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Aluminium and Nickel Foams
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Continuum plasticity model for foams

elliptic criterion : f(o) = \/%C’g : 8+ F (trace a)? — R(p) (cf. powder
metallurgy)

normality rule :

Of 2Cs+ FTraceg 1
S 9o =P -
g o

3
6:\/§C§:§—|—F(traceg)2

plastic multiplier : p

Y

2 5D . P 4 1 2P)2
\/30g 2 € + gptrace(€”)

lateral contraction :
C/2—-F

C+F

Vp =



0.935 0.937 0.939 0.941 0.943 0.945 0.947
0.934 0.936 0.938 0.94 0.942 0.944 0.946

f map:1.000000 time:0.01 min:0.933594 max:0.943594 Lx
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T .

0.6263 0.6759 0.7255 0.7751 0.8246 0.8742 0.9238
0.6016 0.6511 0.7007 0.7503 0.7999 0.8494 0.899

y
f map:1.000000 time:0.01 min:0.601562 max:0.933594 Lx










Mesh dependence for localization band formation
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Metal foam as a micromorphic continuum :
The microfoam model

Degrees of freedom at material point
displacement vector u, microdeformation tensor x

the microdeformation field is generally not compatible [Mindlin, 1964]
[Eringen, 1964]

Deformation measures

strain tensor e=(u @V +V®u)/2

relative deformation tensor e=u ® V — x

microdeformation gradient K =x ® V

Power density of internal forces / generalized stress tensors



Balance of momentum
(g +5).V=0

Balance of micromorphic momentum

M.V +s=0

Boundary conditions (traction and double traction vectors)

t=(g+s)n, T=Mn

Variational formulation for finite element implementation

/p“)dvz/ (ta+T:x) ds
V oV ~



The microfoam model : Constitutive equations
Strain partition

e=¢e"+g’, e=e +e' K=K +K"

Linear elasticity

g’:
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simplified moduli as proposed by [Shu et al., 1999] M = zgg : Ige

Y

characteristic length /..

when ||a|| is very large, and if e? = 0, then u ® V ~ x (second
gradient th%ory)



Yield criterion
f(‘l') = O¢q — IR

3
Toy = —CO’deV . H - a_dev +F(P:o 2 + alsdev : Sdev _|_CL28deV : SdevT
q 2 ~ ~J ~Y ~ ~ ~ ~ ~
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Microfoam 1: a; = a2 = a3z = by = 0, ||a||very large
constrained microdeformation (secona gradient), linear relationship
between gradient of microdeformation and hyperstress tensor



Finite size localization band

—_— . L . 21/ C + Fego
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(022 + 522) 2 =0, S92+ S20=0
099 = 2u(e90 — €5) = ZM(Ci’},)+H(H522 + RovC + F)
Soo = 2pu(€22 — X22), S22 = Ax22.2

Finalement

2uH
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Industrial applications

battery applications : portable computers, mobile phones ...

== poSitive electrode base (Ni-Cd, Ni-M-H batteries)

Ni-Cd Sour ce : www.ni-cd.net

SV

Scatyvant fyztem

- good electrical conductivity

- high content of electrolyte (96% of voids)



Nickel foam process (NITECH)
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- pyrolysis
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RD : coiling direction
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Microstructure of nickel foams
relative densities (r /r ;) : 0,024 to 0,035

£

Cell size ~ 500 pm
Strut length ~ 180 um
Strut thickness ~ 10 pm = = P S p

Grainsize~8

20pm
#19 NORHM 4

F & e

SkU 14mm

gMAP COM ENSHP HO 50 @CDEKENSHP HAP



Morphology of the célls
Obtained by microtomography at E.S.R.F. (Grenaoble)

Geometry aspect
ratio between RD
and TD : R=ab =1,3

2D section 3D reconstruction
of the cdll

Shape of the cell : yaaN\ J [l
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M echanical behaviour 1n tension

| / . kD
500 g/m? :
ezL?mmi
1’6 length
direction (RD) N transverse direction

1,4

(TD)

\

$

t
1,2 - !

1,

."-\.‘ == Strong anisotropy

c Yy duetothe process
o \ (geometry aspect
| i ratio R)
0,2 _ \ 3\
0 E ‘ ‘ ‘ \“_-' ‘

€ (%)



Foam : a compressible material

Deformation
measurements in the 3
directions at the same
time
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Photomechanical device

Rectangular grid :

77 lines x 19 rows

= 1463 points

High resolution C.C.D. camera
(1300x1030)

Standard lens 35-70 mm
Non coherent light (spot 30 W)



Digital correlation method

.

photography 1 photography 2

Principle:

search the grey level distribution
of the neighbourhood of each
point of the grid in photography 2

| nter-correl ation function :

j Im1|m2(u’v):§¥' g Im](x,y)lmz(x+u,y+v)

u=-¥v=-¥

C. : correlation size
Chosen resolution : 136 pum/pix




Strain field in tension
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Strain field in tension
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Strain field in tension

1.2

0.8 - \

0.2 .

C (MPa)
o
o

0 | | | | | |
0 0.02 004 006 0.08 0.1 0.12  0.14

== | ~12%
001154 OO 62 O0sTES O.080TT G038 01265 (Wi B
0 Uo2208 004615 0023 008221 01124 013485

collaboration Ecole des Mines d’ Ales (P. lenny)



Anisotropic Compressible Continuum Plasticity Model

Yield criterion

1
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Normality rule
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Consistency condition (cumulative plastic strain p)

QO

q

22
D

p:
of Jof OR
—F:—+—
~ 5’g+5’p

Nonlinear isotropic hardening

R=Ry+ Hp+ Q(1 — exp(—bp))

—> parameters to identify : C, F, H, P, Ry, H, Q),



Parameter identification
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Strain field around a hole

Comparison between F.E. method and digital image correlation

Fluctuations not
depicted by the
continuum model
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Quantitativeresult along a horizontal line during
deformation

Holeradius=2 mm
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Hole size effect

apsilon

Holeradius =2 mm

H2Tr2140 - horizontal profile
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Hole size effect

Holeradius=1 mm
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FE simulation of hole size effect in micromorphic
elasticity

tension of a foam plate with a hole (axial strain component 55 /£55) with /. = 0.31 mm

0.1 0.3 0.5 0.7 0.9 11 13 15 1.7 1.9 2.1 2.3 2.5

classical elasticity = microelasticity R =1 mm  microelasticity R = 0.3 mm



FE simulation of hole size effect in micromorphic

elasticity
3Ty | | T ]
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FE simulation of hole size effect in nickel foams

tension of a foam plate with a hole (axial strain component 55) with /. = 0.1 mm

0.005 0.015 0.025 0.035 0.045 0.055 0.065 0.075 0.085 0.095
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

classical plasticity microfoam R =4 mm  microfoam R = 1 mm



FE simulation of hole size effect in nickel foams
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stress (MPa)

Fracture of nickel foams

1.8 T
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0 0.02 004 006 008 01 0.12 0.14 O0.16
strain

tensile test in direcion RD

simple fracture criterion

P = DPecrit — 0.08

limited scatter in p.,.;+

softening law for p > p.,t

R = R(p > pcrit)



Tension of a cracked plate

crack length : 10 mm



Tension of a cracked plate : Simulation within
classical plasticity

force/ligament (MPa)
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Tension of a cracked plate : Simulation within
classical plasticity
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Tension of a cracked plate : Simulation within

forcel/ligament (MPa)
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Tension of a cracked plate : Simulation with the
microfoam model
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Tension of a cracked plate : Simulation with the
microfoam model
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Tension of a cracked plate : Simulation with the
microfoam model

0.02 0.06 0.1 0.14 0.18 0.22 0.26 0.3 0.34 0.38
0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32 0.36 0.4

Influence of mesh size on the local field 4,
23562 dofs 9654 dofs 3054 dofs



Tension of a cracked plate : Simulation with the
microfoam model
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New applications of open—cell foams

alloyed foams :

nickel base superalloy foams for DPF applications
B, ol A AT e - ’

(cooperation Mines de Paris / IFAM Dresden)



New applications of open—cell foams

alloyed foams :

nickel base superalloy foams for DPF applications

A

EHT =20.00 kv

WD= 856 mm

(cooperation Mines de Paris / IFAM Dresden)
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Creep of nickel and alloyed foams
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Microstructural mechanics of nickel foams
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