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Fig. 1 The computational model
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Table 1  The surface-based cohesive behavior parameters

parameter value parameter value parameter value
K, /(N/mm?) 9.9E6 T, e 7 (N/mm?) 80.3 G,./(N/mm) 1.2E-2
K, /(N/mm?) 5.61E6 T, e 7 (N/mm?) 110 G,./(N/mm) 1.2E-2
K, /(N/mm*) 5.61E6 T, e 7 (N/mm?) 110 G,./(N/mm) 1.2E-2
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Fig. 2 Comparison of the residual velocities between the experiment in ref. [ 15] and the present simulation
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S,Mises S,Mises S.Mises S,Mises

o/MPa o/MPa o/MPa o/MPa
1689 1194 1042 998.2
1548 1095 955.7 915.1
1407 995.4 KN 869.1 832.1
1267 896.0 782.5 749.0
1126 | 796.6 695.9 666.0
985.5 PN 697.2 609.3 582.9
844.9 [0 597.9 522.7 499.9
704.2 [l 4985 436.1 416.8
563.6 (il 399.1 [ 349.5 333.7
423.0 299.7 [l 262.9 250.7
282.3 200.3 176.3 167.6
141.7 100.9 89.73 84.59
1.074 1.560 3.137 1.540
(a)t =5ps (b))t =15ps (e)t =30 ps (d) ¢t = 100 ws

B 3 400 m/s wikd BN 72 5 i JEAR ) 3l 250 )3 R4 13 08 A

Fig. 3 The dynamic response and damage evolution of FRMLs under a impact velocity of 400 m/s

(d)t =25ps (e)t =35ps (f)t = 55ps
B4 5 FR 000 b2 LR 4t Bl kA i B 1L
Fig. 4 The fiber tensile failure evolution of the 90°carbon fiber bottom layer
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Fig. 5 Comparison of matrix tensile failure between different carbon fiber layers

the upper layer 0° the bottom layer 0°

B 6 AN[RIH 2 R i R 4 02 e 8%t A
Fig. 6 Comparison of compression delamination and tensile delamination between different carbon fiber layers
N T WIS EF 4 4 TR AR ot PERE RO B W, 4 SCHE T ABAQUS P FRUF R T 4
Bl (T'=20,120,160,200 °C ) TAEFRERE T BRLF 46 AR G5 A0 HAG ol ot 0 L. AR IR L T B 24
IR B o, ThSCHRT 20 ] v Hh 9 R AR (A0, th T SR R F R 4 51
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Fig. 7 The max stress of carbon firber layers under Fig. 8 The contact force time histories under
different ambient temperatures different ambient temperatures
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WO SRR EFHE 2 BIAEAE TN 7, (045 4 8 T AR RN £F 2 )2 S0 25 5 R A IR A A, 2 ¢ > 40 ps
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T AEX AP B B 2T 4 )2 E 0k 2835, 3l ) F R b Sk 5 R AR 55 42 11 4 fk 5 |2 14 B
R EE B NG 02 0 R R B B e, T DA TR T B 4 k0 A N IR AT
MIAETE ELAERE R T oSk (R4l 07, S 38 038 2 2 4 T Al ) o o 7, 5514k B i M.

2 N 4 FPIRETIRE T LA 400 m/s B w45 SRR TP AT S v, BT TR R R A L R
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B, EATHR A B 53R 0.41,7.02,22.70 m/s, B FH A PRSI T (6 36 K, 35001 7 4 3
FEM LI 9 g 4 FERIEE AL 5 ) #TO S E T 1) i 2 IRt 2.t P O mT LU 3], Y 3R S5
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Table 2 Impact results under different ambient temperatures

ambient temperatures 7' /°C 20 120 160 200
residual velocity V, /(m/s) -12.94 0.41 7.02 22.70

impact result unpenetrated, rebounded penetrated penetrated penetrated

400+

— 7=20°C
---- T=120°C

1% s 7=160 °C
300 ~—- T=200"°C

0 20 40 60 80 100 120
t/ps

B9 NFIREE N ¥ B B T 1] B EE (velocity ) J7 S A i i £k

Fig. 9 Velocity time histories along the thickness direction under different ambient temperatures

1
|
yaiy

PSSR ] H AN S
i .f(}:}f S

(¢) T =160<C (d) T =200
10 RIFHREE R T )2 0° Bl £ R Rk R 35 L

Fig. 10 Comparison of fiber tensile failure of the 0°carbon fiber bottom

layer between different ambient temperatures
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110 45 h T ARIERIREE (T = 20,120,160,200 °C) Z A AR 4 5w M35 B2 0° iR 1Y
EFAERLA R AL AL P 10 PR BT AR AT 48 )2 B R A oT , W LUAR B R RINRE T, 27 4
JEBERBIWIRE DA[R] | Bl PRI B3 K, 29248 2 SR80 X I /N 1B 10 AR 2 o o U 47
HERLRRBLIATC AT AERL R R ORTE , AN R IIRIE I 27 47 i R 382 R B A A 52 5 FRHZ
RO BREATT (b 1) BRFE  AEAS R RE T 25 R A 2R 8000 A A [R], Bt B2 g, e 10 B 30
SRR AL I A G AR 11 25T T = 20 °C ORI 200 °C %A T 4R 443 Jm AR 1 dc T )2 904 )2
AR BEAAR T o SR SECRIAT AR 22 A 07 A 2 258 2 PR DA 10 JE B 77 [ 1 T 44 B A SR R S T
SRR AR FERL R T T BREF A2 3 1 & 11 o i 502 i S AR s T LU B 7R
e T, R B AR 7 0 A 2= 2R 8 DX T AR S TR T AR A R R AR Ak X3
() TR, AT A 2R S8R J 2 2 R0 XSty s v 11 B i) 0 A AL T AR 31, A (] i
T AR SR )2 S8R 53 A DXt AN (] A gl 2 150, B3 it B ) 27 A4 <53 s )2 Al e £
i SIS RA G IS S SR - AU0N

(a) T = 20°C, FARN %L (b) T = 200 C, =R
(a) T = 20 °C, matrix tensile failure (b) T = 200 °C, matrix tensile failure

() T =20%C, Ffhli2 (d) T = 200°C, fifhfi)2
(¢) T = 20 °C, tensile delamination (d) T = 200 °C, tensile delamination
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Numerical Simulation of Impact Dynamic Responses and
Interlayer Failure of CFRMLs Under Thermal Loads

TANG Xiao-jun'-*, HUI Tian-li', WANG Zhen-qing’, YANG Feng-long'
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Beijing 100094, P.R.China;

2. College of Aerospace and Civil Engineering, Harbin Engineering
University, Harbin 150001, P.R.China)

( Contributed by WANG Zhen-qing, M. AMM Editorial Board)

Abstract: To investigate the impact response characteristics of carbon fiber reinforced metal
laminates (CFRMLs) and the effects of thermal loads on the impact performance of CFRMLs,
the VUMAT user subroutine for composite progressive damage modes and the Johnson-Cook
model based on ABAQUS/Explicit were employed to simulate the impact response process of
carbon fiber reinforced epoxy resin matrix composite-stainless steel laminates under different
ambient temperatures. The dynamic responses and damage evolution of CFRMLs were dis-
cussed. The effects of thermal loads on the kinetic energy absorption, the contact force and the
failure modes of CFRMLs were analyzed detailedly. The results show that the main failure forms
of CFRMLS under high-speed impact loads involve the brittle fracture of carbon fiber layers, the
plastic deformation of metal layers and the delamination between carbon fiber layers and metal
layers. The thermal load has significant effects on the impact performance of CFRMLs. The re-
sidual bullet velocity and the contact force between the bullet and CFRMLs are directly influ-
enced by the thermal load. In general, with the rise of the ambient temperature, the contact
force decreases while the residual bullet velocity increases. This indicates that the thermal load
rise reduces the kinetic energy absorption capability of CFRMLs, and weakens the anti-impact
performance of CFRMLs. The thermal load also has great effects on the global failure, fiber fail-

ure, matrix failure and delamination of CFRMLs during the impact process.

Key words: carbon fiber reinforced metal laminate ; impact response; thermal load; interlayer
failure
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