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Abstract: The ply level hybridization design employs multiple thin layers instead of a single thick layer, resulting in
an increased complexity of the interface. To investigate the hybrid effect between thick and thin plies of laminated
composites subjected to low-velocity impact loading, two hybrid laminates were designed based on the quasi-
isotropic stacking sequence. The low-velocity impact (LVI) tests including the baseline laminate and hybrid
laminates were carried out. The ultrasonic C-scan and de-ply technology were respectively used to make a non-
destructive and destructive detection on laminates with impact damages. Impact damages were qualitatively and
quantitatively evaluated based on the detection results. Subsequently, the performances and failure modes of

compression after impact (CAI) were analyzed. Experimental results show that hybrid design of thick- and
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thin- plies makes full use of the damage suppression characteristics of thin-ply composite, improves the impact

damage resistance of composite structures, reduces the projected delamination area and total interface delamina-

tion area, shortens the distance between the largest single delamination and the neutral layer, and significantly im-

proves the CAI strength of composite structures. The outputs of this experimental research serves as an indication

for the optimal design and safety evaluation of hybrid structures.

Keywords: ply level hybridization; low-velocity impact; damage characteristics; compression after impact; im-

pact resistance
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Table 1 Basic material performance parameters

Property Value
Longitudinal modulus, E; /GPa 127
Transverse modulus, E2; = E33/GPa 9.9
Shear modulus, G12 = G135 = G»3/GPa 4.8
Major Possion's ratio, vi2 = vi3 0.3
Through-thickness Possion's ratio, v2p 0.45
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Table 2 Stacking sequences and equivalent
bending stiffness

Laminate  Stacking sequences D*/(N-m) d,/%
Al [45/0/-45/90]; 502.45 0

A2 [(45/-45)/0/(45/-45)/90]5,  495.69 -1.35
A3 [45/0/=45/0/90]5, 477.58 -4.95

Note: d, —Deviation of equivalent flexural stiffness of hybrid
laminates A2and A3 compared with baseline laminate Al;
D*—Equivalent bending stiffness.
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Fig.1 Molding and non-destructive testing equipment
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Fig.2 Testing set-up: (a) Drop-weight impact test equipment; (b) Clamping system; (c) Illustration of clamping system
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Fig.3 Compression after impact (CAI) test equipment: (a) Universal testing machine; (b) CAI fixture with anti-buckling ribs;

(c) Schematic illustration of the CAI fixture with anti-buckling ribs
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(a) Force-time curves of the laminate A1 (a) Force-displacement curves of the laminate A1
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Fig.4 Contact force-time curves of carbon fiber reinforced polymer

(CFRP) laminates
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Fig.5 Contact force-displacement curves of CFRP laminates
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Fig.6 Energy-time curves of CFRP laminates
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Fig.9 Layer-by-layer damage images of the baseline laminate A1

RIE A, 45°H—45° 2 N 2 2 56
Bl HIMEZ G L, IRA2E A R B
W, B, RAZ A M A2 51 A T S ezt
1Al (45°/=45°) F1JEE 3 J2 1R % L 1T (=45°/0°, =45°/90°
F10°/45°), Sk [39] WFFE 45 AT A, YA -
TAHAEZ A2 BE AR g 90°m, w2 AT R 202 4
RECEHL “AEAER, i THZEE G MR A
A B oy R AR D, IR R AR A2
ali 4 2 P (45°/-45°) 1Y 3 2 T AR AL/,
110 s o H T4 2 4000 40 AR FH A R B9 5 e AN
Wr B, TEIRZZ AR A2, SRR 0 e xR

B
g
5
8

si=lslifelela sl ats el s = [ s e = 1= 4 5]

[
2
3
RE3
5
6
L1
E
9

==

IBSEEEEE!

P10 RAYE S A2 G S
Fig. 10 Layer-by-layer damage images of the hybrid laminate A2

A%, HRBGAEZ G T Mo Em L. 55k,
Vo S I 23 2 00 T BT AR )= 5% e A
TERI TR, LA R 52 5 R 45 F 0 8 1R 7R T 13 3
K o

RARJZEM A3 T, JEM)ZIR % 51 =45°/0°H)
S EBAIILFBg e b, s 1 k. 534k,
TEHT 51 AR 20 )6 )2 B (00/90°) b, T EF
FHARJZ BRI 1 0 90°, 2% FLTHI Y 73 /2 45145 52 BE
CPEART, HOCHEAERT R K TS T
— 2 LT ARG BT I — 2

Imp4dctor

1nate
45
0
43
4]0
90
45

==

=
3

IS o=

[l=lzl=lsl]

12
13
[14]
[15]90
16]90]
17
18
[19]
20

0 -
45
0

SN
2190
2[0]"]
-423149

2410

11 RAVZ G A3 B ZE B R R
Fig. 11 Layer-by-layer damage images of the hybrid laminate A3

J A, A 3CHE i AR F1 CCD M #L (Charge-
coupled device, GP-600V, B 111 i b 25 A 48 A1
RS w)) xf 48 2 AR AT TSR, R R B E )2
AR AR )26 M P A e W L i 27 2
3.2 CFRP E & WA 5 = AL 6 53 4

XU TE 43 2 AR 5 5L 10 AR 4B J2 1 2F 4 B ) A
Ko ATTLA-45°/0° AT A, a7 ohidiid #H CFRP



2614 -

EaMB=ER

52 MR Z [ESUR B 43 2 B IR AL . T 12 [ B
T o i RSO B A R R Bt B, Ay 2
04 00 T 2T A 1) B A SR e an 5 Sk O ) A o &1 12(a)
i CFRP & & M B TR A . o AT T,
HEMEIRERTAZ IR, NinSB8U2 N
e T E VAL A Bl | IR o E1 N S B VA 0 A i
R HL R SRR BERE A M RHZ AR 4]
Ry, mE1200) iR, BEESMEZES
M il SRR A B I, AT e SRR RO R A
M JE B T 1 47 e, AR 2 G B2 ST AL TP R
WSR2 07 10 1 47 R FE R o 2% 47 J2 0 B K 5 1 X 4y
KPR K. — XL ol 450, H—2%
X I e A o 1350, WNIE 12(c) FToR o 1 1AM 38 A
ERT, S0k 13520 I8 1, sk
45°1 X 8 FL I BT R 3K . A R ) T AE G £
h A5 B X BN, T B0 2 i B W
F B IEFRAE, W 12(d) s .

Initial matrix cracks

(a) Intact structure
A

4 (b) Initial matrix crack
"\ ‘ “\\

Crack propagation

(c) Matrix crack propagation
12 SRR IE S R AL R

Fig. 12 Schematic of delamination formation mechanism at interfaces

(d) Double-fan delamination

3.3 CFRP E&WARGEEN

AT TR R R B, o R T A
BEABR ARG, WmE 1B R, B4
B B8 2 X AR B (R R )2 ) 7R I P s R Rk AT
Thrid. mERH, SEEREA ALY, R
143 200 T % 2 A R 75.0% B9 07 B (G 18 A
M) b, BEE bR 1.2mm, HOB G AR N
414 mm?; JRARJZE A A2 R R LAY 2 24T
R AR 45.8% 0B (5 17 Fm) L, HE
it 2 0.2mm, F 4 A 299 mm®; R 4%

(a) The baseline laminate A1

Interlayer number
)
o

24 |

0 100 200 300 400 500

Delamination area/mm?

0 _(b)OThe hybrid laminate A2

0 60

112 150
6 E ' 96163
= 162

296
12 1% 163

18 Fl——o oo e

Interlayer number

24 E 1190, 256

30 E 2 . 1256

36

0 100 200 300 400 500
Delamination area/mm?

| (c) The hybrid laminate A3
0

18 E=2=241

Interlayer number

S

]

|

]

|

I

]

|

]

|

]

|

]

]

|

|

]

|
ol
=4
[oe]
|

I

]

]

]

|

]

|

]

1

24 E 1190

30

0 100 200 300 400 500
Delamination area/mm?
Sym is the neutral symmetric surface of the laminate

[€l 13 CFRP 2 St 42 i i

Fig. 13 Area of interface delamination of CFRP laminates

JZA M A3 TR KT AR o R T %2 AR E
54.2% MO0 E (56 16 Btm) b, BEE P2 0.2 mm,
H 5 m Ak 308 mm?. S5HUEE S AL AH I,



FBPUAR S5 - TR AN 2 R 2% B A b G T3 o i B 03 R A

£ 2615 -

TR A2 G M A2 R A3 19 5 K 43 2 T8 AR 43 Sl 2 1
27.8% F1 25.6%, wARAGEHEREETHZE. Rt
SEALATA, FEAEZ A AL A4S ST 4 2 40
BN 4663 mm®, T #6625 G A R 45145 1
YEHT, TRZRI2 &M A2 F1 A3 1Y 43 J2 L B AR
BRI, A5 EH0 B m ARS8,
W4 4631 mm? 1 4298 mm?, H A, JEHEE e
WA T2 A0 2384 5 R 2304 19 40 J2 1
B, flin, 25 AL FEaMa 2SS T
KRBT IR AR (A 0.84, 5 5L ME)ZE G A AH
b, IRZZE S A2 FA3 T, 412 S 2R
I 25 R A 1 43 )2 A A N, 43 )
4 0.75 F10.76,,

4 JEGEMERES M

A3 2 1 RSE RIS 2 5 i B2 4 b REE A iU
5 W BR 7R R 58 A R A R R, il -
WAL, ppl AR 2 AR R 5 R4
FIAMZ R R EAR -, SEZEAN
2 A 5 R P EB A B 1) e 4 RN — 3K
I, Bl AR Sy Z B CAT #far T B2 A 4
BHEME T — N HESMORIR RS, R A MR
RS 5y 0k ok #ne )1 . B 14 geit TR 42 G
Wb IR R A R AR . mIERTA, IRE AR A2
F1 A3 9 CAI 5 J¥ 43 %I &y 220 MPa #il 241 MPa, Lt
FEUEZ A M (184 MPa) 43 il £ &5 T 19.5% F 30.9%

300

241

[\
B
(=]

220

184 %

180 |

120

Compressive strength/MPa

(=)
(=]

Al A2 A3
Group

¥ 14 CFRP JZ&Hil CAL R Z
Fig. 14 CAlI strengths of CFRP laminated composites

Egiid b, il gl AR YR EERE AR
4 vh Sk TR I3 6 JE A0 DX SR B R T 1) R o T
ARG, Wy )R T SO T MY = A M
BRGNS, WE 15 Fis. 50282607

JREETT Ry A2 A TR, TRARBIETY]
Je MR R 2 S MR CATR AU BN Z — . 53
b, R TR R A B N, R AR A
R i 11 = DN R AW SN G TS s s = 8 3
JEA R A 2 RAE R R A E 25 5%
X b 22 7 R BN B R R 5 M AT ORI B B AR
PEoE B RE, MR IR )Z 5 A A2 il A3 A7 fE—
RIS R, I HzRE i i s

(b) Back of laminates
€15 CFRP JZ &M EAE R

Fig. 15 Compression failure mode of CFRP laminated composites

5 &g

ASCTFRE TR E R TAE, XK oh
(Low-velocity impact, LVI) Fll #f 5 J5 & 45 (Com-
pression after impact, CAI) 2% faf F 19 )& i )2 1R 2%
BN HEAT T MR R E R TEAL . BRI .

(1) 5EME)Z G ALAE L, 5T 58808 M R
FET7 T Y IR R IR A2 G A (A2 F1 A3), FIH
THEEE S MR M EIRE A, Be TES
RS R Y b G BT, R B = Y o A
V) (R B K422 fik o DA

(2) T2 n e mor R, B EIR
e Tt 3 M AR T LV A T Bl 21 4 3 S A A
JE (CFRP) & & M B2 43 )2 AR — i B K
SR, WK T R RA)E SR A R
JZ 22 ) Y B

B) B BRI T E G A A 1



2616 -

EEMRER

CAISR % . S5RMEZ G AL, BRARZEA R
A2 F1 A3 1) CAI 58 & 43 5 #2 7 T 19.5% F1 30.9%.

o
(1] &R, phad, Weg, 55 IR IA AW IR E SR

[3]

s T (1], &M, 2022, 39(10): 4935-4948.
CAO Junchao, SUN Jianbo, CAO Yong, et al. High-velocity
impact damage behavior of hybrid fiber reinforced epoxy
composites[J]. Acta Materiae Compositae Sinica, 2022,
39(10): 4935-4948(in Chinese).

TRARIE, AT, FEM, A5 BRLF RS E R RHZE SRR w4
FAEDEFY (7). S dbhpiAl e 5 TR, 2021, 44(4): 34-39.
ZHANG Zhiyuan, LI Wei, JIANG Peng, et al. Damage
characteristics of carbon fiber composite laminates under
low-velocity impact[J]. Ordnance Material Science and
Engineering, 2021, 44(4): 34-39(in Chinese).

TLEL BRET AR A BORE RHLES R R BT (7). e B B2t 4
51, 2010, 35(4): 1-4.

SHEN Zhen. Application of carbon fiber composites in air-
craft structures[J]. Hi-Tech Fiber & Application, 2010,
35(4): 1-4(in Chinese).

LI, WK, IS, 55 BABB AT 0T & whi B R AT 4/ BR
UM AR A2 5 B RHZ A AR 4 AR 8 RE 0 B R Y SE R AT AT (7).
SAMREEEIR, 2020, 37(11): 2833-2843.

WANG Yao, CAO Dongfeng, HU Haixiao, et al. Effect of
single-bolt repair on

compression  capability of

carbon/epoxy resin composite laminates containing
impact damage: Experimental study[J]. Acta Materiae
Compositae Sinica, 2020, 37(11): 2833-2843(in Chinese).
N, I, 2, S ZEMRUR SR E i G R
BLE [7]. SEFEEHR, 2023, 40(10): 5932-5946.

ZHONG Xiaodan, LI Zhaoyang, LI Nian, et al. Failure
mechanisms of composite laminate subjected to edge-on
impact[J]. Acta Materiae Compositae Sinica, 2023, 40(10):
5932-5946(in Chinese).

CAO D, HU H, WANGYY, et al. Experimental and numerical
studies on influence of impact damage and simple bolt
repair on compressive failure of composite laminates[J].
Composite Structures, 2021, 4: 114491.

AT I, ATA, X8, 5F. AR Z Y T RREF 4/ SR 4 IR
BS B MRHRE BRI SRR BE IS (1], S &bk
1%, 2023, 40(9): 5359-5370.

YU Mingming, ZHU Xueli, LIU Xueqiang, et al. Failure
mechanism and assessment of residual strength of carbon
fiber/epoxy resin matrix composite laminates under
multiple impacts at low velocities[J]. Acta Materiae Com-
positae Sinica, 2023, 40(9): 5359-5370(in Chinese).

LEI Z X, MA ], SUN W K, et al. Low-velocity impact and
behaviors of twill

compression-after-impact woven

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

carbon fiber/glass fiber hybrid composite laminates with
flame retardant epoxy resin[J]. Composite Structures,
2023, 321: 117253.

R, ZEmite. ST LLAMAISRH) CFRP & & BRI E v i 16t
BiFRAE 7). EAMEAHL, 2022, 39(8): 4164-4171.

ZHU Xiao, YUAN Lihua. Low-velocity impact damage char-
acterization of CFRP composite based on infrared thermo-
graphy[J]. Acta Materiae Compositae Sinica, 2022, 39(8):
4164-4171(in Chinese).

IS, BARTF, A, 5. W22 5 Z ATk [7].
P/ A4, 2016, 7(8): 92-98.

HE Mingchang, HUANG Chunfang, ZHENG Qing, et al.
Progress of research on thin-ply laminated composites[J].
Fiber Reinforced Plastics/Composites, 2016, 7(8): 92-98(in
Chinese).

AMACHER R, CUGNONI J, BOTSIS J, et al. Thin ply com-
posites: Experimental characterization and modeling of
size-effects [J]. Composites Science and Technology, 2014,
101:121-132.

HUANG C, JU S, HE M, et al. Identification of failure modes
of composite thin-ply laminates containing circular hole
under tension by acoustic emission signals[J]. Composite
Structures, 2018, 206: 70-79.

LOVEJOY A E, SCOTTI S, MILLER S, et al. Characterization
of IM7/8552 thin-ply and hybrid thin-ply composites [C]//
AIAA Scitech 2019 Forum. Orlando: American Institute of
Aeronautics and Astronautics, 2019: 0773.

SIHN S, KIM R, KAWABE K, et al. Experimental studies of
thin-ply laminated composites[J]. Composites Science
and Technology, 2007, 67(6): 996-1008.

ZHENG K, HU H, CAO D, et al. Experimental and numeric-
al studies on the tensile behaviors of thin-ply and thick-ply
open-hole laminates[J]. Thin-Walled Structures, 2023,
186: 110649.

ARTEIRO A, FURTADO C, CATALANOTTI G, et al. Thin-ply
polymer composite materials: A review[J]. Composites
Part A: Applied Science and Manufacturing, 2020, 132:
105777.

YOKOZEKI T, AOKI Y, OGASAWARA T. Experimental char-
acterization of strength and damage resistance properties
of thin-ply carbon fiber/toughened epoxy laminates[]J].
Composite Structures, 2008, 82(3): 382-389.

YOKOZEKI T, KURODA A, YOSHIMURA A, et al. Damage
characterization in thin-ply composite laminates under
out-of-plane transverse loadings[J]. Composite Struc-
tures, 2010, 93(1): 49-57.

WAGIH A, MAIMI P, GONZALEZ E V, et al. Damage
sequence in thin-ply composite laminates under out-of-

plane loading[J]. Composites Part A: Applied Science and


https://doi.org/10.3969/j.issn.1007-9815.2010.04.001
https://doi.org/10.3969/j.issn.1007-9815.2010.04.001
https://doi.org/10.3969/j.issn.1007-9815.2010.04.001
https://doi.org/10.3969/j.issn.1007-9815.2010.04.001
https://doi.org/10.3969/j.issn.1007-9815.2010.04.001
https://doi.org/10.3969/j.issn.1007-9815.2010.04.001
https://doi.org/10.3969/j.issn.1007-9815.2010.04.001
https://doi.org/10.3969/j.issn.1007-9815.2010.04.001
https://doi.org/10.3969/j.issn.1007-9815.2010.04.001
https://doi.org/10.1016/j.compstruct.2023.117253
https://doi.org/10.1016/j.compscitech.2014.06.027
https://doi.org/10.1016/j.compstruct.2018.08.019
https://doi.org/10.1016/j.compstruct.2018.08.019
https://doi.org/10.1016/j.compscitech.2006.06.008
https://doi.org/10.1016/j.compscitech.2006.06.008
https://doi.org/10.1016/j.tws.2023.110649
https://doi.org/10.1016/j.tws.2023.110649
https://doi.org/10.1016/j.tws.2023.110649
https://doi.org/10.1016/j.compositesa.2020.105777
https://doi.org/10.1016/j.compositesa.2020.105777
https://doi.org/10.1016/j.compstruct.2007.01.015
https://doi.org/10.1016/j.compstruct.2010.06.016
https://doi.org/10.1016/j.compstruct.2010.06.016
https://doi.org/10.1016/j.compstruct.2010.06.016
https://doi.org/10.1016/j.compositesa.2016.04.010

PR 55 -

B/l V2 R A A 5 BTG S o b 450400 26

+2617 -

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Manufacturing, 2016, 87: 66-77.

SASIKUMAR A, TRIAS D, COSTA J, et al. Impact and com-
pression after impact response in thin laminates of spread-
tow woven and non-crimp fabrics[J]. Composite Struc-
tures, 2019, 215: 432-445.

GARCIA-RODRIGUEZ S M, COSTA J, BARDERA A, et al. A
3D tomographic investigation to elucidate the low-velocity
impact resistance, tolerance and damage sequence of thin
non-crimp fabric laminates: Effect of ply-thickness[J].
Composites Part A: Applied Science and Manufacturing,
2018, 113: 53-65.

SASIKUMAR A, TRIAS D, COSTAJ, et al. Effect of ply thick-
ness and ply level hybridization on the compression after
impact strength of thin laminates[J]. Composites Part A:
Applied Science and Manufacturing, 2019, 121: 232-243.
ARTEIRO A, CATALANOTTI G, XAVIER J, et al. A strategy
to improve the structural performance of non-crimp fabric
thin-ply laminates[J]. Composite Structures, 2018, 188:
438-449.

SEBAEY T A, GONZALEZ E V, LOPES C S, et al. Damage
resistance and damage tolerance of dispersed CFRP
laminates: Effect of ply clustering[J]. Composite Struc-
tures, 2013, 106: 96-103.

FURTADO C, ARTEIRO A, CATALANOTTI G, et al. Select-
ive ply-level hybridisation for improved notched response
of composite laminates [7]. Composite Structures, 2016,
145: 1-14.

SEBAEY T A, MAHDI E. Using thin-plies to improve the
damage resistance and tolerance of aeronautical CFRP
composites[J]. Composites Part A: Applied Science and
Manufacturing, 2016, 86: 31-38.

SASIKUMAR A, TRIAS D, COSTA J, et al. Mitigating the
weak impact response of thin-ply based thin laminates
through an unsymmetrical laminate design incorporating
intermediate grade plies[J]. Composite Structures, 2019,
220:93-104.

SASIKUMAR A, COSTA J, TRIAS D, et al. A virtual testing
based search for optimum compression after impact
strength in thin laminates using ply-thickness hybridiza-
tion and unsymmetrical designs[J]. Composites Science
and Technology, 2020, 196: 108188.

OLSSON R. Analytical prediction of damage due to large
mass impact on thin ply composites[J]. Composites Part A:
Applied Science and Manufacturing, 2015, 72: 184-191.
ASTM. Standard test method for measuring the damage
resistance of a fiber-reinforced polymer matrix composite
to a drop-weight impact event: ASTM D7136/D7136M—
20A[S]. West Conshohocken, PA: ASTM International,

[31]

[32]

[33]

(34]

(35]

[36]

(37]

[38]

(39]

[40]

2020.

ASTM. Standard test method for compressive residual
strength properties of damaged polymer matrix composite
plates: ASTM D7137/D7137M—17A[S]. West Conshohock-
en, PA: ASTM International, 2017.

CAMANHO P P, DAVILA C G, PINHO S T, et al. Prediction
of in situ strengths and matrix cracking in composites
under transverse tension and in-plane shear[J]. Com-
posites Part A: Applied Science and Manufacturing, 2006,
37(2): 165-176.

CZEL G, REV T, JALALVAND M, et al. Pseudo-ductility and
reduced notch sensitivity in multi-directional all-
carbon/epoxy thin-ply hybrid composites[J]. Composites
Part A: Applied Science and Manufacturing, 2018, 104:
151-164.

KOHLER S, CUGNONI J, AMACHER R, et al. Transverse
cracking in the bulk and at the free edge of thin-ply com-
posites: Experiments and multiscale modelling[J]. Com-
posites Part A: Applied Science and Manufacturing, 2019,
124:105468.

CATALANOTTI G. Prediction of in situ strengths in com-
posites: Some considerations[J]. Composite Structures,
2019, 207: 889-893.

ABISSET E, DAGHIA F, SUN X C, et al. Interaction of inter-
and intralaminar damage in scaled quasi-static indenta-
tion tests: Part 1—Experiments[J]. Composite Structures,
2016, 136: 712-726.

MOROKOV E, LEVIN V, CHERNOV A, et al. High resolu-
tion ply-by-ply ultrasound imaging of impact damage in
thick CFRP laminates by high-frequency acoustic micro-
scopy[J]. Composite Structures, 2021, 256: 113102.

BULL D J, SPEARING S M, SINCLAIR I. Observations of
damage development from compression-after-impact
experiments using ex situ micro-focus computed tomo-
graphy[J]. Composites Science and Technology, 2014, 97:
106-114.

LIN S, WAAS A M. The effect of stacking sequence on the
LVI damage of laminated composites: Experiments and
analysis[J]. Composites Part A: Applied Science and
Manufacturing, 2021, 145: 106377.

R, MR, S5 B & )2 B0 L 48 CCF300 5
T300 kT4 A M BHZ B AU RS R B [T]. Az 3 12
%, 2011, 26(11): 2416-2421.

FU Huimin, YANG Yusong, ZHANG Yongbo. Failure mode
research on CCF300 and T300 carbon fiber composite
laminates with delamination under compressive

strength[J]. Journal of Aerospace Power, 2011, 26(11):
2416-2421(in Chinese).


https://doi.org/10.1016/j.compositesa.2016.04.010
https://doi.org/10.1016/j.compstruct.2019.02.054
https://doi.org/10.1016/j.compstruct.2019.02.054
https://doi.org/10.1016/j.compstruct.2019.02.054
https://doi.org/10.1016/j.compositesa.2018.07.013
https://doi.org/10.1016/j.compositesa.2019.03.022
https://doi.org/10.1016/j.compositesa.2019.03.022
https://doi.org/10.1016/j.compstruct.2017.11.072
https://doi.org/10.1016/j.compstruct.2013.05.052
https://doi.org/10.1016/j.compstruct.2013.05.052
https://doi.org/10.1016/j.compstruct.2013.05.052
https://doi.org/10.1016/j.compstruct.2016.02.050
https://doi.org/10.1016/j.compositesa.2016.03.027
https://doi.org/10.1016/j.compositesa.2016.03.027
https://doi.org/10.1016/j.compstruct.2019.03.069
https://doi.org/10.1016/j.compscitech.2020.108188
https://doi.org/10.1016/j.compscitech.2020.108188
https://doi.org/10.1016/j.compositesa.2015.02.005
https://doi.org/10.1016/j.compositesa.2015.02.005
https://doi.org/10.1016/j.compositesa.2005.04.023
https://doi.org/10.1016/j.compositesa.2005.04.023
https://doi.org/10.1016/j.compositesa.2005.04.023
https://doi.org/10.1016/j.compositesa.2017.10.028
https://doi.org/10.1016/j.compositesa.2017.10.028
https://doi.org/10.1016/j.compositesa.2019.05.036
https://doi.org/10.1016/j.compositesa.2019.05.036
https://doi.org/10.1016/j.compstruct.2018.09.075
https://doi.org/10.1016/j.compstruct.2015.09.061
https://doi.org/10.1016/j.compstruct.2020.113102
https://doi.org/10.1016/j.compscitech.2014.04.008
https://doi.org/10.1016/j.compositesa.2021.106377
https://doi.org/10.1016/j.compositesa.2021.106377

	1 试样制备和测试
	1.1 材料选择
	1.2 厚薄层混杂设计
	1.3 试样制备
	1.4 冲击方案
	1.5 压缩方案

	2 CFRP层合板的冲击曲线分析
	2.1 CFRP层合板的接触力与时间曲线
	2.2 CFRP层合板的冲击阻抗分析

	3 CFRP层合板的冲击损伤特性
	3.1 CFRP层合板的冲击损伤定性分析
	3.1.1 超声C扫结果
	3.1.2 热揭层结果

	3.2 CFRP层合板的分层形成机制分析
	3.3 CFRP层合板的损伤定量分析

	4 压缩性能分析
	5 结 论
	参考文献

