen, transverse cracking occurred at a 90° layer of a tensile side, e =2.3%, (a).
Next, delamination at a crack tip and crack at a —45° layer of tensile side occurred, e =3.0%, (b).

Right after, delamination led to failure, (c).
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Fig. 8 Load-displacement curves in flexural tests (thermoplastic resin).
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Fig. 9 Stress-strain curves in flexural tests (thermoplastic resin).
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Fig. 10 In PA-40-0 specimen, buckling occurred at a compressive side, e =1.6%, (a). Next, another
buckling occurred, e =2.0%, (b). Finally, failure occurred at a tensile side, e =3.3%, (c).

Fig. 11 Micrograph of a failed area at a tensile
side in PA-40-0 specimen.

Fig. 12 In PA-40-90 specimen, buckling occurred at a compressive side, e =1.8%, (a). Next, buckling grew
into the center of the laminate, e =2.29, (b). Finally, failure occurred at a tensile side, € =2.7%, (c).
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at a compressive side, e =1.6%
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Fig. 14 In PA-240-90 specimen, transverse cracking occurred at 90° layer of a tensile side, e =3.09. Next,
delamination at a crack tip occurred, e =3.6%, (a). Finally, delamination led to failure, £ =4.7%, (b).

3.2.3 EREHEE (0, 90°IYHL) nigEiEe

Fig. 13 & PA-240-0 3B&F- 1%, EHHE 07 @ T
R DA — N TH o Tz, FEHER 0 BT oEE
BResNE»o T,

Fig. 14 X PA-240-90 5B F 1%, 515RME190° g b
TUAN=RY Ty 2 BYIRBEETH Y, FnwTr Ty
B o BRIKIEEN T4 LTz, Z D% 45°/90° BRI 01
BOHBEDFEE LEVHEICRE L 2Db, RERIC 457/
90° BT D KIEEASHRIE ST BT % & & TR
Botz, 7z, RBRBOBIE X EMHEHENC BT S ER-
HIBEASIE U Tz 2 A3 h o 7z, PA-240-90 3ERFT 13
REBTARE LS leba, FLWAEEZR L, PA-40-0
RERR (ElE) & PA-240-0 B f (BkE) ZHKT 5 &,
EP-20-0 3B F & EP-240-0 B O g L kgD = &
MNE 2 5. EP-240-90 3BT & PA-240-90 3RERF- 0D Ebig
Tk, FTYAN—RT Ty 7 DFEDT HIiE EP-240-
90 ZXER F- D 2.3% 12 % L T PA-240-90 3 Ex Fr 23 3.0% &
5 TH Y, EP-240-90 SBRF O AR & v, Zhig, B
AR DOE CAMICE 2 b D EEZ SN S,

3.2.4 BELEERRK 0BEHEN K

PA-40-0 ZERF- & PA-240-0 3B O Higic 50T,
< b 7 AR T R F SR OS5 & RIBROMER R
itz PA-40-90 3B GERE) & PA-240-90 3B F (E
J&) % Hlie 5 % &, PA-40-90 T O HFAEAIT 0° & o e
BREL TS, HBRBOBZETIZRZROREDH
BER X 1%, PA-40-90 TH L % 2mm, PA-240-90 TH &
#13mm TH o7z, PA-40-90 TIZLE O BRI THIEEH
LEULTBY, ZTOOIHEE—D bz DEIPE LY
DEFEZ N5,

3.2.5 Wv b I RABIETHEREREDLE

Zo0O~ b)) 7 ABETOEWICERT % £, 907
B 2w TR F RO 508 PA6 Kffig &l L ¢
JEE, g bicEeisEER Lz, 202 LD
fEDZENCE 2 bDEFEZ 5N, B2, Table3 &
Table 4 THIKT % &, FMhDEL 25 B2 3 5 #

TR OB B X 2 OK/NEEROMERNE T #EEFE O KN
BIROMER & 3T, FEEE] 0° )& O FEJE S YIRIEE & 7% 5
BB TR, BEOREVTAIIZZFA—TH B0
T, HHFHEPEER DS E O ERER T &l O A3 D TS
bBEFEZD. 12720, 0 HOBEBIFEL 2 »ilikiE
DG 90" FBRF 1k 2 OERIOBISN T 5. 72, 907 #K
BRI CliiiROERE, #EzKT 2L, EFO
iy, PAGBHIED /53 TR F S flIE L bR T Te b A RN
2L FTHINL TW3 DI LT, HEDSE X
BIEClebABEBIZEAEEDbS TR, DI LI
&0, BEINEL 25 LEET 2 8ORHEBIER A <
7Y, = MV ZABIRO Y 7y 7 ERE L OTERAEED
FEPTIBIEOER £ Tl s s 2 Lz, WH
RIS CO RPN SR CREVPET LI 2 g XD,
X O MR R EEOEE AR LI EFZ 5 b, EP-20-
0 B A B & UV EP-20-90 3B F & PA-40-0 RE K B X
U PA-40-90 RERJT ClE, —f@hlh DEESHNZRZ
NH70.02mm £#0.0d mm &30 TEREDKIX
TERVH, MHA E LT, CFRTS SE&F 132 OH» 3 OD
BRI B WHIEEN T4 2 D1kt L ¢, CFRTP 3E&f
TIRZHOMER TEWEMKIEE»FE L /2. CFRTP i
BRHTES M) 7 ABBOE CAMED I DICFEET 58
FEIRIEELYE <, BEROBGORAEL L ORI L 2 Ml
HEDIET A CFRTS BB 1F EABM TR Wz, 20
BB T 2 HEIRZ CREF L AAANEERE LI O
EFzZoNn5, EEBHEORED o mE L bEERR
Fr TR MR 2B e 2R & L DSHER S Ll bs, F
ELERAEOR S ICEEREPE SR, < MY 7 Ak
HED U AEDEEPHERTE I,

2D T s T RENC BT B IO S AR
HEIBEUCALE D bR LV EBCHEALZ EEZ N
5., —H, Wi~ b7 2R L bRBED b AR TR
KHEZRLTWS b DD, PA6BETIRHWEO L — 2
B E 1% b IR O T ABEUTE D, BIEOEL
AEIT & D BRKIBEDER TS 2 U AMEA R EL T
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5 ERbrd.
4. HEFEEER AV X D5EEOFHE

4.1 CFRTP BERDB (FHE

FEEREEP S~ M) 7 2ABEoITREICB W TY
BBz b THB DS h3E T TREE B & O T Bk R
BRTZEDHERTE 2, 1212 L, ~ Y 7 Mg
RF VR OSE L PA6 BHEOBHE Tk Z 0IEGRE
MEE 5> THED, PACBIEOSEIREESIC XL 5HED
AT, IMOEUCAMOEEPEGOFE, EREI
FEL WL I ERbhrol, 2 CIRFCHE{EOE
BRI A DORE 2 WEE S 27280, THF VBIETORR
FER» S 2 OBIRE 2 HH L CEE S O EEFN,
%7z, HEBHEORR, 07, 90° REFicowCERELL
TR DIRGFARIDE L > Tz, 2 e ORGSR
TR B BB B L OYTD HH L AT & -
TOBOMBENIEDL I L ICL2EENEEINTED,
HELOHDRRETF Vv, 22T, HUHEEHR
(classical laminate theory, CLT) Tt 1504 %2 F
WL T, ZDEMEL2RD 2 2 L CHELORE 2 HEE
Uz, @ iz X 2 775k om B VAR O F 40
sz 2 & &k 2B EOZLITFREICBIRL T
B, Arteiro 57 1%, FEM % W@ 21T, EE
ENEL 72 B LT B EOFFEIRIC L D Z DOEERE
WAL, WIEGE 22 NIV AN—R 7 Ty 7 DFE
EHIFIENE ZEERLTWS,

Z 2T, AWFEIC BT b oy SR R R & i 2
HEbED I LIk, MHTFAR T TOYEIRHER AR
B ZOBmEZEHL, HE X 2BEHEER)

(a)

12

B S——
-0.8

Distance froméneutral axis [mm]

-1.2

Tensile side

W ERINCFHI U 7z, BEEERINC X T30 & 38
D, BIRMEE L EMHBEOENEFET LI ENTES
Hoffman HI Z w7z,

Oy oo __ou +(1—+1)m

T FeFy | FioFy FrFn \Fe | By
1 1 > 7?2
=+ et —=1 4
Hpota)ot s @

%7z, BUERORRARROF S & OBEANC & 2
FIEI213 Table 6 (RS —JFMM D 07, 457, 90° 548,
FERFRREBR CHUS U 7o L iR 2 v /e, 77— IS
WHWe—FBH O Vi 3 &RER TR 5720, Zh
ZNOREFEHRD Vi & Table 6 I2bb¥TRT.

4.2 B R

Fig. 15 12 EP-20-0 3B A 12 D W T OfFEH Bl 2 7R 7.

Table 6 Mechanical properties of uni-directional
laminates.

Property Unit Vi*

Tensile modulus 0° £, 119 [GPa] 51.6
Tensile modulus 90° E; 9.5 [GPa] 51.1
Tensile modulus 45° E,5 10.2[GPa] 51.6
Poisson’s ratio v 0.32
Ultimate tensile strength 0 Fy; 2333
Ultimate tensile strength 90° F 62

Ultimate compressive strength 0° . 985 [MPa] 51.1
Ultimate compressive strength 90° F. 162 [MPa] 51.1

Maximum in-plane shear stress Fyrs** 166 [MPa] 57.8

MPa] 51.6
MPa] 51.1

————
— e e

* Fiber volume fraction of each laminate used for
each test.

** Obtained from tensile test of £45° laminates.

Related standard: ASTM D3518

(b)

Compressive side

Distance from geutral axis [mm]
g

F

Tensile side

Fig. 15 Prediction of first ply failure by Hoffman criterion using classical laminate theory in 3 point

flexural test of EP-20-0.
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Table 7 In-situ strength of each specimen calculated by using CLT model.

Longitudinal Transverse

Specimen  Position of first ply failure = compressive strength  tensile strength
[MPa] [MPa]

UD — 985 62
EP-20-0 0° layer at a compressive side 1861 (1911) 111 (113)
EP-20-90 0° layer at a compressive side 1783 (1832) 118 (122)
EP-240-0  0° layer at a compressive side 1113 (1133) 75.6 (80.6)
EP-240-90 90° layer at a tensile side — 42.8 (44.0)

* Data written in brackets indicates in-situ strength calculated from specimen normal-

ized to 55% fiber volume fraction.

Table 6 (Z7% L7c— AR 5 EE U 7258 % W T,
WIFHE T H 2 FEHEHIT O 07 | 2R 5H & U7 FEE 23 %
T2 R BT L T BEOD 44 B O B EE Tl R % Fig.
15(a) e g, FEMEEo 0° @D EEE £ 513RME D 90° & D

NI UAN=RT Ty 7 BFET LI EBTFHIINATY
2b00, EERTHES NIHIABIRFERT L D L {EL
G CHHEDSFET 2 PRl E 2D, FEERSHR R 2,
ZD X512, Hoffman HIc TH & N A HHEEFHI O HE &
Z OB OER PR 2 ECHEH L, YIABEREES
IO FHIE & FERTOHEMAE CIC7% % & 5 & HEI
B 2 Z ORI 2% L T2, EP-20-0 5B 04, B
PRI ISR CHIE & 7 WIHARE IR A I T AR I 55
JE OHED FHIH Fig. 15(b) O X 5 1 FE#EH T D s 07
[BTOHERIC & 2HIEAB 2 2 & 3512 0° 75 A&
FE Fie & 90° HIABIRMEE Fr 2K, EonlEzd]
JHERIEFE A E D Z DR (in-situ strength) & LT,
BRBRICB U 2 2o mE R L., ki, 0%
S ORI B 72 5 TIESEATR® LRk, M@)o
Fo, Fro @ZNZUHNL ORI (>1) 2FEL, EBREGEE
EFE LW E D (B 07 o FHIEDS 1 2L
b, 2 OFEREIOEN 90 BOTFHMES 1 LD /&K
5X910) MRHEHFHET LIk, ZOEEER
Koz,

FEMERE Table 7123, ®Ho [—] OXELIL,
BERNC & 2 PRl L BERBEP—BL Tw 372020
LBEERDLZENTERVIEEZRL TS, HE
OFERA TIx, EP-20-0 3Bk F, EP-20-90 3BkH & b, %
NFH FL 1 (3 1861, 1783 MPa, Fy'™s'tv 3 111, 118
MPa &, — AR DEED» S50 NIZEED 2 51
BNL Twiz, &, BIT3RY Tk, % O%5E %Ko
DEC— M TR SN IC T C 2R e ERE s &
BT 5 —REHE L GENL T3, Z0iER%E
PUTFER T, SBT3 CRanfz e 7B L 0l (5)

WEFES 20 um ZRALTH SN 5 95.7MPa & bt
WEE 2 Z Lo b, KIISETH S L7 Fr/rsit (332
BEIERER E AT LN TE S,

F“in—situ — 0_222* SC(lL)
SC(t)=—0.0139* t+4.4393
02,=23 [MPal], ¢: ply thickness [xm]

6))

%72, 205 DIEIZEREO EP-240-0 RE o B ohn
7z FLmsitv=1113 MPa, F/"®%=756 MPa, |5 J&§ O
EP-240-90 2XEx i 2> 5 5 L1z B/ =42.8 MPa &
LTy EWETH S 2 Lh o EEHBT L Ex2 L
WERERE OB Z OESRENEV, D, HEE
FIRDBEN TS, F/, 0B o Ww CEERERA
L EERBRR COIIEEGE SR E LB TO 2 DBV T 4
T 2 LEBTIZ093% TH L DI L, HETE
153% L2 Lo EESPHEL 22 LMET5ED
WHRICLVROMELZAMTEZ 0B L D RSN
EEAEHELTEY, #EElic L 2@mEREo—KE k>
Twa,

5. #&

il

AWFGECIE, BE S8R 25U CFRTS 8 &
UF CFRTP @tk 2 /eS8 U ¢ i sl 217, #HEbs
LU= MY 7 ARSI 3 & BT REIC B X IF
TRERFM U, £70, WBRCHBRF OlEH % £ O
BEEL, REBENROBMESERE S 2 7 TiRE T
32 L TR HEERBEORERT > 2. 2 OR
B, UTOZ sz,

(1) S FERER IO W, BER KT 2=
JEE 2L T3 L, b 7 ABES T K F S RfE, PA6
BIEOWTFhOLE Ty, WMITHRE, dTREER L
T BEIREMNE S Ntz REFFRIZ BT 07, 90° D 2 FH
DHTHMETIZH %53, HAE LT, BESHHEL %512
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oh, AR OV LA & 2 HTTRE S & O
RO FUEDN/NES L 8B 2 Eidbrolz, BESH
WLmae, v )7 AMIRO CAKICED S TEkE &
HERTIRARITEICE U R ICHEWRTNICE % £ TOH U
S Mty e s B 2 n L 7z,

(2) CFRTS Tk, #EREBR 1ZERERERA & L
TRWERZIEESFE L, —F CFRTP ¢, #HER
B 3 EERER T & Hel U e R RIS S B A L
7z. CFRTS & CFRTP TEW 324k U7 BRI o
IANF —REEDORE SRR 270 Th 5. HEHR
Bz, CFRTP B T1d CFRTS 8B & L
L CHEWERABEN S RTEE L, ERIRIREFS AR
WL RARE BT LIz, £72, BERBRA B
T, CFRTP & EiF & CFRTS #E&fF LD b7 > AN —
A7 T w7 DREVTHBIRE Moz,

(3) Fiz, FEFEHHR & BRI % F W CHIERHE S
KED Z DBTREE #2515 L, ERAICHEEZIE % 3 L 72
MR, EEIWEL 52 LEERBA LN TEEO 2
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