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Table 1 Elasto-plastic constitutive parameters for

cell-wall material

Material constants Value
Relative density 0.19
Elasticity modulugGPa 70
Poisson’s ratio 0.3
Yield strengthyMPa 45
Hardening modul¢GPa 0.03

K2, BUE VS RAEAT A6 BOAT WL AR 22 73 HT
WA, — I SR R SR S B 2k
(WIS HR I AF AR R ZE s Ty o TSI i
JRT 1 ] R 5 S P AR ) S AR VR AN B e Ik FLEE A}
VIRASTRE. (HAE, BAS, BUEH e iR s
W g RV A RAF, JCHRAEA SCH m ORTE 1 P AL
RERARTE T, R (KA BR TR R RN L EEAS R
Ry 5 B A Y HA AL R L

2 mEHL R

Ul 3 o, ARV T3 RIAT 35N 7 21 18 B
T3t b PHALH IR 0 e Al — oA IR il £k,
306 e Ml T i R e I o 45 e A B D) 4
SN PR T IS 45 RILFRE. 7232500 1%
IR PR T (B 3 R i 0Y), PSLIRE &
U KA (2B J IR s A2 32 38052 BY O 5 3
TPIREE (B 3 HR At or), WIRBLG HETE W,

EERTE 3 Bos B B XSG (N TR, 20
AN AT IR OTRE Y R N BA B, ASCSEBLT 4L
AR AT 9 I EE R, B ds A2 sk 2

effective stress

pure shear o .

uniaxial compresion

uniaxial tension
~

hydro-compresion

v
e \
fracture

hydrostatic
compresion

mean stress

Kl 3 PHALIE IR I Y IR A

Fig. 3 Stress state of closed-cell aluminum foam

Js. Jor, e SOMEKEs AR I LL Bl R 50

n=-20 (1)

Te

ﬁ¢,¥ﬁ&ﬁam:éw,*%%ﬁﬁ@ﬁ%=

3
Ea'i’ja'i’j I O'i’j = ij + omdij.

&2 HEVEE HInEERE

Table 2 Stress loading path for numerical simulation

Compression Om
path o1 02=03 O0Oe Tm TI:—E
Lateral-coupling 1 0 1 0.33 0.33
1 0.1 0.9 0.40 0.44
1 0.2 0.8 0.47 0.58
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Proportional 1 0.4 0.6 0.60 1.00
1 0.5 0.5 0.67 1.33
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1 0.7 0.3 0.80 2.67
1 0.8 0.2 0.87 4.33
1 0.9 0.1 0.93 9.33

Hydrostatic 1 1 0 1.00 o0
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Table 3 Constitutive parameters for closed-cell

aluminum foams (1)

Material constants Value
E/GPa 1.94

ow/MPa 5.7
oh/MPa 5.4

(D), ru2/MPa) (0.053, 6.2)

(5, rwa/MPa) (0.383, 8.5)

(%) Cua/MPa) (0.688, 11.0)

(05, us/MPa) (1.014, 16.6)

(eh,ous/MPa) (1.468, 30.0)
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Table 4 Constitutive parameters for closed-cell

aluminum foams (2)
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Table 5 Constitutive parameters for closed-cell

aluminum foams (3)

Material constants (add) Value
a 0.18
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for closed-cell aluminum foams by reverse calculation
.
4
575 ¢

ARSI L0 1) T A LR AR AR = 44U BR T
A 5 S 5T LI R AR 2 R 4R B VE R R 1)
KA I3 2547 A, I M TR A Bl P 40 K R
SRS LE R4 3 Py S A S B LI R S R 1 11
AN INERER AR IR TE I i il FE. 15 280 T LA
TRAFFEAS RN AT Rt 1 AT o 7 %o 5 A% ity
LR BN B N AR i e, 45 T SRR PRV AL b
I 2l 1) o 5O AR AR A B £ e T R S B S
B PEAKI S E G e 7k, RIS e T
SRR BT B (R AR ZHL, FT5
UE T X S AR R 3 22 Bl 46 Y. 1 IRAS 1R
.

PR T AL AR IR 461 6 v
HOEEAE A, Bl ) AR RSO, YARA LL R T T 1
i — PR — P S MARL T RE. B In#k e
EY 4 N Y TN NN N i S A
i AR PR

NF T Bl A, PRI 3 AN R AR A A R U
(FRG RE s 0Tk 4, A FROT# A “ABAQUS” 1]
R 4 V0L A A KA RS ot R T 2 A A 7 B 1 A 25
B = 7 AR AR Jer IR T 5 WS AR AT TR 7K s 4 1)
TR g, i AA R R A A A A28 P e I T A AR 4 11
R, 5 82 TAE 2 2w kA B - R e A R B4k
AR AT — S I RE

2 % X M

1 Daxner T. Plasticity of Cellular Metals (Foan®lgsticity of
Pressure-Sensitive Materials, Berlin Heidelberg: Springer, 2014:



i fEAE PALIBIRIR I Z ER 2 A S5

661

153-204
Shahbeyk S. YielgFailure Criteria, Constitutive Models, and Crash-

N

20 Ruan D, Lu G, Ong LS, et al. Triaxial compression of aluminium
foams.Composites Science and Technold2§07, 67: 1218-1234

worthiness Applications of Metal Foams, Metal Foams: Fundamen- 21 Blazy JS, Marie-Louise A, Forest S, et al. Deformation and frac-

tals and Applications. DEStech Publications, Inc; 1 edition. 2012:

131-217
3 Hallquist JO. LSTC. LS-DYNA user’s manual. Livermore Software
Technology Corporation, Livermore, CA, US. 2007

4 Reyes A, Hopperstad OS, Berstad T. Constitutive modeling of alu-
minum foam including fracture and statistical variation of density.

European Journal of Mechanicg®olids 2003, 22: 815-835

5 Reyes A, Hopperstad OS, Berstad T, et al. Implementation of a con-
stitutive model for aluminum foam including fracture and statistical

variation of density. In: Proc. of 8th International LS-DYNA Users
Conference. 2004;Material Technology:11-24

ture of aluminium foams under proportional and non proportional
multi-axial loading: statistical analysis and sizeet. Interna-
tional Journal of Mechanical Science®004, 46: 217-244

22 McCullough KYG, Fleck NA, Ashby MF. Uniaxial stress-strain be-
haviour of aluminium alloy foams.Acta Materialia, 1999, 47:
2323-2330

23 Sridhar |, Fleck NA. The multiaxial yield behaviour of an aluminium
alloy foam.Journal of Materials Scien¢005, 40: 4005-4008

24 Peroni L, Avalle M, Peroni M. The mechanical behaviour of alu-
minium foam structures in fferent loading conditions.Interna-
tional Journal of Impact Engineerin@008, 35: 644-658

6 Reyes A, Hopperstad OS, Hanssen AG, et al. Modeling of material 25 Avalle M, Lehmhus D, Peroni L, et al. AlSi7 metallic foams - as-

failure in foam-based componentsaternational Journal of Impact
Engineering 2004, 30: 805-834

7 Hanssen AG, Hopperstad OS, Langseth M, et al. Validation of con-

stitutive models applicable to aluminium foanhsternational Jour-
nal of Mechanical Science2002, 44: 359-406
8 ABAQUS User’s Manual. Hibbitt, Karlsson & Sorensen, Inc 2005

9 Deshpande VS, Fleck NA. Isotropic constitutive models for metallic

foams. Journal of the Mechanics and Physics of Sqli#g800, 48:
1253-1283

10 Miller RE. A continuum plasticity model for the constitutive and
indentation behaviour of foamed metalgiternational Journal of
Mechanical Science®000, 42: 729-754

11 Chen C, Lu TJ. A phenomenological framework of constitutive
modelling for incompressible and compressible elasto-plastic solids.

International Journal of Solids and Structur&9000, 37: 7769-7786

12 Zhang J, Kikuchi N, Li V, et al. Constitutive modeling of polymeric
foam material subjected to dynamic crash loadingnternational
Journal of Impact Engineerind.998, 21: 369-386

13 Zhang J, Lin Z, Wong A, et al. Constitutive modeling and material

characterization of polymeric foam3ournal of Engineering Mate-
rials and Technology-Transactions of the Asri897, 119: 284-291

14 Forest S, Blazy JS, Chastel Y, et al. Continuum modeling of strain

localization phenomena in metallic foamsJournal of Materials
Science2005, 40: 5903-5910

15 Combaz E, Bacciarini C, Charvet R, et al.
polyurethane and aluminium replicated foanicta Materialia ,
2010, 58: 5168-5183

16 Combaz E, Bacciarini C, Charvet R, et al. Multiaxial yield be-
haviour of Al replicated foam. Journal of the Mechanics and
Physics of Solid2011, 59: 1777-1793

17 Andrews E, Sanders W, Gibson LJ. Compressive and tensile be-

haviour of aluminum foams.Materials Science and Engineering
A, 1999, 270: 113-124

18 Gioux G, McCormack TM, Gibson LJ. Failure of aluminum foams
under multiaxial loads. International Journal of Mechanical Sci-
ences2000, 42: 1097-1117

19 Doyoyo M, Wierzbicki T. Experimental studies on the yield behav-
ior of ductile and brittle aluminum foamdnternational Journal of
Plasticity, 2003, 19: 1195-1214

Yield surface of

pects of material modelling for crash analydigternational Journal
of Crashworthines2009, 14: 269-285

26 Lu TJ, Ong JM. Characterization of close-celled cellular aluminum
alloys. Journal of Materials Scienc®001, 36: 2773-2786

27 3. ZAUPRE K B 2 B8 i0 R G0 HAE IR 2 i) %

AT AWFF RSN [R50, P2 142383l K%, 2010 (Feng
Bo. Hydrostatic multiaxial loading experiment system for porous
materials and study on multiaxial mechanical behavior aluminum
for aluminum foams. [PhD Thesis]. Xi'an: Xi'an Jiaotong Univer-
sity, 2010 (in Chinese))

28 Zhou ZW, Wang ZH, Zhao LM, et al. Uniaxial and biaxial failure
behaviors of aluminium alloy foam€omposites Part B: Engineer-
ing, 2014, 61: 340-349

29 Zhou ZW, Wang ZH, Zhao LM. Loading ratéect on yield surface
of aluminum alloy foams.Materials Science and Engineering A
2012, 543: 193-199

30 i, B, T ORAR IREAORNE RS A O R IS
FISZIG 9. J1%% 243, 2004, 36(6): 673-679 (Wang Erheng, Yu
Jilin, Wang Fei, et al. A theoretical and experimental study on the
guasi-static constitutive model of aluminum foarsta Mechanica
Sinicg 2004, 36(6): 673-679 (in Chinese))

31 Lachambre J, Maire E, Adrien J, et al. In situ observation of syntac-
tic foams under hydrostatic pressure using X-ray tomographia
Materialia, 2013, 61: 4035-4043

32 Jin MZ, Chen CQ, Lu TJ. The mechanical behavior of porous metal
fiber sintered sheets.Journal of the Mechanics and Physics of
Solids 2013, 61: 161-174

33 Alkhader M, Vural M. A plasticity model for pressure-dependent
anisotropic cellular soliddnternational Journal of Plasticity2010,

26: 1591-1605

34 Alkhader M, Vural M. An energy-based anisotropic yield criterion
for cellular solids and validation by biaxial FE simulationdournal
of the Mechanics and Physics of Solid09, 57: 871-890

35 Alvarez P, Mendizabal A, Petite MM, et al. Finite element mod-
elling of compressive mechanical behaviour of high and low density
polymeric foamsMaterialwissenschaft und Werkgtechnik 2009,

40: 126-132

36 Yang CH, AnY, Tort M, et al. Fabrication, modelling and evaluation
of microstructured materials in a digital framewof&omputational
Materials Sciencg2014, 81: 89-97



662 i

4k

+E

EiCd 2015 4 5 47 &

37 De Giorgi M, Carofalo A, Dattoma V, et al. Aluminium foams struc-
tural modelling Finite element analysis of closed-cell aluminium
foam under quasi-static loadingComputers and Structure2010,
88: 5-35

38 Roberts AP, Garboczi EJ. Elastic moduli of model random three-

dimensional closed-cell cellular solidécta Materialig 2001, 49:
189-197

39 Song YZ, Wang ZH, Zhao LM, et al. Dynamic crushing behavior
of 3D closed-cell foams based on Voronoi random mohfiterials
and Design2010, 31: 4281-4289

40 Zheng ZJ, Liu YD, Yu JL, et al. Dynamic crushing of cellular mate-

rials: Continuum-based wave models for the transitional and shock

modes.International Journal of Impact Engineering012, 42: 66-
79

41 Liao SF, Zheng ZJ, Yu JL. Dynamic crushing of 2D cellular struc-
tures: Local strain field and shock wave velocltyternational Jour-
nal of Impact Engineering?2013, 57: 7-16

42 Yang B, Tang LQ, Liu YP, et al. Localized deformation in alu-
minium foam during middle speed Hopkinson bar impact tédes.
terials Science and Engineering 2013, 560: 734-743

43 Zheng ZJ, Yu JL, Wang CF, et al. Dynamic crushing of cellular
materials: A unified framework of plastic shock wave modela-
ternational Journal of Impact Engineering013, 53: 29-43

44 Wicklein M, Thoma K. Numerical investigations of the elastic and
plastic behaviour of an open-cell aluminium foamaterials Sci-
ence and Engineering,2005, 397: 391-399

45 Zhu XL, Ai SG, Lu XF, et al. Collapse models of aluminum foam

sandwiches under static three-point bending based on 3D geomet-

rical reconstruction.Computational Materials Scienc@014, 35:
38-45

46 Huang M, Li YM. X-ray tomography image-based reconstruction of
microstructural finite element mesh models for heterogeneous mate-

rials. Computational Materials Scienc2013, 67: 63-72

47 Jeon |, Katou K, Sonoda T, et al. Cell wall mechanical properties of

closed-cell Al foamMechanics of Materials2009, 41: 60-73

48 Jeon |, Asahina T, Kang K-J, et al. Finite element simulation of
the plastic collapse of closed-cell aluminum foams with X-ray com-
puted tomographyMechanics of Materials2010, 42: 227-236

49 KAk R BIE R AR R AW AR, [ iR, i
AL K2#, 2013 (Zhang Jian, Constitutive modeland energy absorp-
tion capacity of metallic cellular materials. [PhD Thesis]. Xi'an:
Xi'an Jiaotong University, 2013 (in Chinese))

50 Zhang J, Zhao GP, Lu TJ, et al. Strain rate behavior of closed-cell
Al-Si-Ti foams: experiment and numerical modelidechanics of
Advanced Materials and Structure2015, 22(7): 556-563

51 Campana F, Pilone D flect of wall microstructure and morphome-
tric parameters on the crush behaviour of Al alloy foaMaterials
Science and Engineering 2008, 479: 58-64

52 Hasan MA, Kim A, Lee HJ. Measuring the cell wall mechani-
cal properties of Al-alloy foams using the nanoindentation method.
Composite Structure2008, 83: 180-188

53 Kim A, Tunvir K, Jeong GD, et al. A multi-cell FE-model for com-
pressive behaviour analysis of heterogeneous Al-alloy folsimd-
elling and Simulation in Materials Science and Engineeribg06,

14: 933-945

54 Kim A, Tunvir K. Study of Al-alloy foam compressive behavior
based on instrumented sharp indentation technoldmyrnal of Me-
chanical Science and Technolo@p06, 20: 819-827

55 Németek J, Kralik V, Vondrejc J. A two-scale micromechanical
model for aluminium foam based on results from nanoindentation.
Computers Structures2013, 128: 136-145

56 Jeon |, Asahina T. Theffect of structural defects on the compres-
sive behavior of closed-cell Al foamActa Materialia, 2005, 53:
3415-3423

57 Hall IW, Guden M, Yu CJ, Crushing of aluminum closed cell foams:
Density and strain rateffects. Scripta Materialig 2000, 43: 515-
521

58 Li QM, Magkiriadies I, Harrigan JJ. Compressive strain at the on-

set of densification of cellular solidslournal of Cellular Plastics
2006, 42: 371-392

(Gt 2 W)
(FrfEsmie: x4 E)



#o4 i i fEAE PALIBIRIR I Z ER 2 A S5 663

MULTIAXIAL PHENOMENOLOGICAL COMPRESSIBLE CONSTITUTIVE
PARAMETERS FOR CLOSED-CELL ALUMINUM FOAMS Y

Zhang Jiah Zhao Guiping? Lu Tianjian**
*(State Key Laboratory Base of Eco-hydraulic Engineering in Arid Ar€ahool of Civil Engineering and Architectuyre
Xi'an University of Technology Xi'an 710048 China)
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Abstract A three-dimensional (3D) finite element model for real closed-cell aluminum foam specimen was constructed

by employing the microfocus X-ray CT system, 3D reconstruction program and the commercially mesh generation pro-
gram. By changing the boundary conditions of the 3D finite element models for real closed-cell aluminum foam specimen,
eleven various stress states including uniaxial (sides coupling), hydrostatic and proportional compression loading were
applied for analysis. The vyield surface parameters of three compressible elasto-plastic constitutive models were ob
tained from numerical results. In testing hydrostatic compression, the crushable foam model with isotropic hardening in
ABAQUS showed very serious deviation, especially at large strain levels. Chen-Lu constitutive models lightly underes-

timated the hydrostatic yield stress. The present volumetric hardening model was seem to give accurate predictions fo
both uniaxial and hydrostatic compressions.

Key words compressible constitutive modehree-dimensional mesoscopic finite element mocmlerse engineering
micro computed tomographyporous metal materials
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