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Abstract

A CDM theory is further developed in order to better model the non linear and dissipative behavior of Ceramic Matrix Composites.
A new damage deactivation rule is developed, directly based on mechanics of microcrack behavior, considering both closure effects and the
corresponding elastic energy storage. The complete model uses two sets of damage state variables, the scalar ones correspond to microcras
oriented by reinforcements and a second order tensor that evolves with the maximum principal strain directions. The model is applied to
uniaxial and multiaxial monotonic and cyclic tests on a SiC/SiC composite. In addition, the new version of the damage deactivation rule
allows a progressive effect and a better description of the residual straB02 Editions scientifiques et médicales Elsevier SAS. All rights
reserved.
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1. Introduction and where a significant amount of microcracks is oriented by
the composite reinforcements, we decide to limit the damage

The Continuum Damage Mechanics (CDM), as a purely description to a set of scalar variables and one second rank
macroscopic tool, do not try to describe all the local, mi- damage tensor. The reason for such a limitation will appear
cromechanical and physical features but summarizes andn the subsequent model developments. One of them is to
approximates them through global constitutive and dam- YS€ a fourth rank damage effect tensor that depends linearly
age equations. Since the pioneering work of Kachanov [21] @0-the second order damage tensor.
many progresses have been done in the development of a Concerning composite materials, damage models have
consistent continuum framework and its application to nu- Peen developed at several scales during the last decade, usingpy
merous materials. various approaches. One of the most powerful for structural

One of the difficult subjects in CDM modeling is the si- gpplications is developed at thg mesqscale, considering for
multaneous description of damage induced anisotropy anginstance each_ ply of a composite Iamlnate_as a continuum.
the damage deactivation effects that appear under unloadingdVe can mention the works done by Talreja [35], and the
and compressive-like loading conditions, Concerning dam- Ladeveze approach [24,26]. There are also many attempts
age induced anisotropy, works done during the eighties were!© Model composite materials and structures at various mi-
introducing damage vectors [23], second order tensors [12,croscales (fiber, matrix, bundles, plies, interface$ us-

32], or fourth order tensors [5,20]. Let us recall that the idea N9 both fracture mechanics and interface damage mechan-

of a second order tensor was also proposed by Kachanov andS concepts, but these aspects will not be developed in the
Vakulenko [36], based on a micro-macro analysis for a mi-

present paper.
crocracked elastic materials. The last category, a fourth or-

The presentation focuses here on the case of CMC's, es-
der damage tensor, is probably necessary in the case of arpecially SiC/SiC composites, where the available ductility
initially isotropic material, when the microcracks, oriented

is essentially due to matrix microcracking and debonding
by the applied stress (or strain) direction, induce a clear

and friction at the fiber/matrix interfaces. Moreover, in such
anisotropy of the subsequent material behavior. However, in COMPOsites the damage deactivation effects are extremely
the present paper, where the material is initially anisotropic,

pronounced, which need to focus a special attention to the
application and validity range of the corresponding deacti-
vation rules._Section 2 summarizes the general lines of the

E-mail address: chaboche@onera.fr (J.-L. Chaboche). followed CDM approach and gives the constitutive and dam-
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age model for CMC'’s applications, limiting the presentation context, the main_independent internal state variables are
to the particular case where damage is active. The generathe damage variables, either scalars, second order or fourth
applicability of the model is checked Section 3 by compar- order tensors. We presently limit ourselves to scakars
isons with several simple or complex experiments made ona =1, 2, ..., N, and one second order tenshrThe higher
a SiC/SiC composite, including multiaxial tests realized on order anisotropies are being given by fourth order material
tubular specimens under tension/torsion or tension/internaldependent tensors, related to the composite microstructure.
pressure. Variabless, correspond to families of microcracks that de-
Section 4 discusses the difficult problems associated with ye|op parallel to the reinforcements, as the woven bundles.
the damage deactivation conditions. We explain some defi- On the Contrary, the second order damdg'evo]ves three
ciencies of a condition used previously at Onera [6,7,9,30] orthogonal families of microcracks, for which directions are
that was able to preserve the continuity of the stress-strainnot necessarily given by the reinforcements. Such a tensor-
response for general complex multiaxial loading conditions. ja) yariable represents at the macroscopic level those microc-
A new formulation is then proposed, based on microme- 5cks which evolutions are driven by the maximum principal

chanics arguments. In Section 5 some applications are giversiain (or stress).

for SiC/SiC composites, that demonstrate the improvements
and additional modeling capabilities associated with the new
deactivation methodology. We also propose a generalized
formulation that introduces a progressive deactivation. The
present modeling capabilities and future developments con-
cerning the implementation of damage induced friction ef-
fects are then discussed in Section 6.

2. General constitutive and damage framewor k

In this section, we summarize the developed model for its
application to Ceramic Matrix Composites. The formulation
is_ shown considering only conditions for active damage, in
order to extract the essential modeling features and to recall
the general thermodynamic framework.

The composite material is modeled at the mesoscale level,
as a continuum. In case of laminated structures for example,
each ply is treated as a different material, with its own consti-
tutive and damage equations, the laminate model being then
obtained through the structural analysis. To describe delam-
ination between plies, as in many other work, we assume
damaging interfacial layers. However, the basic configura-
tion considered here applies for a composite representative

volume element, treated as homogeneous at the mesoscale.

For CMC'’s it will be the superposition of several woven
plies. oM

The modelis built up in the general framework of contin-
uum thermodynamics with internal variables. In the present

The thermodynamics based CDM approach then consid-

ers two potentials:

— thedtate potential that contains all information relative

to the elastic behavior, including the damage effect and
damage deactivation effects. It is formulated in terms
of the elastic strain as the observable variable, but the
dual stress formulation also exists, equivalent for low
damage values. An inelastic straip, containing sev-
eral terms, will play role when incorporating deactiva-
tion and friction effects and also residual strains asso-
ciated with the manufacturing process and the develop-
ment of damage. Table 1 indicates the specific choices
made for Ceramic Matrix Composites, in the situation
where damage effects are all active (only open micro-
cracks). Damaged Hooke’s law of the material is ob-
tained directly by derivation, as well as the thermody-
namic forces associated with damage variables (called
respectivelyy, andy). The present formulation of the
state law has been guided by micromechanics consid-
erations._The potential expression in Table 1, at least
in_the case wherej, is_neglected, can be considered
as the dual expression from the ones that are available
for solid containing many microcracks (see for example
Kachanov [22]).

thedissipative potential, written in the space of thermo-
dynamic forces, that allows to respect directly the sec-
ond law of thermodynamics by using the corresponding
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Table 1
The state potential and the thermodynamic forces for the completely active damage
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normality rules. In the present context we do not fol- ments will be retained only qualitatively when dealing
low a completely associated rule, considering the pos- with damage deactivation effects (microcrack closure)
sible dependency of the dissipative potential upon other and the associated friction effects.

state variables (considered as parameters). In practice,

for rate independent conditions, this potential is taken  In Table 2 are indicated the expressions chosen for the
as the indicatrice function of the “non-damage” domain, non-damage surfaces, that serve of damage loading surfaces.
the one inside which thermodynamic force evolutions For the scalar variables, we consider coupled multicriteria.
do not produce any damage growth (like the elastic do- For the tensorial damage there is a combination of isotropic
main in standard plasticity). Therefore, thermodynamic and purely anisotropic effects (by means of parame}end
arguments and associated dissipated energies, are used provision for a special shape change that will be explained
essentially in order to limit the range of possible choices below (by means of parametgy.

for the damage rates. Moreover, the chosen expressions Let us remark that the present theory, thanks to the
do not respect micromechanics quantitatively, as shown normality and to the expression for the thermodynamic
for instance by Kachanov [22]. Micromechanics argu- force y (see Table 2), allows to develop the tensorial

Table 2
Dissipative potential, damage loading functions and normality assumption
1
Jo = ga(Z“aﬁ(}'ﬁ))_D_ofxgo 6)
ﬂ C
Trd)—(1—=¢)Tr(y.d
f = gt @y - 0 Tr) - SHEZEEOTOD ™)
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gy 9
; .9 . L0
da = Maﬁ d:/‘v_f (8)
0ya ay
a) previous formulation ) previous formulation
tensorial variable scalar variables
&

¢) Experiment d) new formulation

scalar variables

Fig. 1. Tension-compression on SiC/SiC in the direction 0-88) previous model with one tensorial variable; (b) previous model with only scalar variables;
(c) experiment; (d) new formulation with only scalar variables.
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previous formulation previous formulation
tensorial variable scalar variables

new formulation
scalar variables

Experiment

Fig. 2. Tension-compression on SiC/SiC in the directiof:48) previous model with one tensorial variable; (b) previous model with only scalar variables;
(c) experiment; (d) new formulation with only scalar variables.
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Fig. 3. Tension-torsion tests on SiC/SiC. Tensile and shear responses for 4 loading ratios.

damaged with varying principal directions (if the applied 2.1. Applicationto a SC/SC material

strain has varying directions). Then the damage directions

are no longer with the same symmetries of the initial  The capabilities of the constitutive model, which general
material, and the initial orthotropy is loosed due to this lines were presented just above, can be evaluated from a very
tensorial variable. complete experimental study made on a SiC/SiC composite
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- tensile test . o internal pressure test

A 4

axial stress
G!

applied stress (MPa)

hoop stress
G;

normalized Young ’s modulus

Fig. 4. Prediction of the variation of Young’s modulus (directions 1 and 2) on SiC/SiC for incremental tensile loading cycles followed by incirgereaial
pressure loadings.

material. This one (CERASEP ® 347) was manufactured by allows its complete determination without using multiaxial
SEP, in the context of a Brite-Euram project (BE 5462) [31], results._ The damage evolution functions in (6) and (7) have
including tension-compression specimens as well as tubularbeen taken of the following form, in order to incorporate
specimens that allowed to perform tension/torsion and ten- saturation effects, commonly observed in composites:
sion/internal pressure tests. The material is a woven system,

composed of plain weaves with equilibrated 0 anél @idec- e(y)=1— exp(—< VY= \/%>"> 9)
tions, so that it can be considered as initially orthotropic and

Ve
symmetric._As observed in many experiments [28], the mi- ] ] o
crocracks develop with the following sequence: (1) matrix T he elastic strain at deactivation was taken as zero valued,

cracks initiate, mainly on porosities, and grow more or less consistently with what is commonly observed in SiC/SiC.
perpendicular to the maximum principal stress. These cracksIhe same model could apply also to C/SiC with a non
also propagate in the longitudinal bundles, with fiber bridg- vanishing deactivation strain, which induces residual strains
ing that induces dissipation effects by friction; (2) transverse after unloading during a tensile test.
cracking in the bundles, with microcracks parallel to the ~ Results for tension—compression tests, with increasing
fibers; (3) when these two systems of cracks are saturatedthe load extrema every cycle, are shown in Figs. 1 and 2.
a third one develops, as longitudinal cracks, either parallel On the first one are presented the results for the direction
to fibers inside the longitudinal yarns or interlaminar cracks. 0-9C (tension-compression parallel to the yarns). Figs 1(c)
Such observations are also confirmed by the complete mea-and 1(a) respectively show the experiment and_the applica-
sures of stiffness evolutions, as made by ultrasonic meth-tion of the model with only one tensorial variable, includ-
ods [2]. ing the damage deactivation responses (in compression) that
The model presented in_Section 2 has been identified, will be discussed in next section. Figs. 2(c) and 2(a) show
from tensile tests at®0and 45 only, including unloading  the same results for the direction°4Gension-compression
parts and transverse strain measurements. It is one specificityat 45 of the yarn direction). In the two cases the model-
of the Onera model to describe the damage induced changéng can be improved if incorporating a combination of one
in the transverse compliance for the°48irection, which tensor and three scalar variables as indicated in Section 2.
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Fig. 5. Proportional tension/torsion cyclic loading, showing the shear modulus damage deactivation for compression: (a) experiment, (b)latewn formu
(c) previous formulation.

3 31

Moreover, the médgl capabilities (for active damage con- function) such as given by Eq. (7) in Table 2 wigh=0 . In
ditions) have been checked under several complex multiaxialthe reverse case & 1), as in most existing tensorial damage
conditions, thanks to a very complete experimental study re- models, the new threshold in direction 2 would have been of
alized on tubular specimens at room temperature [31]. Fig. 3 the order of the maximum stress attained during loading in
shows the prediction of combined tension-shear experimentsthe first direction.
for four stress ratios (including pure tension and pure shear).
The model predictions are extremely good in any case, both
for axial, transverse and shear responses. 3._The damage deactivation methodology

The biaxial tension/internal pressure test on a tubular
specimen, shown on Fig. 4, corresponds to cyclically re- 3.1. Discussion about previous damage deactivation
peated tensile loading (with increasing maxima), continued theories
by internal pressure loading also at increasing levels (com-

pression compensated in order to eliminate end effects).  pamage deactivation corresponds to the initial elastic
These tests were designed in order to represent biaxial tenwtiffness partial or complete recovery when microcracks
sile loading sequences with two successive uniaxial condi- cjose under a reverse loading (compressive like loading).
tions in orthogonal directions. Those cracks that were developing and opening under the
The lower part of the figure shows an excellent agreement previous tensile like loading are more or less progressively
between the calculated and measured elasticity modulusclosed by the subsequent unloading. We have not to confuse
(measured by small biaxial intermediate loadings realized that problem with the one that corresponds with the non-
between each damaging loading). It can be seen that thesymmetric behavior, easier to model, between tensile and
stress level in direction 2 (hoop stress) causing the start of compressive damaging loadings. One of the first attempts
the drop in modulusEy; is only slightly higher than the  to describe damage deactivation was done by Lemaitre and
initial threshold under axial tension (leading to the drop Ladevéze [27], in the particular case of a scalar damage
in modulus E11). This test clearly shows the requirement variable. A more general framework was already proposed
for a combined criterion (for the tensorial damage loading by Ladevéze [24] in an Internal Report, which main lines


Monstor
Underline

Monstor
Typewriter
对之前的损伤不活动理论的回顾。

Monstor
Typewriter
图3 拉纽试验，文献[31]

Monstor
Underline

Monstor
Typewriter
图4 管型试件

内压，拉伸

实现双轴拉

伸。


J.-L. Chaboche, J.-F. Maire / Aerospace Science and Technology 6 (2002) 131-145 137

were presented in a Conference [25], though the proceedingcomparison with test results obtained on the SiC/SiC com-
appeared only in 1993. posite material (Fig. 6).

More difficult problems arise for non-scalar damage de-
scriptions, associated with damage vectors [23], second — The shear modulus (in the principal damage axes) is
order damage tensors [34], fourth order damage tensors  not deactivated at all, which means a perfect sliding of

[18,20]. Most of them were discussed by Chaboche [6-8], the closed crack lips, a not very realistic assumption.
showing either non symmetric damaged elastic stiffness Fig. 5 shows a combined tension/torsion cyclic loading
(Hooke's law not deriving from a potential) or possibilities realized on the SiC/SiC material. Experiment (Fig. 5(a))

for first order discontinuities in the stress-strain response clearly indicates that microcracks created by the first
when damage deactivation takes place under non propor-  shear, combined with tensile loading, close during
tional multiaxial loadings. The same problems were recog- reverse portion, due to the compressive load, and that the
nized by Carol and Willam [4] who used the terminology initial shear stiffness is partially recovered. The previous
of a ‘spurious’ energy dissipation. The other framework that formulation (Fig. 5(c)) was not able to model such a
preserves stress-strain response continuity is Ladeveéze’s ap-  stiffness recovery;

proach, using a spectral decomposition of the effective stress — Fig. 6 illustrates the same fact differently: after ini-
(the stress ‘amplified’ by the damage tensor). However this tially damaging under tension, in the @irection of
theory presents also some shortcomings, like abnormal non-  the woven fabric, we can expect microcracks perpen-

linear responses when deactivation takes place [30]. dicular to the tensile axis. The shear response under a
For these reasons the models developed at Onera till the  slightly positive tension shows a considerable reduction
recent years, mainly for composite materials, were built up in shear modulus. This reduction is slightly less pro-
on a special deactivation rule [6,8]. This one enforce the nounced for negative shear, which means that additional
stress-strain continuity by a deactivation effect that is lim- microcracks, longitudinal or at 45have developed dur-
ited to the principal stiffness terms (the corresponding ‘di- ing positive shear. Contrarily, under a slight axial com-

agonal terms’) expressed in the damage principal axes, us-  pression (Fig. 6(b)), for both shear direction the shear
ing projection operators. Such a condition has been shown  stiffness is partly recovered (here also we have the resid-
later [13] to be the only one able to respect continuity in ual effect of some cracks not closed by the compressive
the context of a purely bi-linear elastic behavior. Though in- loading).

troduced slightly different arguments, the same deactivation — the tension-compression in the°48irection (relative
condition was also used by Dragon et al. [14,16,17] in the to the woven fabric orientation) is also an indicator of
context of soil mechanics applications. The elastic potential the previous model limitations (see Fig. 2): in case of a
and the corresponding state laws are indicated in Table 3 for  purely tensorial model principal damage directions co-
the model that incorporates this previous deactivation rule. incide with the principal stress system: there are slight
Projection operators are used, both for the scalar and tensor-  deficiencies in the model response for compressive side
ial damage models, in order to select in the deactivation rule (Fig. 2(c)), compared with experiments (especially some

the stiffness ‘diagonal terms’, which are multiplied by the abnormal stiffening, larger than the initial stiffness).
corresponding strain component that vanishes when deacti-  Contrarily, in case of a purely scalar damage model,
vation takes place. in which cracks are developing parallel to the yearns
The damage deactivation rule previously used at On- (at 45 of the tensile direction), we have a completely in-
era [29] was suffering of some shortcomings, related with correct response (Fig. 2(d)), with damage even increas-
the limitation of deactivation effects to the principal stiff- ing under compressive loads. This is an artefact, because

ness. Some of these limitations are discussed just below, by  the normal version of the model was combining both

Table 3
State equations of the previous formulation of damage deactivation
1 ~ 1 ~
Y(e) = E(S _eth_ sr) :C: (s _gth —sr) + E(S - sc) : (Ceff - C) : (s —sc) (20)
N 3
cef = C4q > H(=py£.pg)SuPu:Ko: Py —ny H(—nj&n)N;:[D@d): K] :N; (11)
a=1 i=1

Py = py®py@py®py N;=n; ®n; @n; @n; g=¢e¢—¢

J:%=E‘:(s7sth78r)+(Ceﬁ76):(87£C) (12)

o =7—=E‘:(s7sth7£r)=07(Ceﬁfa):(sfsc) (23)
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Fig. 6. Cyclic shear on SiC/SiC with a slight axial traction (left), a slight axial compression (right).

tensorial and scalar variables and was not suffering of we obtain the dual definition for plastic strain: it is defined

such an extreme deficiency. However this completely by the linear elastic unloading, ‘all damages deactivated’

abnormal behavior, indirectly produced by the limited (from compressive side) eventually extrapolated to zero

deactivation rule, will be easily removed, even with the stress state, as illustrated on Fig. 8.

scalar damage version, when using the new deactivation

rule proposed in Table 3. 3.2. Micromechanics considerations for the deactivation

process
A last difficulty was a theoretical one. When coupling the

damaged elastic behavior and the deactivation effects with A completely different approach will be now formulated,
plasticity (as needed for example in metal matrix compos- still in the framework of Continuum Damage Mechanics, but
ites, but also in some organic matrix ones, like in C/PMR15 with some specificities directly deduced from a microme-
composites), there are two possible definitions of plastic chanics analysis of microcrack closure effects [3]. We con-
strain and of the corresponding thermodynamic force. Thesesider the schematic example of a family of parallel microc-
two definitions were explained with more details in [10]. racks, in an homogeneous material volume element, submit-
With the free energy chosen in Table 3, we obtain a plastic ted to a combination of tension-compression and shear load-
strain that is defined, at zero stress, by the elastic linear un-ings (Fig. 9(a)). We also assume that, under compressive clo-
loading, ‘all damages active’, eventually extrapolated to the sure of microcracks, friction effects are such important that
zero stress state, as illustrated schematically on Fig. 7 for thesliding of crack faces is completely excluded. Then, after a
two possible situations in tension-compression: a positive or tangential relative displacement of the crack faces under a
a negative stress at deactivation. Using instead the followingslightly positive tensile stress, if we apply a slight compres-

form for free energy: sion we will store this tangential relative displacement, even
when removing the initial shear stress.
Y(e) = }(8 _Eth_gr) C: (e _8th_8r) We consider here an infinite friction coefficient, that
2 leads to the notion of a complete deactivation. It means
+ }(8 —&9): (Ceff ~C): (e —¢° (14) the complgte recovery of the initial shear stiffness (as
2 well as Poisson’s transverse effects), but the correspond-
leading, by derivation, to the stress and plastic stress: ing stress-strain response discontinuity (if any due to the
oy combined multiaxial loads) is ‘stored’ inside the material.
o =—=C:(e— gth — e") Further stress or strain evolutions (with microcracks still
ds closed) then store a corresponding amount of elastic en-
+(CM—C): (s - £, (15) ergy.
of = 9y —C- (8 _gth gr) In the reverse case, when microcracks re-open, following
de' a slightly positive normal stress, this infinite friction view

=0— (Ceff - E’) (e —€°) (16) can induce an instantaneous stress-strain change. Fig. 9(a)
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Fig. 7. Schematics of the plastic strain definition after a tensile damé'@l& 0): (a) closure point with a negative stress; (b) closure point with a positive
stress.
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Fig. 8. Schematics of the reverse hypothesis for the plastic strain definition after a tensile tﬁe\%agm): (a) closure point with a negative stress; (b) closure
point with a positive stress.

illustrates schematically the case of a positive shear under3.3. The new deactivation formulation
opening (small positive normal stress) followed by closure

under shear (small negative normal stress). Changing the  The cDM new formulation of the deactivation model is
shear stress from D to E (still closed) induces an elastic given here in terms of elastic strain. For the moment we
energy storage. At point E, assuming a change in normal 4o not consider any residual or plastic strain, which can be
stress from negative to positive leads to a sudden shear straifntroduced later without difficulty. The Hooke law is written

release, from E to F (under a shear stress control), and thewith the effective stiffnes€f and a ‘stored strainés that
associated elastic energy release. The real case of a nokyjll be defined below:

infinite friction coefficient will be discussed in Section 5
(Figs. 9(b) and 9(c)). o=C": (e —¢5). (17)
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Fig. 9. Schematics of the microcrack closure effects under tension-shear combined loads: (a) shear stress-strain responses; (b) closwasleadiag in
non-infinite friction; (c) opening dissipation by slip with a non-infinite friction.

We assume the deactivation criterion in terms of the  After deactivation, we have the elastic energy storage
elastic strain component normal to the crack. It means for any further strain change. Considering the free energy
that n, denotes the direction normal to the crack, either as y = L&l : € : ¢, just at deactivation, we obtain its
the normal to the yarn (for scalar damage variables) or subsequent evolution by integrating (21) with a constgnt
the principal damage direction (for tensorial damage). The

deactivation criterion writes: g

Y(e) = W;+/U(8)Zd8

Eng =Na.(e —€%).ng <O (18) /
If the scalar normal straig,, is positive, the corresponding .
damagel, is active; ifg,, is negative, it is deactivated. The - }(8 —5): c) . (e — &)+ vS. (24)
condition can be written on the effective stiffness as: 2 “ “ “ “
m The energy stored at closure is defined by the last term, that

c*"=c - Z Nado K o (19) can be rearranged successively as:

a=1
wheren, = H(&,,), H being the Heaviside function, and S — }8; -C 8; — }(82 —eS): cH (8; —¢3)
d, meaning either a scalar damage variable or the principal 2 2
value of the tensorial one, though= N + 3 represents the _ }Uf .
total number of such variables. Let us explain first the case 29
where, all damages being active, we deactivate one damage 1 ; ~-1 -1 .
component, say,. Hooke’s law before deactivation can be B E% ) (C —Co ) " a
wnten: ~ = }82 : (E‘fl — Cf;)_l)il tes. (25)
0’:C&+)28=C28 (20)

It is the last expression that we will retain, considering
) s ¢5 as the additional state variable (when damajgeis
o=Cy (e —&3) (21) deactivated). The free energy then writes:

whereC{”) = C + d,K,. Let us assume that deactivation

1
takes place at = ¢ . The stress-strain response disconti- ¥ (¢) = 5(8 —e3): 05 (e —gd)

and after deactivation it is replaced by:

o

nuity is prevented by combining (20) and (21) in order to

determine the “stored strain®: + %gg (o Cfx—)*l)_l TS, (26)

f_ o). f _ o= . (f __s . . —_
oy = Coieg =Cy7: (g — £3). (22) The generalization can easily be checked by considering
e =[1—-(cSH™t:eP] el (23) successive deactivations and a recurrent proof. Let us as-
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sume that the firstdamage variables have been deactivated. K* = y[(K:1) ® (n* ® n*) + (K : (n® ® n%)) ® 1],

Hooke’s law and the free energy write respectively: y—1
+ 10K (1o (n* @n®)

i
o0=C;:(e—¢% ss=28§, (27) +K:(1® (n*®n%))], (30)
=1 or with the components:
Y(e) = ife + s Klqjkl = y(Kijppnin; + Kpprinin;
= 5(8 —&%):Cj: (e —¢%) + Kijpgnphgdii + Kpgrinpngdij)

. y—1

lZI: (0t C—l)*l . 8 + 5 Kipunjnp + Kjprininy
+ = el I O HE

2 ] J j-1 J J + Kijipnpn; + Kijipnpng).
With these notations at hand, the damage forces express
easily in the same format both for scalar and tensorial
variables. They write in two parts. The first one corresponds
with the classical driving term (elastic energy release rate),
the second one with the variation of deactivation stored
energy when some (other) damage variables have been

1 f.s_ 1 foon. f deactivated:
EE Uj'gj:EE aj.(c).oj, 1
Vo = y§+y§=§na(e—gs):K°‘:(8—85)+y2, (31)

Be careful, in this generalization we have denofgd= C,
with a completely active damaged state, @hg will be the
initial stiffnessC, with all damages deactivated.

Remark 1. The last term can be written

whereo! is the stress state at deactivationdgf It can also
be rewritten as

1 1 s.g-1..s

whereH ; = C*,: K, : C;* (symmetric by construction)
is the compliance differencgS = €, — C . We recover + }ag’ CL KO o, (32)

an expression similar to the one obtained by Andrieux 2. o ]
et al. [1], also used by Hild et al. [19] in another context. where thej indices have been ordered by the successive

In the present theory, there are also some similarities d€activationsuy ﬁrSt‘; thends, ... da, ... dn (With m =
with the one developed since a few years by Dragon N +3)._The_ St.l’eSSTj represents the corresponding stress
et al. [14,16], in the context of soil and rock mechanics. &tdeactivation:

However, the deactivation effects are not so complete anda;" = (ij_l1 — C;l)_1 : e‘j.‘. (33)

_the cor_respond_ingtheory is written essentially for aninitially | ot us note here the approximation about neglecting the
isotropic material. change of the tensorial damage principal directions when
writing the part of elastic stored energy release. In fact it

is easy to check that the; is significantly lower thanyg

in situations where damage is increasing (but with some
damage component deactivated). Then, it is anticipated that
neglecting this variation on a low part of, will not affect

the positiveness of dissipation.

10171
-1 -1
v = EZUJ@:(ijl:Ka:ijl
j=1

1. poa.p-1\. o
—Cj K .Cj).oj

Remark 2. In the present context of an infinite friction the
damage reactivation (or reopening of the cracks) will lead to
a discontinuous strain response (see Fig. 9(a)) if the strain
at reactivation oti, is different from the onegfx, that was
stored at deactivation.

Remark 3. The thermodynamic forces associated with Remark 4. The thermal expansioat, and the residual

damage variables are written using the principal damagestrain ¢ (or plastic strain) can now be implemented. This
axes for the tensorial variable (which are needed to expresSs gone in Table 4, in the framework of general notations

simply the deactivated stiffnesses playing role in the stored ot repeating the expression fgg, given in (28):
energy termy;. This can be done after transforming the ;
fourth order tensofD(d) : K], of Table 1 in the following _} s. (-1 -1l s
decomposition Vs =3 2;8-/ G2 =€) e (34)
j=
3 . : . .

_ o The thermodynamic conjugate forces follow easily as in
[D(d) : K]s = X;d“K ’ (29) Remark 3. We can define the conjugate of the stq?isstored
o=

by deactivation as:
whered,, n* represent respectively the principal damage oy

values and the principal damage directions, and where theo;;j = 5s= (C/T_ll - C/Tl)*l : ef —0= o]‘-" —o. (35
fourth order tensoK* can be expressed as: €j ' '
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Table 4
State equations of the new formulation with the instantaneous deactivation rule
Y(e) = %(s P ss) et (s —eth gl ss) + Y (deff, NoSars ss) (36)
m 3
M = - naduKo —[D@): K], d®"=>"nidin; @n; (37)
a=1 i=1
n = H(ni.(sefec).n,‘) r]a=H(pa.(sefeC).pa) PLISPSPL (38)
4. Applicationson the SIC/SIC composite — the damage variables themsel&gs, o« =1,2,..., N;
— the deactivationindexeg, « =1, 2,..., N, associated
4.1. Application to special test conditions with each scalar damage variable. They take the val-

ues 1 when damage is active, and 0 when damage is

The proposed new deactivation rule has been incorpo- ~ completely deactivated;
rated into the SiC/SiC model. The thermodynamic forces — the associated stored strairfs that are stored progres-
associated with damage are modified according to (28) and ~ Sively when deactivation progresses.
contain additional terms related to the stored energy. How- ) )
ever there is practically no change for the normal (active) ~ EQuations of state of this model are the same than for
loading conditions, so that the damage loading surfaces andhe instantaneous deactivation. We have assumed exactly the

the material parameters are unmodified. The main differ- Same form as previously for the free energy, including the

. . ineS _ s " B
ences can be observed under the special test conditions thattored strains? ands®=3 &2. In the additional stored en-
were already discussed in Section 4.1. ergy terms in the free energy we use the successive stiff-

Let us begin by the extreme situation where we do N€ssesC; for completely deactivated damadg, assum-
implement only the scalar damage variables. In that case, thdnd in the notations that the deactivation is ordered, which
completely inoperative results of the previous formulation M€&ns:
are clearly eliminated (see Fig. 2) and a quite good modeling0 < iy <o < -+ <y < 1.
of the 45 tension-compression experiments is now easily
possible (Fig. 2(d)). In the 90 direction the modeling
is also excellent (Fig. 1(d)), with no effect of damage
deactivation on the transverse strain (contrary to the previous
formulation).

In the cyclic tests in combined tension/torsion (propor- 1 S s
tional) for example, the new formulation also leads to amuch *¢ = 2% (e = &%) K% (e = ¢%). (39)
more acceptable result (Fig. 5(b)) compared to the previ- For the forces associated with the (now continuous) stored
ous formulation. Other test conditions under complex ten- gjastic strain&?, we can easily demonstrate that they still
sion/torsion have also shown good predictions with this de- correspond with:
activation new rule.

Provided index factors and damage variables are considered
as independent state variables, the corresponding two sets of
thermodynamic forcesy, and y,, express independently.
(31) stands fow, and we have similar relations fog,:

o;=0y—0o (40)
4.2. Aformulation with a progressive deactivation whereg?® — (Cfll — Y"1 ¢S is now the stress at de-
J= J S

activation in the corresponding instantaneous deactivation

In actual situations the deactivation effects are not play- (Fig. 10(b)). The damage evolution equations are unmodi-
ing role instantaneously as bilinear elastic responses. In fact,fied. The other evolution equations concern:
actual microcracks, with some randomness in their orienta- — ‘The evolution of the deactivation index’, from 1
tions, close progressively, which renders much more contin-to 0, during the deactivation process (from 0 to 1 in the
uous the macroscopic behavior. A progressive deactivationreverse situation). We still use the criterion in terms of the
rule has been formulated that replaces the Heaviside func-normal elastic strairg,; = n;.(e — €%.n;. Instead of the
tions of the deactivation criterion (18) by a progressive evo- discontinuous jump with the Heaviside function, we assume
lution of the deactivation index [33]. an evolution like

The formulation is built up into the thermodynamic . N
framework, considering as a particular case the above for- nj = 1(En;)en; (41)
mulation with an instantaneous deactivation. We limit our- where the functior is chosen with the following proper-
selves to the case of scalar variables. Except notation diffi-ties: 77 > 0; 7 vanishes for large values ¢¥,,|; 7(x) is
culties, the theory can easily be generalized with a damagemaximum atx = 0. For instance we can choogéx) =
tensor [33]. We assume several internal state variables: %c exp(—c|x]), so that, after integrating (41) above, we find
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Fig. 10. Schematics of the new deactivation rule: (a) instantaneous deactivation; (b) progressive deactivation.

n(x) = % + %(1 — exp(—c|x|))sgnx), a function with the the deactivation stage. The continuous response when reac-

correct properties (1 for large positive valueso0 for large tivation takes place is recovered only if one introduces fric-

negative values, /R atx = 0). Parameter can be made de- tion effects, which means an additional dissipation, so that

pendent on the accumulated daméage the dissipation should not be enforced to be zero as it was
— ‘The evolution of the stored strains’: they must evolve assumed in the present context.

continuously from 0 to the strain that corresponds with the  This progressive deactivation rule has been applied for

complete deactivation (straf; of the model with instanta-  SiC/SiC tension-compression tests atahd 45, as shown

neous deactivation). Fig. 10(b) illustrates schematically how in Fig. 11. Only one additional material parameter was

57 increases as the effective stiffness (tangent) increases. Letised, that governs the evolution of the deactivation indexes.

us remark some similarities in the present model with awork It is shown that this progressive deactivation improves

done by Gerard and Baste [15]. Because it is normal to con- significantly the modeling for stresses around O.

sider that damage deactivation is a non-dissipative process

(at least when friction effects are not taken into account), we

decide here to enforce dissipation to be zero independently5. Discussion and future developments

for each deactivation mechanism, which means:

Iy oy In the present damage model of CMC’s, we have incor-
—os 6o iy = =07 8 =y il =0. (42)  porated most of the significant facts that must be taken into
j i account:

To choosés to be collinear Withrf is a logical assumption,

so that this condition writes: — the possibility for damage development in compression
o for large stress levels, by splitting effects and the
g9 =L gs (43) itudi -
i T T 5550 development of longitudinal cracks;
o — the correct modeling of transverse strains in uniaxial
This assumption of zero dissipation is well justified for the tension-compression for direction% @s well as 45;

deactivation situation. In case of reactivation, we consider - the correct prediction of combined tension-shear experi-
a reversible behavior, so that the same model apply: the ments with various load ratio and the capability to model

indexn ; evolves from 0 to 1 (still driven by the normal strain the significant shape change of the non-damage surface,
that changes from a negative to a positive value), and the  even for the tensorial damage, as demonstrated by biax-
stored straireS progressively vanishes. ial tests (tension-compression + internal pressure);

In fact, as shown below, such a behavior could lead - the newdamage deactivation rule allows now to describe
to incorrect results for complex multiaxial loadings (non- correctly the complete deactivation (especially for the
proportional). We will see that, in case of damage reacti- shear modulus), without a stress-strain response discon-
vation (reopening of cracks) we should expect a discontinu- tinuity;

ous response (instead of a continuous one) when the stress — in the reverse situation of the damage re-activation it is
(strain) states are significantly different from those present at possible to have a stress-strain response discontinuity
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Fig. 11. Tension-compression simulation with the progressive deactivation model: (a) directién ®)@0rection 45.

(for complex loadings in which the stress at opening is Coulomb cone is created. During (DE) there is no relative
different than that at crack closing). This is expected to displacement of the crack faces. Before reopening (EG)
be in conformity with microcrack mechanics, provided Coulomb’s criterion is necessarily attained and slip takes
friction dissipation has not been introduced; place from point Eto point F, which demonstrates that the
— a progressive deactivation model has been proposedgexpected discontinuous response corresponds in fact to a slip
which produces correct responses. It uses two additionalmechanism and to an additional dissipation by friction.
internal variables submitted to the constraint of a zero ~ The second objective will need to introduce additional
dissipation during deactivation. damage and friction effects at a lower level, taking into
account the bridging effects (of the matrix microcracks that

Clearly, the open problem that needs further modeling ef- have grown more or less perpendicular to the bundles) and
forts, is related with friction effects. In that aspect, two ob- the associated secondary debonding and friction effects. In

jectives can be selected for CDM based models in compositethis objective, the CDM based model will be supported by
materials: works done by Hild et al. [19].

(1) better describe the damage reactivation effects, replac-
ing the possibility of a discontinuous stress-strain re-

;ponse bqu“d_mg a”?' dISSIPatIV_e effect, [1] S. Andrieux, J.J. Marigo, Y. Bamberger, Un modéle de matériau
(2) 'ntr_Oduce slight _'nE'laSF'C hySter?3|S that can be observed *  microfissuré pour les bétons et les roches, J. de Mécanique Théorique
during the quasi-elastic unloading/reloading, and there- et Appliquée 5 (3) (1986) 471-513.

fore be able to describe the damage growth during fa- [2] S. Baste, Inelastic behavior of ceramic matrix composites, Workshop
tigue tests on “Recent Advances in Continuum Damage Mechanics for Compos-

ites”, Cachan (France), 2000.
[3] A. Boursin, J.L. Chaboche, F. Roudolff, Mécanique de 'endommage-
In relation with the first objective, it is interesting to con- ment avec conditions unilatérales et stockage d’énergie élastique, C. R.
sider the microcrack example already discussed (Fig. 9(a)).  Acad. Sci. Paris, Série Ilb 323 (1996) 369-376.
Assume a shear loading with a small positive normal stress [4] 1. Carol, K. Willam, Spurious energy dissipation/generation in stiffness

recovery models for elastic degradation and damage, Int. J. Solids
that opens the crack (AB), thgn_change _th_e normal stressto g ciures 33 (1996) 29392957
a negative value (BD). If the friction coefficient of crack sur-  [5] J.L. Chaboche, Le concept de contrainte effective appliqué & 'élastic-
face faces is sufficient, the shear stress can be changed (DE), ité et a la viscoplasticité en présence d’'un endommagement anisotrope,
leading to a shear response that obeys the initial shear stiff- _ €0l Euromech 115, Grenoble, CNRS, 1979.

ness. During (DE) there is an elastic enerav storage (model [6] J.L. Chaboche, Damage induced anisotropy: on the difficulties associ-
- buring ( ) ! I ay g ( ated with the active/passive unilateral condition, Int. J. Damage Me-
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