NISSUNA UMANA INVESTIGAZIONE SI PUO DIMANDARE VERA SCIENZIA
S’ESSA NON PASSA PER LE MATEMATICHE DIMOSTRAZIONI
LEONARDO DA VINCI

vol. 10

/

MATHEMATICS AND MECHANICS

Complex Systems

ROY BURSON AND KOFFI ENAKOUTSA

DUCTILE VOID GROWING IN MICROMORPHIC GLPD POROUS
PLASTIC SOLIDS CONTAINING TWO POPULATIONS OF CAVITIES
WITH DIFFERENT SIZES



MATHEMATICS AND MECHANICS OF COMPLEX SYSTEMS
Vol. 10, No. 4, 2022
https://doi.org/10.2140/memocs.2022.10.395

DUCTILE VOID GROWING IN MICROMORPHIC GLPD POROUS
PLASTIC SOLIDS CONTAINING TWO POPULATIONS OF CAVITIES
WITH DIFFERENT SIZES

ROY BURSON AND KOFFI ENAKOUTSA

Gologanu, Leblond, Perrin, and Devaux (GLPD) developed a constitutive model
for ductile fracture for porous metals based on generalized continuum mechanics
assumptions. The model predicted with high accuracy ductile fracture process in
porous metals subjected to several complex loads. The GLDP model performances over
its competitors has attracted the attention of several authors who explored additional
capabilities of the model. This paper provides analytical solutions for the problem
of a porous hollow sphere subjected to hydrostatic loadings, the matrix of the hollow
sphere obeying the GLPD model. The exact solution for the expressions of the stress
and the generalized stress the GLPD model involved are illustrated for the case where
the matrix material does not contain any voids. The results show that the singularities
obtained in the stress distribution with the local Gurson model are smoothed out,
as expected with any generalized continuum model. The paper also presents some
elements of the analytical solution for the case where the matrix is porous and obeys
the full GLPD model at the initial time when the porosity is fixed. The later analytical
solution can serve to predict the mechanisms of ductile fracture in porous ductile solids
with two populations of cavities with different sizes.

1. Introduction

Metal structures often fail by ductile rupture when they are subjected to external
static or dynamic forces. The need to develop physical, mechanical and mathemati-
cal constitutive models to precisely predict ductile fracture processes in metals is
acutely felt in the metal structure design community. So far, the community has
widely accepted that the model proposed [18] and extended in [28; 29] to account
for cavity interactions and coalescence following an earlier suggestion in [26] can
adequately describe ductile fracture in metals. Several extensions have followed
these pioneering works; among them, let us mention the contributions [21; 22], and
recently [20]. The latter has modified Gurson model to include shear failure which
often occurs, for instance, during high velocity impact failures of many steels.
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Another modification of Gurson model including a characteristic length scale
aimed at eliminating the pathological post-bifurcation mesh dependence issues
proposed in [19] based on a previous suggestion of [23] in the context of concrete
damage was adopted in [30; 31]. This proposal was studied in detail in [7; 13]
and adopted (thanks to its successes) in the context of high rate deformation and
failure of materials in [1; 14; 15]. However, the proposal was less satisfactory
from the theoretical and physical viewpoints since it does not rely on any serious
physical justification. This was the motivation of the development by Gologanu,
Leblond, Perrin, and Devaux [17] of a second-gradient micromorphic model® for
porous plastic materials. The GLPD model was obtained from a refinement of [2]’s
original homogenization procedure, which was based on conditions of homogeneous
boundary strain rate.

In contrast, the boundary velocity in the GLPD model approach was assumed to
be a quadratic, rather than linear, function of the coordinates. The physical idea
behind this assumption was to account in this way for possible quick variations of
the macroscopic strain rate over very short distances, for example at the scale of the
elementary cell the GLPD model is based on. The output of the procedure was a
model of "micromorphic" nature, involving the second gradient of the macroscopic
velocity and generalized macroscopic stresses of "moment” type (homogeneous to
the product of a stress and a distance.) Other type of higher-order gradient models
involving third-rank stress tensor with applications in bone remodeling design and
other domain of interest exist. Among them let us mention the works [27; 16; 6].

In practice, the GLPD model was extensively studied in [7; 11], where it was
notably shown that the model has the ability to predict mesh-independent FE
solutions and to reproduce satisfactorily ductile fracture tests. Other numerical
simulations involving second gradient models are available in the literature; see
for instance [3; 24; 25]. A recent modification of the GLPD model numerical
implementation developed in [7; 11] was suggested in [4] and yielded the same
conclusions. The assessment of the reliability and accuracy of these two algorithms
requires the development of analytical solutions that have served as critical cross
references, see [7; 9; 10]. These solutions are based on two crude approximations
so as for analytical solutions to be amenable: the porosity in the matrix material of
the geometry considered was assumed to vanish.

The objective of the present paper is twofold: (i) follow up the study of applica-
tions of the GLPD model to simple problems that might be of interest to validate
the numerical implementation of this model into a finite element code and (ii)
use the mechanical fields found to model cracking mechanisms in porous ductile
solids containing two populations of cavities. The problem considered here is

I'We refer to micromorphic models as GLPD models for short.
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a hollow sphere subjected to a hydrostatic tension and made of a porous plastic
material, obeying the GLPD model. We found the analytic solution of the hollow
sphere problem in terms of deformation, stress and moment distributions under the
conditions that the matrix obeys a reduced GLPD model for the case where the
porosity vanishes. Also, we consider some elements of the solution of the problem
in the presence of porosity in the matrix material, which is a rather complex type of
problem. The complexity of the latter problem (a highly nonlinear problem) forces
us to present only some elements of the analytical solution at the initial time when
the porosity is held constant. The rest of the paper is structured as follows:

« Section 2 describes the problem model, a hollow sphere subjected to an hydro-
static loading, the matrix obeying the GLPD model.

 In Section 3 we assess the solution obtained for the case where the porosity
vanishes. An algorithm that simulates the behavior of this model and analyzes
the effects of the characteristic length scale on the distribution of stress and
moments is also presented.

« Section 4 considers the solution of the problem for the case where the porosity
does not vanish at the initial time. We provide implicit analytic expressions
for the Cauchy stress and moment components based on a highly nonlinear
ordinary differential equation, which involves the length scale of the GLPD
model. Using then the associated flow rule we calculate the radial velocity.
Employing the evolution law for the porosity we then derive the growth rate
of the voids located in the matrix.

o The concluding Section 5 discusses the results of our analytical solutions with
and without porosity.

2. Presentation of the hollow porous sphere problem

We consider a hollow sphere of inner radius ag and outer radius by, representing
an elementary cell of a porous plastic metal; see Figure 1. The matrix contains

Figure 1. The hollow sphere model problem being considered.
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secondary small, dispersed voids; its porosity (void volume fraction) is initially
uniform and denoted fzo . The boundary of the central void is free of traction
whereas the outer boundary is subjected to some overall hydrostatic tension X,.
The details of the derivation of these boundary conditions can be found in Appendix
B. The matrix material of the porous hollow sphere is supposed to obey the GLPD
constitutive model as described in Appendix A and in [17]. The hollow sphere
model problem presented here have served to find the solutions of several ductile
fracture problems the solution of which have yields micromechanics based models
for ductile porous metals under various loading conditions. Some of these problems,
with their solutions, can be found in [7; 9; 21; 22].

3. Analytical solution when porosity is neglected

3.1. Derivation of the mechanical fields. We seek a solution of the spherical shell
problem for purely ideal-plastic behavior, the yield stress in simple tension being
denoted by Xy and the porosity in the matrix being neglected. As a result, the yield
criterion (45) reduces to

1 (., ©F
CD(ZME):— DI +b2 —1=0. @)
In this equation:

» X represents the ordinary second-rank symmetric Cauchy stress tensor and M
is the third-rank moment tensor, symmetric in its first two indices only. The
components of M satisfy

M;;; =0. (2)

1
o Yog = (%E’ : X')? is the von Mises equivalent stress, X’ being the deviator of X.
« 3 represents a kind of average yield stress in the heterogeneous metallic matrix.

o Q? is a quadratic form of the components of the moment tensor given by
0% =AM, + AM,,  with A; =0.194, A, =6.108, (3)

where

My =MucMpx, Mo= Ml/]le/jk’ )

are the quadratic invariants of M; here M,,;; = §Mhhk and M’ denote the mean
and deviatoric parts of M, taken over its first two indices.

« b represents the characteristic length scale.

After development, the flow rule (47) becomes (see [7; 11] for details)

7 “ij» A181]Mf11k+3A11M,Jk)+61kU +8]kUla

D.f’:niz.’. (VD)!
voly
0

ijk = 2b2(
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where Mmk%Mhhk and M’ are as above and 7 is the plastic multiplier, determined
from the consistency condition and satisfying

=0 if (X, M,X) <0,
>0 if (T, M,X)=0.

We shall also assume that the parameter A; vanishes for the analytical solution to
be amenable. Another, subtler reason for this choice is that the value ofA; in the
GLPD model, 0.194, is much smaller than that of Ay, 6.108; hence, the value of
Aj can safely be neglected. The remaining equations of the GLPD constitutive
relations for ductile porous materials can be found in Appendix A and in [17].
We are looking for a solution in which the spherical shell is entirely plastic, so
that the yield function ® (X, M, Xy) is zero everywhere. We briefly review the
solution procedure given in [8]. Consider the velocity, strain rate and its gradient
fields first. As in the case of purely elastic behavior, the matrix of spherical shell is
incompressible; as a result, the velocity field is radial and given by

A

U= ot )

where A is a parameter independent of the material point position r.
Using the flow rule and the incompressibility of the material, the nonzero com-
ponents of the stress and moment fields are found to be

’__l% =3 _lA_E(% (6)
rr n 31’2’ 00 — ¢>q>_n3r2’
, 1 2A%5 T AXZb? .
e T A o0 = Moy ==~ a0 (7
M 1 AX2p? ®
60r dopr n A11r4 :

The conditions M;;; = 0 and the expressions of M;,.. and M,y in (8) yield

rr
/
Mrrr = _2Mr99» M@Gr = Mggr-

Substituting the formulas for stress and moment, (6)—(8), in the reduced yield
criterion (1), we get the following expression for the plastic multiplier n:

A3, 15 b2
= I”3 A[[Vz‘

®

This completes the specification of the nonzero components of the moment tensor.
However, the full expressions of the nonzero components of the ordinary stress
tensor are still unknown. After a tedious but straightforward calculation using
the expressions of the nonzero components of the moment tensor, the spherical
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symmetry properties of the problem, and the fact that X,, — 3¢9 = X, — Xy,
the formulas for the nonzero components of the ordinary Cauchy stress tensor are
obtained as

dzrr
=f(r
5 =0 (10)
with
245 2("n* —2n'*n) AT§b* 28y AS(b?
— 0 0 0
fr)=—3"+ 4 B

Apr# n?  Aprd

72 27\ AXlp? BAXlb? an
n o n*) Apr® nAgr’’

n

the primes denoting differentiation with respect to r. Equation (10) implicitly
defines the expression of the component X,, of the stress tensor. The nonzero
components of the stress tensor are obtained as

r 1 A%}
Y =/ f(oydr, Zgyg= Xpp = Zpr —; 2 (12)

1

The solution of (12) along with the nonzero components of the moment provided
above automatically satisfy the balance equations.

3.2. Numerical illustrations of the solution. We now illustrate the analytic solution
presented in [8], both graphically and by giving explicit expressions for the stress
and moment tensors. We do so by evaluating the integral equation (12) using a
FORTRAN routine we developed. Each integral has also been evaluated analytically
so that we possess the exact solution. We use the following material and model
parameters:

internal radius ; = 0.05m
yield stress ¥y = 100 MPa
parameters: A =0.00lm, A; =0.194, A, =6.108

Figure 2 plots the solutions for the stress components X,,, Xgg, and the moment
component M,,,, using the analytical expressions of these components of the Cauchy
stress and the moment tensor obtained in [8]. The figure shows that singularities
are absent from the stress, and there is no discontinuity near the void as the Gurson
model would have predicted.

4. Analytical solution in the presence of porosity in the matrix

In this section we present the solution to the hollow sphere problem for the case
where the matrix obeys the full GLPD model. Therefore, we loose the simplification
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1
Zg9 MPa

M,,, MPa.Dm

P I I I

Figure 2. Graphs of the stress components X,,, g9 and the moment
component M,,, versus the radial coordinate » and the characteristic
length scale . The surfaces obtained are all smooth; the singularity
in the Cauchy stress obtained with the first gradient model has been
smoothed out with second gradient model effects.

that yields the prior results [8]. A detailed derivation of the solution is presented in
Burson and Enakoutsa [5]; only highlights are given here.

4.1. Derivation of Cauchy stress components. The setup of the problem, taken
from [8], consists of the balance equation

d¥y, 2 d*Myrr  4dMyr 2
(S — Sop) — _Z Y
dr +r( rr — Zo6) dr? rodr 2
2 dMge, 4dM,g9 8
2 ar trar M= 09

the yield criterion

1 2 3%
g(qu—l—%)%—chosh(EEm) —1-p?=0, (14)
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and the boundary conditions
2 d
reXe, — d_l"(r Mrrr) +4rMy90 =0, M, =0,

for r = r; and r = r,. Here M,,, and M,y9 are the components of the moment
tensor M, ¥,, and Xyg are the nonzero components of the stress tensor X, 3, is
the mean stress, and Xeq is the von Mises stress.

The stress components X, and Xy in the balance equation (13) can be expressed
in terms of the invariants %, and X as follows:

2 = S =~ LBt gt L5 (15)
dr roo o0 ©3/3dr - r/3 4 arT™
We have for X4 see [5] the differential equation
1/2
d D O[(Eo_zezq)_gzeq(zo_zezq) ! +A (16)
e = 172 :
dr (20 - Eezq) - BXeq
Its solution for Xeq also furnishes %,,, which leads to ¥, and Xy via the linear
system
Teq) _ (V3 =3 , a7
X 1 2 299
namely
S = 2 St A%, S —i%, - % (18)
rr_3«/§ eq 3 “ms 99—3m 3«/§ eq

4.2. Derivation of the moment tensor components. We now derive the components
of the moment tensor M. The moment components M; i are recovered by the use
of the flow rule and the velocity field, which we assume can be represented as

U=(f(),0,0)

for some function f(r) depending on the radial coordinate r. With this assumption
the GLPD flow rule reduces to

VD = 50Us.

where 7 is the plastic multiplier and U the velocity field (see [8] for details). In
accordance with [8, eq. (36)], when A = 0 the strain rate components are

af
(VD),,, = e 2bz3A2M/r,, (VD)ro0 = 2b2 2.5 3A2 Mg,
D)o =Y = D 3aouly (IDYge == T 3am "
bor = o= 222 2%0r66° T dr 2192 2o
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Let
272
K= b .
3A,

(20)

The deviatoric parts of the moment M satisfy

d 1d 1d
;rrZE_f’ Mo, =0, Mﬁeezf——f, Mreezf——f.
ndr nrdr n

The value of Q7 is then computed as

,_3 ﬁfz"”l)
o =3n(50) ()

Using the yield criterion we find that f satisfies the differential equation

dfN* 2 (0 F ol wof o 3%, s
<E>:3—A2<;) )\ ety )) T )

Using [8, (37)] we get the deviatoric part of the stress

,_ Zg! , _ Tl
r _?;f(r)a 299 = ?;f(r) (21)

and from there the plastic multiplier satisfies

1
152
=1z <r)/<2 - ) 22)
n 2 Of m \/gzeq
where X, and Xq are as in the previous section. Substituting (22) into (21) yields
df \?
(d—) = f()?p(r), (23)
’
where p(r) = h(r)i(r)j(r), with
Zg r?
ur)y = o J =
6(%, — ﬁzeq) Kk=An re+1

3 S
h(r) = b2(22<p2 +1-2p cosh(53>) - 2§q>.

Next, the nonzero components of the moment are recovered from (19) as

, kdf , , —« 1df , k1df
= My, =M, = — "L Mlyy=Meg=———-L, (25
rrr ndr 06r dopr n rdr reo reo nrdr ( )

where 1 and « are given by (22) and (20).
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The conditions M;;; = 0 relate the rest of the nonzero components of the moment
tensor, M, and Mgy, as follows:

M, + 2Mr99 =0 (26)
Furthermore, we find

My = My - M, =2M,pp - M,

rrr rrr?

(27)

where M, denotes the deviatoric part of the tensor M over its first two indices.
This leads to Myg, = Mj,,. The formula (27) immediately gives

M,gg = My, (28)

Figure 3 illustrates the radial distribution of the equivalent and mean stresses
obtained from the analytical solution in this paper. Along a radius of the hollow
sphere matrix material, X increases going outward while X,, shows the opposite
behavior, which seems to confirm strong triaxaility effects in the vicinity of the
inner surface of the hollow sphere structure, usually due to loading histories. There
is a need to develop a full solution of the model problem (involving porosity effects)
to confirm this trend.

4.3. Derivation of the velocity field. This section presents the analytical solution
to the velocity field of the problem model presented. Following the procedure in
[22] we use the results obtained for the stress invariants to rewrite the flow rule and
so obtain a new differential equation for the velocity. Recall that d,, = %tr(D/) and
deq = %(D/ : D')*/3, where D' is the deviator of D = £(VU+ (VU)'). Following
Leblond’s calculation [22, p. 97] we find

dn tr(D’) dU/dr +2U/r p X . 3%,
- = = == sinh| —— ). (29)
deq 2(D': D)HY/2  2(U/r—dU/r) 2 Yeq 2 X
50 505
40 50.0 1
;“? 304 E 495 |
= 20 S 490
) E
W0 W 485
0+ 48.0 1
-10 — 475 -
050 055 0.60 0.65 070 075 0.80 0.85 090 0.95 1.00 050 055 0.60 0.65 070 075 0.80 085 090 0.95 1.00
7 (mm) 7 (mm)

Figure 3. Radial distribution of equivalent stress X¢q (left) and
mean stress %, (right) for the Cauchy stress tensor.
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Here the right-hand side is derived from the elimination of the plastic multiplier
between the deviatoric and mean parts of the homogenized flow rule. Using the
yield criterion we obtain for the right-hand side the value

P [ Z5(, X, 02
P20 [ %o 1— _1, 30
v(r) 2Eeq\/4p2 Pt %2 +b223 G0

which involves both stress and moments. Thus the ordinary differential equation
for the velocity is

dU/dr +2U/r

Sl , 31
2 —awyn G
or yet
du . 2 1—g(r)
— u=0, th = 32
7, T8 with  g(r) P 11200) (32)
Integrating by separation of variables yields
U(r) =A exp(—f g(7) d‘(), (33)
ro

where A is a constant velocity determined from the boundary conditions.

4.4. The growth rate of the voids. The growth rate f of voids in the matrix satisfies

d du 22U r 2
——1n(1—f)=dm=—+—=KGXP<—/ P(T)df><l?(r)+—)- (34
dt dr r Yo r

Solving for f gives

r )/ 2
f=1—eXp(/ S(J/)d)/), with é(y)z)\eXp(—/ g(r)df><g(y)+;>-

The porous material’s matrix contains small voids and a matrix that is incompress-
ible; the dilatation div(U(r)e,) is associated to a growth fz (r) of the porosity at the
points located at a distance r of the central void, or equivalently to a growth of the
mean radius, p, of the small cavities located at this position. Standard derivations
based on incompressibility of the sound (void-free) matrix have demonstrated that
the growth rate p/p of secondary voids is given by

L divUme)  dw
30— 1) £ f

When the porosity f20 is small (which is the case for practical reasons), this becomes

p_Hh ' 2

L (35)
0
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In the vicinity of the large void where r = ag, equation (36) reduces to

0 a( .o 2

S(r=ap) = —( f2p@ao) +—5 ). (37)

o aop /3
Since the term in parentheses is close to 2/ f20 when f20 is very small, we see that
the small voids near the boundary of the big one grow logarithmically faster than
the larger void.

4.5. Discussion. We make some concluding remarks.

o When the characteristic length scale vanishes, all the components of the moment
tensor also vanish by (19). This means that any second gradient effects in the GLPD
model no longer exist. The yield criterion reduces to the original Gurson model
yield criterion and the stress state of the material does not contain any length scale
effects.

« Unlike [8], where porosity was disregarded, here we consider nonvanishing
porosity, at the initial time where the porosity has not yet evolved. This will be
sufficient to model ductile fracture mechanisms in metals with two populations
of cavities. The study of porosity effects after the initial time is left for future
investigations. (Perrin and Leblond [21; 22] have addressed these features, but the
model their analysis is based on does not contain second gradient effects.)

e The boundary conditions M,,,(r = r;, r.) = 0 ensure that the model does not
account for boundary layer effects. Also, these boundary conditions induce no shear
component effects.

» The expression of the void growth rate of the small voids in the matrix of the
hollow sphere suggests that small voids located at the boundary of the large central
void grow much more rapidly than the latter; this was first pointed out by Perrin
and Leblond [21; 22] in the absence of nucleation, and is enhanced by nucleation as
demonstrated in [8; 12]. As a consequence, the small voids may reach coalescence
before the large central one. The presence of length scale effects in the growth rate
will add microstructure effects on the fracture mechanisms pointed out above.

5. Conclusion

In this work we developed a solution for the micromorphic hollow sphere model
under tension obeying the GLPD constitutive model when the porosity is constant
at the initial time and we illustrate the analytic solutions provided previously by
Enakousta’s work when the porosity is neglected, but some effects of the strain
gradient were involved. We express the stress solutions in terms of the invariants of
the Cauchy stress tensor. The solution of the nonzero components of the moments
due to the strain gradient effects are also provided in this work.The radial velocity
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field and the growth rate of the small voids located in the matrix are derived; the
expression of the latter suggest that small voids located near the larger one grow
faster to form a shell of ruined material around the large void, a scenario that agrees
very well with experimental observations. In addition, the solution developed in
this work depends on the characteristic length scale and can be used as benchmark
solution to assess micromorphic gradient models; the solution can also be used
to test the efficiency of numerical implementation of gradient models into finite
element software.

Appendix A: Constitutive relations of the GLPD model

A.l. Generalities. In the GLPD model, internal forces are represented through
some ordinary second-rank symmetric Cauchy stress tensor X plus some addi-
tional third-rank “moment tensor” M symmetric in its first two indices only.?> The
components of M are related through the three conditions

M;;; =0, (38)

which may be compared to the condition of plane stress in the theory of thin plates
or shells. The virtual power of internal forces is given by

1P<">z—/()::D+MsVD)dQ, (39)
Q

where € denotes the domain considered, D = %(VV + (VV)T) (V being the
material velocity) the Eulerian strain rate, ¥ : D = %;; D;; is the double inner
product and M : VD = M;;; D;; « the triple inner product. The virtual power of
external forces is given by

Pple) — / T.VdS, (40)
d2

where T represents some surface traction. The general equilibrium equations and
boundary conditions corresponding to expressions (39) and (40) of the virtual
powers of internal and external forces need not be given since they are not necessary
for the numerical implementation.

The hypothesis of additivity of elastic and plastic strain rates reads

D=D°+D?, VD= (VD) +(VD)". 41)

The elastic and plastic parts (VD)¢, (VD)? of the gradient of the strain rate here do
not coincide in general with the gradients V(D¢), V(D?) of the elastic and plastic
parts of the strain rate.

2The component M; ji is denoted Myy;; in [17]. The present notation leads to more natural-looking
expressions.



408 ROY BURSON AND KOFFI ENAKOUTSA

A.2. Hypoelasticity law. The elastic parts of the strain rate and its gradient are
related to the rates of the stress and moment tensors through the hypoelasticity law

d¥i;
dt” = A8 Dy +2uDf;,

dM;j.  b? *2)

d_t’f - ?(,\ 81 (VD) +20(V D)5 — 208 Uf =218 U 48 UY)).

Here A and pu are the Lamé coefficients, b is the mean half-spacing between neigh-
boring voids,’ d; j/dt, dM;ji/dt are the Jaumann (objective) time-derivatives of
Yij, Mjjk, given by

dz .
—— = El] + le‘ Ek] + ijzika
dt
dM, )
ik .
d;] = Miji + Qpi Mpji + Q2pj Mink + Q2 Mijn,

where @ = %(VV — (VV)T) is the antisymmetric part of the velocity gradient, and
finally U* is a vector derived from (38), when written in rate form (D M;;; / Dt = 0):

e _ MV DYy +21(V D)y ‘

. 44
! 20+ 8u “4)

(This vector may be compared to the through-the-thickness component of the elastic
strain rate in the theory of thin plates or shells, the value of which is fixed by the
condition of plane stress).

A.3. Yield criterion. The plastic behavior is governed by the Gurson-like yield
criterion
1 (., ©0° 3% 5

g(zeﬁﬁ +2p cosh Efm —1-p*<0. (45)
As before (pages 398 ff.), X4 is the von Mises equivalent stress, X, is the mean
stress, b is the mean half-spacing between neighboring voids, Q is given by (3), and
Y is an average yield stress in the heterogeneous metallic matrix (further discussed
below). Finally, p is a parameter connected to the porosity f through the relation

f if f < fe,
fe+o(f—fo) if f> fe,
where g is Tvergaard’s parameter, f, the critical porosity at the onset of coalescence

of voids, and 6 > 1 a factor describing the accelerated degradation of the material
during coalescence [28; 29].

p=qf”, f*E{ (46)

3In the homogenization procedure, b is the radius of the spherical elementary cell being considered.
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A.4. Flow rule. The plastic parts of the strain rate and its gradient are given by the
flow rule associated to the criterion (45) through normality (P is the yield function
and n is the plastic multiplier; see page 398):

D! 0 s M3 ),
ds;;
@7)

® (2, M, %, f)+8uU] + 8 U/
dMlJ 1 J 9

(VD) =

The terms 8;;, U J‘.” +38,1U! in (47) represent a rigid-body motion of the elementary
cell, left unspecified by the flow rule but fixed in practice by conditions (38). (The
vector U” may be compared to the through-the-thickness component of the plastic
strain rate in the theory of thin plates or shells, the value of which is fixed by the
condition of plane stress.)

The derivatives of the yield function in (47) are easily calculated to be

P E/ 3%
— &M, X2 f)=3- 8,]s1nh
d%i; »2 2y
dd (43)
dMijk(E,M,E,f) 22]92( A18ij Mok +3A2M] ;).

A.5. Evolution of internal parameters. The evolution of the porosity is governed
by the classical equation resulting from approximate incompressibility of the
metallic matrix:

f=0~-f)uD?’, (49)
The parameter X is given by
¥ =3(E) (50)

where X (¢€) is the function which provides the yield stress of the matrix material
in terms of the local equivalent cumulated plastic strain €, and E represents some
average value of this equivalent strain in the heterogeneous matrix. The evolution
of E is governed by

(1-f)SE=X:D’+M:(VD)". (51)

Appendix B: Balance equations and boundary conditions

To derive the equilibrium equations and boundary conditions presented in Section 2,
we shall apply the principle of virtual work with a radial velocity v* = v’e,,
instead of departing from the global equilibrium equations and calculating VVM
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in spherical coordinates. The virtual power of internal forces is defined as
e
—PD =4z / (X : D*+ M:VD*) rldr (52)
i

Using the expressions of the strain and gradient of the strain, this becomes

. Te dv* * 9 (v*
_‘JD(I) = 4n / Erri +2209v_r +2M69r (vr/r) rzdr
ri ar r ar

Te 82 * 18 *
+4”f M+ Moo ( - =L = 22 ) ) 2ar. (53)
v or2 r or r

After integration by parts, this gives

; e (3(—r’% 3(r*Mgor) v}
—PW = 47tf (—( :’;r rr) v 4 2rXppv) — —(r oor) Ur ) dr
ri

or T

o(r<M avr orM
—47‘[/ ( (r rrr) v, +4 * (rarrGG) +U: r96> dr
ri

or 8
re

ovr
+4n (rzE,,vr* + rzMrrra_; + 27M00rv: + 2er99v:> (54)

ri

" after a function of r represents the difference between
its values at r, and r;. After development, this yields

. Te o ZM oM,
—p® 5471/ —2r S — P 4 2r Sgp + 1T —— +Ar— | urdr
ri ar 8}"2 3]’

Te aM, r a]‘/[r
+ 4 / (—4M99r —2r 800 —8M, g9 — 4r p i + 2Iwrrr) U:di"
ri r r

Te

9 2M ovr
+ 4 ((rZErr _ e M) +2r Moo, +4er€0>U: + ’”ZM’"%> )

or

i
The application of the principle of virtual work (with the virtual power of external

forces P = 471b2Tvg, where T is a traction force applied on the outer surface of
the hollow sphere) gives the balance equations

0%, 2 ?M,,,  40M,,, 2 2 IMgg,
(X —Xgo) — - - - =M, —
or + r( " 2 or? r or 2 + r2 or
4 40M 8
+ 5 Moor + - 8;99 +—5My90 =0 (56)
and the boundary conditions
2
Py, — W +2rMog, +4rM 99 =0 forr =r; andr =r,

M., =0 forr=r;andr =r,.
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