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Fig. 1 Three types of fiber crochet core layers for laminates
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Fig.2 Physical specimens of partial fiber-metal laminates
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Tab.1 Mechanical properties of FD79 bulletproof steel, 316 stainless
steel, and Kevlar 49

- (j/ ;; 1:3/) m&iff R,/ Iéhﬁ ;-E E/ A
FD79 540 7.86x107 1862 204 000 0.28
36 7.93x10° 515 194 020 0.30
LKA 49 1.44x10° 2300 124 000 0.35
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Tab. 2 Structural parameters of equivalent models for fiber crochet

layers
ok 73 I AfEAmm AFUmme Fikl/g
316 NN 11 26 1.28 307479 2438
LKA 49 13 27 1.68 482956  6.96
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Fig.3 Schematic diagram of the finite element model and the mesh

division
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Fig. 4 Test setup for quasi-static penetration of laminates
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Fig. 5 Test and simulated load-displacement curves of P, P, plates
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Fig. 6 Test and simulated load-displacement curves of PSP, PKP

laminates
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Fig.7 Test and simulated load-displacement curves of PSSP/PKKP

laminates
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Fig. 8 Test and simulated load-displacement curves of PSKP, PMP

laminates
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Fig. 9 Summary of test load-displacement curves for various
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Tab.3 Evaluated energy absorption parameters of fiber-metal
laminates under quasi-static penetration
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Fig. 10 Comparison of test and simulated energy absorption

parameters for six laminated panel structures and P, P, single plates
A
4 ZHit

T R IR A A - B8 1 28 5 Abaqus B EAR AL
TR R 2T - A IR AT 0 b PSR 47 4 4 Jm )2
B AR HE R A AR TARRBL T 19 12447 R e 4y
PEAFHDUT FEL58

1) 24202 Ry B2 B J2 A5 A ) 0 {1 28K oy 42 3
Ty AR A A B B W A 5 N R B R
JEBT, 1 287 AT

2)PSP .PKP PSSP .PKKP ,PSKP .PMP % 2 &
WA AR 25 74 43 51 4 40. 60,40. 62.26.91.39.21.29. 60,
31.96 kN, 5 P, P, AU {H = F11(40. 08 kN) A Lt , B )2 05
JZ ) PSP\ PKP JZ & Hi iy W {28 A 43 3 $2 55 T 0. 52,
0. 54 kN, 1M B A B2 50E 4 68 2 19 PSSP, PKKP,
PSKP . PMP JZ & 114 W (i 254 ) 43 551 B 1 1317,
0.87.10.48.8. 12 kN, X R 42O 2R,
S VR N IR S, G882 B A S T 0 5 (L 8 g KT
P, PAREUEZ AL SR, R IR R G 4 24544
VER S Z I, RESE A AR AR AR AN 3 2 v %) W {1 28 Ay O
BBt .

3)PSP . PKP PSSP .PKKP . PSKP . PMP £ 2 &
(9 W fig & 43 W) A 435,77, 404. 06, 436. 82, 565. 1,

370.61.291. 90 J, kb P, P, A (AW fig & =2 F1(223. 3 1) 43
S 55 95. 12% . 80. 93%., 95. 59% ., 153. 2%, 65. 95% .
30. 70%, .t J22 B9 A e 8 M W RE M RE A A 0 2 1Y
27t

2 % L ik (References)

(1] skdnisn, g DRI 55 . R 2 B 41 282 6 B i 1 g
LeRTARFSELT ], HUBSRE ,2022,44(6) : 1350-1356.

Zhang Ruhao, Cui An, Chen Chong, et al. Low speed impact per-
formance and application of flax-basalt fiber composites[J]. Jour-
nal of Mechanical Strength,2022,44(6) :1350-1356. (In Chinese)

[2] ChenY?Z, Wang Y C, Wang H. Research progress on interlaminar
failure behavior of fiber metal laminates[J]. Advances in Polymer
Technology,2020,2020( 1) :3097839.

(3] AR2FARTTEATIRMG , 45 . BRAT U5 RHZ G U I S S i)
ARBEDIFELT]. HLBRIREE ,2024,46(3) : 588-594.

Yu Fen, Cui Naiwei, He Zhenpeng, et al. Study on residual tensile
strength of carbon fiber composite laminates after drilling[J]. Jour-
nal of Mechanical Strength,2024,46(3):588-594. (In Chinese)

(4] SxpLw, Hout, 7R3, 55 . FRPJEG Mt e 71 5 805 i FL
AT ]. BRI 2441, 2023, 55(4) :693-701.
Liu Duhao, Chang Bin, Qiao Jinglong, et al. An empirical estima-
tion method for impact resistance and damage area of FRP lami-
nates [J]. Journal of Nanjing University of Aeronautics & Astro-
nautics,2023,55(4):693-701. (In Chinese)

[5] B30, 205 A E, 45 . ST G M RHZE G G R TR R Y
T I]. HUGREE ,2019,41(6) : 1445-1453.

Huang Zhefeng, Li Li, Yang Zengqin, et al. Prediction of load limit
of bi-modulus composites laminated structure [J]. Journal of
Mechanical Strength,2019,41(6) : 1445-1453. (In Chinese)

[6] B K, ZRMEVE, AL, 55 . B LT 2 AN B IO 1R A 1 0 PR A

i J2 A BRAEL SR ol e 1 AR R SRR E T[], A2 AR
##%,2021,38(9):2862-2874.
Deng Yunfei, Cai Xiongfeng, Li Xiang, et al. Experimental study
on oblique impact of steel balls on glass fiber-stainless steel mesh
hybrid reinforced epoxy laminates[J]. Acta Materiae Compositae
Sinica,2021,38(9):2862-2874. (In Chinese)

(7] A B ELSAZ S BB UL [D]. Bat. st
T R2£,2020:27-34.

Shi Yijian. Design and research of lightweight ceramic fiber com-
posite bulletproof structure [D]. Nanjing: Nanjing University of
Science and Technology,2020:27-34. (In Chinese)

[8] ZRIFLE. UHMWPERAE BT3RS & bkl 2 S i I SCHER A
W7D, Prrd IR RS, 2021:43-125.

Qin Rongman. Study on key technologies of preparation and appli-
cation of UHMWPE hybrid bulletproof composites [D]. Jinan:
Shandong University,2021:43-125. (In Chinese)

(9] e RMG. w4 55 20 T BT ¥ AR L3 e 3 W52 [ D], KB -
T2 e, 2021 :31-47.

Ling Tianpeng. Ballistic response study of ultra-high molecular
weight polyethylene rigid panel[D]. Zhengzhou: Zhongyuan Uni-
versity of Technology,2021:31-47. (In Chinese)



126 HL M L i 2026 4

[10]

[11]

[12]

[13]

[14]

[15]

BB ARLUR) BETHE . Bk-D7 R AT AR S ok s i w3 4 2007,34(7):1223-1245.

LT ]. BUBRERFE ,2024,46(2) :416-423. [16] Langdon G S,Lemanski S L,Nurick G N, et al. Behaviour of fibre-
Pi Jun, Cui Hongli, Jia Yuankun. Numerical simulation of high- metal laminates subjected to localised blast loading: part I: Experi-
speed impact response of carbon aramid fiber composites[J]. Jour- mental observations[J]. International Journal of Impact Engineer-
nal of Mechanical Strength,2024,46(2):416-423. (In Chinese) ing,2007,34(7):1202-1222.

Liu CJ,Zhang Y X, Ye L. High velocity impact responses of sand- [17] XuM C,YangY Z,Lei H S,et al. Dynamic response of fiber metal
wich panels with metal fibre laminate skins and aluminium foam laminates subjected to localized high impulse blast loading [J].
core [J]. International Journal of Impact Engineering, 2017, 100: Composite Structures,2020,243:112216.

139-153. [18] MaXM,LiX,LiS Q,et al. Blast response of gradient honeycomb
Abdullah M R,Cantwell WJ. The impactresistance of polypropylene- sandwich panels with basalt fiber metal laminates as skins[J]. Inter-
based fibre-metal laminates[J]. Composites Science and Technol- national Journal of Impact Engineering,2019,123:126-139.
0gy,2006,66(11/12):1682-1693. [19] FKIEJE . Kevlar £F 43850 &2 & 4R 2 R 12247 R I 2 18] 55 4]
Sharma A P, Velmurugan R, Shankar K, et al. High-velocity impact PERERFE (D). Kb WM K2%,2016:11-28.

response of titanium-based fiber metal laminates. Part II : analyti- Zhang Xiaotong. Research on the multi-scale mechanical behavior
cal modeling [J]. International Journal of Impact Engineering, and interlaminar shear performance of Kevlar fabric reinforced com-
2021,152:103853. posites[D]. Changsha:Hunan University,2016:11-28. (In Chinese)
Santiago R, Cantwell W, Alves M. Impact on thermoplastic fibre- [20] BAAfEG  BbRESE, S0, 55 . D52k 22 M B gl 4 op o W RE AR PEF 5
metal laminates: experimental observations [J]. Composite Struc- [J]. PUWGEFE ,2024,46(3) :750-755.

tures,2017,159:800-817. Chen Yating, Hong Yihao, Wu Jun, et al. Study on impact energy
Lemanski S L, Nurick G N, Langdon G S, et al. Behaviour of fibre absorption characteristics of biomimetic multi-cell thin-walled struc-
metal laminates subjected to localised blast loading : Part Il : quanti- ture[J]. Journal of Mechanical Strength, 2024,46(3) : 750-755. (In
tative analysis [J]. International Journal of Impact Engineering, Chinese)

Study on quasi-static penetration mechanical behavior of fiber-metal laminates

HONG Yihao"> WEN Yuxi' ZHAO Shunqiu' HAN Jianlin' WU Fei"’
(1. School of Materials and Energy, Guangdong University of Technology, Guangzhou 510006, China)
(2. Guangdong Provincial Laboratory of Chemistry and Fine Chemical Engineering Jieyang Center, Jieyang 522000, China)

Abstract: [Objective] To address the challenge of single materials struggling to simultaneously satisfy anti-penetration
performance and lightweight design requirements, the quasi-static penetration mechanical behavior and energy absorption
characteristics of fiber-metal laminates with crochet core structures were investigated. [Methods] Firstly, laminate samples
featuring different fiber crochet core layers were fabricated using short-needle crocheting and bonding methods, followed by
quasi-static penetration tests on an electronic universal testing machine. Then, equivalent idealized numerical models were
established using SolidWorks and imported into Abaqus finite element analysis software for simulations, with evaluation metrics
introduced to process the test and numerical data. [Results] The numerical simulation results exhibit excellent agreement with
the test curves. Single-layer cores exert a negligible effect on the peak load of the laminates, whereas double-layer or hybrid
crochet structures display a pronounced buffering effect. Compared with the reference un-cored plates (40.08 kN), the peak loads
of PSP and PKP laminates increase by 0.52 kN and 0.54 kN, while those of PSSP, PKKP, PSKP, and PMP laminates decrease by
13.17, 0.87, 10.48, and 8.12 kN, respectively. Due to reduced stiffness and expanded deformation, their energy absorption
capacities significantly increase by 95.12%, 80.93%, 95.59%, 153.2%, 65.95%, and 30.70%, respectively, with the double-layer
stainless steel crochet laminate (PSSP) demonstrating the optimal energy dissipation capability.
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