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Abstract: In this study, impact and compressive after impact (CAI) tests using varying impact
energies were conducted using ply-level hybrid laminates composed of thin and standard ply
clusters. In addition, fiber metal laminates (FMLs), which consisted of thin-ply prepregs and
stainless layers with a thickness of 0.04 mm, were made in order to suppress the fiber breakage that
caused a decrease in CAI strength. Next, impact and CAI tests were conducted on FMLs in order
to investigate the effect of the inserting location in the thickness direction and the number of metal
layers in failure mode, as well as CAI strength. The results confirmed that CAI strength was
improved by both ply-level hybridization and the insertion of metal layers. In ply-level hybrid
laminates, the incidence of fiber breakage and delamination was reduced by changing the ratio of
thin-ply prepregs and their through the thickness location. In addition, plastic deformation of metal
layers in FMLs led to a larger dissipated energy; thus, the failure occurred in a limited location, such
as fiber breakage at the non-impacted laminate face.

Key words: Thin-ply prepreg, Ply-level hybridization, Fiber metal laminates (FMLs), Impact test,

Compressive after impact (CAI) strength

1. #

il

Wizerk, HBEESEICBE VT, CFRP (carbon fiber
reinforced plastics REMMETILESMED OREEME
s gRH IR TERT 2 > 7 —

Industrial Technology Center of Fukui Prefecture

*1 52 B Researcher, *° #8F5H5% & Senior Researcher
w20 %T YR AR R T A TS R B T IR

Department of Mechanical Engineering and Sci-
ence, Kyoto University

*2 Ak # 4% Associate Professor,

Professor, *7 #{% Professor
*3*%6 Hamburg University of Technology, Institute of
Polymer and Composites
*3 PhD Student, *¢ Professor

* B # Assistant

HEADOHAWIEOHERE S LT B, TR, MHER {2
D TRV, EE280.1 mm A TOHERE Y v 75
HanTwa, FehzEgIBIcsv»w T, CFRP 24
Y AEREL §5 2 LT, BLAERSEDFERSES
MEIVEIBREIETEZRT TR, ko7 7
TEHBRLTEIDZ L DEEHR T LI ENTE L0,
REEMM OB OHHE2ED 5 Z LS AT
5, ZhodXA )y Mgz, &) 7v 7 2Hws
ZET, WA ERRER, 5T RRERIC B WV CHRE
MET2ZERRTIEDHSNTVRED, ZOFHR
X, ~ NV IZRZ Iy r70MlE, 7Ty 7 DORWTH
£ 2 BREFEOISENC X 5 b 0T, WElic X 3185
HHEIEhE & LT s nTw 5, #21E, Amacher 5% 13,

(24)



IH - 7511 - Kotter « #AH < )11i& « Fiedler - bt : CFRP OFRIBGZEENC RIZINA 7Y v FREEOFE 105

FRAEE £52% 30, 100, 300 g/m*> D7) v 7% W TIE
B 0R2 2 MERZEE L, BlER - EHRAR LT
v, R & 0 PIEGSIIHE S s 2 L KBRS
mUTe, Fie, FEEHEERZ AV SRR O R %%
2L, BESIEL RS L, BT 2EOREEIC X
D WIS AE TN B 5 2 OB ERENE LT 5 2 &
ZEBRIZR L.

Lo Las, #HEEbC X 2 E8EMHBIENFIRT 2
ZEWREY, RIS ZRANE U CRlERT Y
FET 2 ETCHEL TuARLREER L D bIEVIRE
ERTHED RSN TWS, Flz1E, Furtado 59 1%, fik
MEEIT2Y 30, 100 g/m? O#EJE 7Y v 7, fiEE AT
160, 240 g/m?* O (1 @D b7z H OFHEE T © 80, 120
g/m?), #HEE 5120 g¢/m? @ NCF (non-crimp fab-
rics, 1D b7z OREEL 1 60 g/m?) Febt 2w T
[BIE & D 2B EFHEL, BEEMEEEEHEAGD
H AL ERBEEZTY, EEIPELOEREE B
FOEFBEBE I T T EE LN, ZORE, 8
BEanilnsl, FLAUTDO N7V AN—RT T 7
B L UERKBEOFESIIHI SN Z sk b, FLLRE
R R GRS T, Cheis s U CliEtn e
W EE & 5 Z i X D AFABIREESMET S5 2 &
EEBINOR U, £72, IHHESY 1, ES0.02mm O
e 7V 72T, BES20.02, 0.12, 0.24 mm
O 3FHOEE S HERER 2L, HE XL ¥ —
T 2 CEEHE 217V, CAI (compression after im-
pact) TEE B X OEREARIC X 2 EGEROE 21T
Jo. ZOER, BEINHL %D L, R ALF -0
5)/mm LUTF 035413 CALBEE RS L & 2 HIA R S
NIeH, T AVX - kD R O 280
EEWKEL B2 itk Y, CALEBEDETOHEH
KEL D 2 L 2FEEBRIITR L.

Zh e DFNEEOTR Ty, ARRARNC X 2HE51
HECHERTE R WA TH R RMERT 25 S 2
FTZEDS, FRCMZEHSEFICE VLTI, CAIEEIXE
B o T Y, #HEic k5 CALREK T 24
T 2720 OMEBEE  LEa8hT»w 5519, fil2 1R,
< MY 7 ABREE C AT 2 5, ERICEIEE
ZEUE T 5 5, EEROREE T 2 M E 2 RIE A
TEAESEID 21, BEOEEMOE L IERTEL$
2R PRET SN TW» 5,

Zoftiiz, BESORZZ 7Y 7V 72T, WE
FHANCHE B & CEE CRERL S 5 85 2 g L 72N A
7y FEERAEER L, CAIMELUET 2340 7%

ENTW» B9 Sasikumar 59 1%, HfHEE 2 75,
134, 268 g/m> D7) FL 7 RN, BEINEL S
FERS L OEE Y 7 IRER R T2 ED S B
0° JB1Z 134, 268 g/m* D7) v 7 2z nENidE L7z
2HHDONA 7Yy FEEREFRL T, HEBHEREE
L, BEEBIUNA 7Yy MESEBEEEL L O
CALBEIC BT T BRIz, ZORE, HE7Y 7
v JTRIEN TSR o F B L v, CAIBEDE T
BROENITZDIEZXF LT, N4 7V v RREER CIER
WroFeEs L O CAIBEOR TG S S 2 L &R
L7z, 2o ORI, BEREBRT 2&BORES
EEALSE A L kD, KR EGEEE A S 1,
Zhic kb CAIERALTE2Z L ERLTVD,

NATY y REEEIZ, BUAMELEBIED & 5 12851
7 NY 7 ABERERA LD, ERICRERE 2 ECE T
2%, CAligER2M LETE 5 2 LA TE 5,
Fiz, BET) Vv OERREDRLSTE S0, B
JE# RS 32 ENTE, MEMEOEEE LM T2
ZETED, LrLians, HES) SV RRLET %
AIiE & 2 DR, EHRARIC L 2 G ES L U CAL#
B RIZTHECOW TREMCHTRIHNT 2w, F
7z, BB U721 &9 OEBFERISRT L 52, HEY
TV I REIENRE, R ROV — I T W IR EHIE]
SR ERT— AT, EET AL F —I8 T I
WEH AL, CAIENZFLETT S, 20k
SO T A v N ERET 5720, HEL CFRP
FEE OB © 3oL ¥ —3k COBAMEZHERFL, 7o
18T L — 30T 38 W THRHERBINT O F8 4R 21 92 2 &
2 HIC, HE7) 7V 7 R RE S AN ER S B 5
B Z & RRE U gRElE e o,

Z 2T, AW TIZE S 0.02 mm O CF/epoxy
7N TV 7R, BEREEBKT 2 &EORE S PR
BN A Ty P ERER 2 ER L, R 4
WVF—Zh 2 TEEREBS L O CAlRB 2T, BE
& 0.12 mm OFEER 3 L T 0.02 mm O g % g L
TS ZEA L, AT 2B A A ONE S X U
AT B ERIS, HEFRES XU CALMEE I RIZTHEr
AT, ZoHBIC XY, HEEOMEEE 3oL ¥ -1
@ CAI 585 6] b0 S A8 3 )L ¥ — I8k o fkHE Rl iy 6 48
WCRIZTHERPES PIT LTz,

—73, CFRP O EOM L, FRcEsB AN L
2T 2409 % BT, Al/GFRP, Ti/CFRP 7%
LRI 7o A F v 7 EE&RBDONA 7)) v RFEER
(fiber metal laminates, FML) 2321 % THEZ & Wit &

(25)



106 HAEAEM R

H46% 35 (2020)

Table 1 Configuration of the ply-level hybrid laminates.

Code Ply thickness [mm] Ratio of thin layers [%] Configuration

S-25 0.02, 0.12 25 [(45/0/—45/90)s/(456/05/ — 456/905)s]s
M-25 0.02, 0.12 25 [(456/06/ —456/906)5/(45/0/ —45/90)s]s
M-50 0.02, 0.12 50 [(456/06/ —456/906)./(45/0/ —45/90)12 s
M-75 0.02, 0.12 75 [(456/06/ —456/906)/(45/0/ —45/90)15
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Fig. 1 Schematic drawings of ply-level hybrid
laminates.
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Table 2 Configuration of the FML.

Ply
thickness

[mm]
Reference 0.04
FML 6.259% 0.04
FML 12.5% 0.04
FML 25%  0.04

Code Configuration

45/90/ —45/0] 16
(45/M/—45/0),/(45/90/ —45/0), ]
(45/M/—45/0)6/(45/90/ —45/0)s]s
45/M/_45/0]125

— e

| -45°
=

j— (1] o
F— :I Metal layer

FML 25%

FML 12.5%

Reference FML 6.25%

Fig. 2 Schematic drawings of FML. Arrows
show the position of metal layers.
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Table 3 Results of impact tests and CAI tests of ply-level hybrid laminates.

S-25
Impact energy Displacement Peak force Dissipated energy daigjzcger(ia Dent depth CAI strength
[J/mm] [mm] [kN] [J/mm] 8e [mm] [MPa]
[mm?]
3 3.3 8.3 1.9 1795 0.11 238
5 4.6 8.8 2.7 3124 0.16 202
7 5.8 10.4 5.5 5012 0.55 150
M-25
3 3.1 8.3 1.9 1210 0.13 303
5 4.4 9.5 3.3 2266 0.22 205
7 5.5 10.2 5.0 3068 0.37 180
M-50
3 3.3 8.5 1.7 644 0.16 258
5 4.4 9.1 2.9 2987 0.18 221
7 5.5 9.3 5.0 3214 0.35 185
M-75
3 3.0 9.2 1.1 43 0.15 363
5 4.6 9.9 3.6 2769 0.24 247
7 6.1 9.3 5.6 2991 0.46 177

3 J/mm 5 J/mm 7 JImm

20 mm

Fig. 3 Pictures and ultrasonic inspection images Fig. 5 Pictures and ultrasonic inspection images

of S-25 laminates. In lower images, the
area surrounded by chain line shows lam-
inates which consist of thin-ply prepregs.

3 J/mm 5 J/mm 7 Jimm

Fig. 4 Pictures and ultrasonic inspection images

of M-25 laminates. In lower images, the
area surrounded by chain line shows lam-
inates which consist of thin-ply prepregs.

20 mm
’ :‘

of M-50 laminates. In lower images, the
area surrounded by chain line shows lam-
inates which consist of thin-ply prepregs.

5 J/mm 7 J/mm

20 mm 20 mm 20 mm
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Fig. 6 Pictures and ultrasonic inspection images

of M-75 laminates. In lower images, the
area surrounded by chain line shows lam-
inates which consist of thin-ply prepregs.
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3 J/mm 5 J/mm 7 Jimm

20 mm 20 mm

Fig. 7 Pictures and ultrasonic inspection images
of thin laminates.”

3 J/mm 5 J/mm 7 Jimm

20 mm

Fig. 8 Pictures and ultrasonic inspection images
of standard ply laminates.®

Table 4 Results of impact tests and CAI tests shown in Ref. 5).

Thin ply (Ply thickness: 0.02 mm)

Impact energy Displacement Peak force Dissipated energy dalr)nr;)]?eczeria Dent depth CAI strength
[J/mm] [mm] [kN] [J/mm] sl [mm] [MPa]
[mm?]
3 3.1 8.0 1.6 2449 0.11 283
5 4.8 8.3 3.5 3178 0.23 217
7 7.0 8.4 4.5 3495 0.80 155
Standard ply (Ply thickness: 0.12 mm)
3 3.2 7.8 1.4 1510 0.08 271
5 4.6 9.0 2.5 2719 0.12 211
7 5.2 115 3.5 3750 0.14 183
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s
Displacement [mm]

Fig. 9 Force-displacement curves of impact tests
using ply-level hybrid laminates.
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Fig. 10 Force-displacement curves of impact
tests shown in Ref. 5).
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Table 5 Results of impact tests and CAI tests of FML.

Specimen Displacement Peak force  Dissipated energy  Dent depth  CAI strength
[mm] [kN] [J/mm] [mm] [MPa]
Reference 4.5 7.5 2.9 0.23 235
FML 6.25% 4.1 8.3 2.8 0.31 245
FML 12.5% 4.0 8.1 2.8 0.19 206
FML 25% 4.1 7.8 3.2 0.30 244
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