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Abstract: Fiber-metal laminates are highly designable due to the characteristics of their constituent materials and laminate
structure. They have the characteristics of anisotropy, large interface differences, and flexible design. Optimizing the design of
fiber-metal laminates is of great significance to the enhancement of its mechanical properties and weight reduction. In order to
improve the ballistic performance of fiber-metal laminates, of which the layer direction and layer thickness are optimized based
on the response surface analysis method. For layup direction optimization, several layup directions are designed based on
the corresponding principles according to the composite material layup optimization design requirements, and the energy
absorptions of the corresponding structures are calculated, respectively, then the design plan for the better layup direction is
screened out. For the optimization of ply thickness, the relative thickness ratio of each ply of the fiber-metal laminate is used as

the design variable, and the specific energy absorption of the structure is the design goal. The Box-Behnken method is used to

« WFREHER: 2021-04-20; &1 HHER: 2022-01-14
EEWA: EEKHRBFEES (52171318); 25 WM FI & 4T 4F A AT H (6141A02033108)
F—1EE: FLER(1983— ), B, 11, #I%, kongxs@whut.edu.cn
BEEE: X J5(1984— ), L, W+, BIFIE, fang_liu@whut.edu.cn

043301-1


http://dx.doi.org/10.11883/bzycj-2021-0146
http://dx.doi.org/10.11883/bzycj-2021-0146
mailto:kongxs@whut.edu.cn
mailto:fang_liu@whut.edu.cn

5 42 & LR, S5 BTN AR AT AES R )2 S ARbT R L L 5t o4

design the experiment. According to the test plan, the explicit dynamic calculation program ABAQUS/Explicit is used for
parametric modeling to obtain test sample points, and the design test samples are analyzed by using variance analysis and
parameter estimation, and the response surface model of structural specific energy absorption (SEA) is established. The errors
between the experimental values and the predicted values are compared, and the model can be used for prediction; the genetic
algorithm is used to optimize the obtained response surface equation, and the optimization effect is verified by ABAQUS/
Explicit. The optimization result shows that the accuracy of the obtained response surface model is high. Under the premise of
not increasing the thickness and weight of the laminate, the best layup plan is finally obtained, which improves the energy
absorption capacity of the laminate. Finally, the mass of laminates decreases by 11.70% and the energy absorption increases by
19.40% under the optimal lamination scheme.

Keywords: laminate; response surface method; genetic algorithm; composite material
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Table 1 Elastic parameters of thermoplastic fiber reinforced materials

B 1 A3G23 R M= T 5on E
Fig. 1 Schematic diagram of A3G23 laminate layup scheme

pl(kgm™) E,/GPa E,/GPa E/GPa P P ihay G,,/GPa G ,/GPa G,/GPa
1800 13 13 48 0.1 03 03 1.72 1.69 1.69
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Table 2 Strength parameters of thermoplastic fiber reinforced materials

X,/MPa X/MPa Y,/MPa Y/MPa S,,/MPa S,,/MPa S,,/MPa

300 200 300 200 120 120 120
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Table4 Material parameters of the cohesive element*

pdkgm™) E,/GPa EJ/GPa E/GPa s /MPa s /MPa s”/MPa GO /(Im?) GO /(Jm?) GO/Im?)

900 2.05 0.72 0.72 70 100 100 300 700 700
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Fig. 2 The original laminate model
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Table S Comparison of projectile residual velocities between experimental and numerical results

ST SHH)3H/ (mes ™) SRR AL /(mes™) BRI A HE/(m-s™) TR T AR IR ZE Yo
3A1(6-0)/2G-1 143 109 107.9 -1.0
3A1(6-0)/2G-2 172 125 127.6 2.1
3A1(6-0)/2G-3 195 150 151.1 0.7
3A1(6-0)/2G-4 214 181 172.1 —4.9
3A1(6-0)2G-5 252 216 2115 2.1
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Fig. 4 Change of projectile residual velocity with its incident velocity

(a) Experiment (b) Simulation
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Fig. 5 Experimental and numerical failure morphologies of fiber-metal laminates (a cross-sectioned view)
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(a) Experiment (b) Simulation

F 6 S SEERIN A4S B2 SRS HBIR e R

Fig. 6 Experimental and numerical failure morphologies of fiber-metal laminates (a top view)
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Table 6 Layer schemes of fiber metal laminates

HiZ % il )27 1) =Y S =yt
1 Al1/45°/90°/0°/A1/0°/90°/45°/Al 7 Al1/90°/0°/-45°/A1/—45°/0°/90°/Al
2 Al/45°/90°/-45°/Al/~45°/90°/45°/A1 8 Al/90°/45°/0°/A1/0°/45°/90°/Al
3 A1/45°/0°/90°/A1/90°/0°/45°/Al 9 A1/90°/45°/-45°/A1/—45°/45°/90°/Al
4 Al/45°/0°/-45°/Al/-45°/0°/45°/Al 10 Al/90°/-45°/0°/A1/0°/-45°/90°/Al
5 AV/45°/-45°/0°/A1/0°/-45°/45°/Al 11 Al/0°/45°/-45°/A1/—45°/45°/0°/Al
6 Al/45°/-45°/90°/A1/90°/-45°/45°/A1 12 Al/0°/90°/-45°/A1/-45°/90°/0°/Al
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under different layup directions under different layer schemes
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Fig. 9 Response surface optimization design process
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SCISEEARRCN 27, # ] ABAQUS 435Xt 27 4 £7 WHEFAE
FEARFT S @RI, JF b b R E KR Table 7 Design factor levels

A B W RE RN BT T LR BE O LIIRIT TR BT BT ko
HEC I REEUCHE 3% 8 Fi7n . fifiFl MATLAB X} 52 0.029 0.200
U AP 1 1T 5T, AR T 25 40 B X AR AL E ® 0.029 0.200
fifefl, 52250 Hr e Jen g 9 piom . Horpr, 57 @ 0.029 0.200
P<<0.000 1, BRI i 3, o RERAEIL 1, 5§ @ 0.200 0.457

PR RE DR E BRI ZEAN K, BERS HE A g, T
T, 4 A~HF8 P BN 0.05, UEHH 4 A3 BIRL 2 i 2 2, BIXT LI e O A2 B S . 7E 45 X
TRBEINN, ) Xay . as X oy Z 5200 53, AHEAE BT 5, e i i il 22 R 45 & 4 4 i an 18 10~ 11 B .
@ X @) Xy, @ Xag ZFHEAEAR B2 . P, A5 20 009 ZBim 7 15 280 A .

0 =1891.58 —955.20a, —504.85a, —3736.90a; —4000.03a, + 2512.54a,a4 + 1 865.91 a3+

3240.65a;, +3455.1907 +3842.90a2 +7318.4102 +3566.8927 ®

#* 8 BBD LLFIT
Table 8 Experimental schemes designed by the BBD method

ERES @ @ a3 @ 0/(-kg™) Opre /T kg ™)
1 -1 0 0 -1 982.58 983.58
2 0 0 -1 1 820.35 815.75
3 1 0 0 -1 103225 1041.37
4 0 0 0 0 799.74 799.74
5 0 -1 0 -1 979.84 965.03
6 -1 0 0 1 675.37 671.43
7 -1 1 0 0 836.94 847.07
8 1 -1 0 846.44 859.65
9 0 0 -1 -1 113593 1143.95

10 -1 0 1 0 780.02 754.93
11 1 0 -1 0 1015.36 1002.85
12 0 -1 -1 0 914.80 912.54
13 -1 -1 0 0 730.39 746.48
14 0 1 0 1 808.02 808.85
15 1 1 0 960.88 960.23
16 1 0 1 0 881.44 868.10
17 0 0 0 0 799.74 799.74
18 0 0 1 -1 913.77 937.77
19 0 0 0 0 799.74 799.74
20 0 1 -1 0 976.15 985.71
21 0 0 1 1 741.05 752.42
22 1 0 0 1 835.80 839.97
23 -1 0 -1 0 887.89 889.69
24 0 1 0 -1 1092.94 1065.62
25 0 -1 0 1 716.09 708.26
26 0 -1 1 0 754.74 750.36
27 0 1 1 0 870.92 878.37
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ASCHR e R T3 AR A T 4 A DR 22 T AR ELVE R, A 3 B e 1 T 7 R R BT
TR A LU IR BE, 27 S REAS S5 B AE O AN 8 FIT7R o 4 AN IR XA LU RE O BRI 2 JBE 4 g
N g, FRN as, BN oy, TR BN o

®9 AESIMSHAT

Table 9 Analysis of variance and parameter estimation

TrEKE SEITA B ¥y F P
A 366 000.00 11 33247.56 156.55 <0.000 1
@ 38416.01 1 38416.01 180.89 <0.000 1
@ 30 354.44 1 30354.44 142.93 <0.000 1
@ 5447875 1 5447875 256.52 <0.000 1
s 198 000.00 1 198 000.00 931.36 <0.000 1
@ xay 3066.78 1 3066.78 14.44 0.001 4
@ Xas 751.72 1 751.72 3.54 0.0772
a3 xay 5101.74 1 4179.89 24.02 0.000 1
@ xay 4179.89 1 5170.59 19.68 0.000 4
@ xa 5170.59 1 18 752.36 2435 0.000 1
a3 Xa3 18752.36 1 22551.08 88.30 <0.000 1
asxay 22551.08 1 3066.78 106.19 <0.000 1
B 3610.39 17 21238
gl 370 000.00 28
R 0.99
R, 0.98
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Fig. 10 Response surfaces and contour lines of interaction Fig. 11 Response surfaces and contour lines of interaction

between a; and a4 on specific energy absorption between a3 and a4 on specific energy absorption

2.3 BEEREEFMON

R 2.2 rp A e 1 1 7 e (5K (8)), SRATIBAL Tk 2 AT SO0 M . AE BRI AL T2 A AR A 2
JE RS BUR m AN AL AT R A AR AT EE T, ST BEGE 2 S AR A I RERICR o R, S )E B R REAL
B ERA LY A
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0.029<a,<0.200
0.029<,<0.200
0.029<a;<0.200
0.200<0a,<0.457
1<<3.50mm
m<78.70¢g

SR FH AL S 4 b4k, 38 28 1 IR AR 45 AR A5 30 1 S 2R VR SR A U B A 1 0 B A ok SIE B,
WL FPEEREATLIE RRAS, R Feoe, BT g R vERR Mo & o 0kt Au AR B 100, FREERLEL 100, Sk R4
0.3, 455 1 AR EL 300, 38 1 B RN 25 24 1 x 1071905 WU AR 10 S 2RI REAE SR 55 2 WA ) it AL ) I R i
A, A 100, 85 g SOt A& 12 iR, e b r £ an g 10 iR, 42| T
2 AlLEJE 1,=0.642 mm, (8] )2 Al JEF1,=0.693 mm, F)Z Al & 1,=0.144 mm, 2] 2 5 55 b R S
1,=0.760 mm i, B LI RE O Bk, 1 186.0 J/kg.

J =min(-Q) ©

-1 181
}IOTTS S e s e
. ; = Mean fitness
-1182F Lo « Best fitness
Top
= —1183 |
5t -
=
S —1184} L
Z e
T 1185} .
~1186 F -
0 20 40 60 80 100
Generation

12 JRAEAE SR
Fig. 12 Genetic algorithm optimization process
®10 EEEEMUER
Table 10  Genetic algorithm optimization results

SLRTTR ai s a3

2] 0/(J-kg™h
itk 0.183 0.198 0.041 0217 1186.0

24 RILERWE

M4 2.3 W gtk 45 2R, i Sr 2 G AR AL T AL I I b, PR )R 2 A Hcf R s A
WP 13 PR o 2 A BT T R 1 AR A0 e A SR 20 S AN ] 14~ 15 B, J2AAR0™ As ph stk 5 J# 1
PUFE Y ML, AAEIEIR . 8] 16 A SRR MR A B R i 25 i 2] 2 SR TEZS . 0.05 ms B, #f ik %
7 L2 AR, P2 AR AT 2 S AR S Bl B SRR R AN K, R AR, R AR
R K 2B . 0.10 ms B, 2 AT AR 32 258 VR, R 28 B 01, Bl 18 7 8 AN B T
1, B TCAN T R A R RICRN I V%, OV 0 BT i AR A R A s e ot SRR T I Pz — iz . T2
ALY 2y 2RI — P K. 0.15 ms B, AR 58 A2 A, BEERIEEA, Za A0
WS, 3BT T AR i, J2 M) 4 2 IS A 5. 0.20 ms I, Fifi 25 ¥EAURRH I B IR 26 2k, BEARONT 35 4
b IR B W o R SRR L — 5 R TR A T B 58 A S 2 G MR, S A B R R TR, B
YEHG )26 M O i AR TR .

TR R )2 G0 HE W BE Qo 9 1 192.66 J/kg, 51155 1R 15 B AR R iR 25 7 0.56%, 15 B
Mo 7 T BE T 5 R PTAT I o AnER 11 B, AR4L)E 2 A A B B =3 mm, S5 E N 69.50 g, Lo EE
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1 82.89 ), SWIET RIZAWALL, BN T 14.30 %, Biimm/N T 11.70 %, WHER N T 19.40 %, fitik
B I 2 AW RE SR X FE AN 17 R .

1,=0.642 mm

t,/3=0.253 mm
t,/3=0.253 mm
t,/3=0.253 mm

1,=0.693 mm
t,/3=0.253 mm
t,/3=0.253 mm
t,/3=0.253 mm

t;=0.144 mm

(a) Finite element model of the laminate (b) Lay-up scheme of the laminate

K13 RAG2 G
Fig. 13 Optimized laminate model
Mises stress/MPa

Mises stress/MPa 393.7
393.7 328.1
328.1 262.5
262.5 196.9
196.9 131.2
131.2 65.6

65.6 0

0

xﬂfry
z X

14 ZEHuRZAIEE CGH TR B 15 RERms s (Rms)
Fig. 14  Final deformation mode of laminates (back plate) Fig. 15 Final deformation mode of laminates (front plate)

£
(a) 0.05 ms (b) 0.10 ms

=
:]/
(c) 0.15 ms (d) 0.20 ms

K16 diRRMZE G R

Fig. 16 Process of a projectile penetrating laminated plates

11 RUBIRRAREESH

Table 11 The main parameters of original and optimized laminates

EEW % ) /mm ) /mm t3/mm t4/mm fo/mm m/g Q/J-kg™H
AWIES 0.50 0.50 0.50 1.00 3.50 78.70 882.12
hAbfE 0.64 0.69 0.14 0.76 3.00 69.50 1192.66
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>
g 120t
=
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Fig. 17 Energy absorption effect of original and optimized laminates
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