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Multiscale approach of mechanical behaviour of SiC/SiC composites:
elastic behaviour at the scale of the tow

C. Chateau, L. €lébart, M. Bornert, J. Gpin, D. Caldemaison

SiC/SiC composites are candidates for structural appiicet at elevated temperatures in the context of the de-
velopment of the® generation of nuclear reactors. A multiscale approach isemdevelopment to construct a
predictive modelling of their complex mechanical behawvitwe to their heterogeneous microstructure. This ap-
proach is based on two scale transitions: from the fibresfimaticrostructure to the tow and from the tow to the
woven composite, each scale presenting a significant rashrosity. This paper focuses on the first scale transi-
tion and on the modelling of the elastic behaviour of the tbvoam temperature. A microstructural investigation
of several tows in a 2D SiC/SiC specimen has been condudiegl sanning electron microscopy to get statisti-
cal data on microstructural characteristics by image arsédyin order to generate a virtual microstructure. The
elastic problem of homogenisation is numerically solvedri@ans of finite element techniques. The simulations
performed on various volumes show noticeable fluctuatidribeoapparent behaviour: so separation of length
scales is not satisfied in this material. Nevertheless, phiblem is neglected in a first approximation and the
homogeneous equivalent behaviour is evaluated by avegdly@mapparent behaviours of several volume elements
— smaller than the Representative Volume Element (RVE)ledc8tatistical Volume Elements (SVEs). Finally,
influence of porosity and pores’ morphology is quantified.

1 Introduction

In the context of the development of th& generation of nuclear reactors, SiC/SiC composites ardidates

for structural applications at elevated temperatures. ddreposites under investigation are elaborated from a
fibrous preform on the base of tows constituted by 500 SiCdibfeChemical Vapor Infiltration process (CVI)
is used to deposit a thin interphase of pyrocarbon and toifge¢he composites with SiC matrix. Because of the
CVI process, the materials cannot be fully densified and iduakporosity appears within the composites. The
composites, as the porosity, may be described at two diffseles: the scale of the tow (micro-porosity, between
the fibres) and the scale of the woven composite (macro-pgrégtween the tows). A multiscale approach is
under development to build a predictive model of their carphechanical behaviour taking into account their
heterogeneous microstructure&€bart and Colin (2009); &ébart et al. (in press)). Indeed such a model is
necessary to predict the effects of the microstructuralbdity — especially due to the CVI process and the
components arrangement — on the macroscopic mechanicalibah

This paper focuses on the first scale transition and on theeliogl of the elastic behaviour of the tow at room
temperature. A microstructural characterisation of a 20/SiC specimen is conducted using scanning electron
microscopy (SEM). A sufficient number of tows are observegbstatistical data on microstructural characteris-
tics by image analysis (porosity, fibres diameter . ..). Tinese data are used in a numerical procedure to generate
a virtual microstructure. At last, finite element technigjaee used to numerically solve the elastic problem of ho-
mogenisation. The simulations performed on various vokieiew fluctuations of the apparent behaviour which
point out separability of scales issues. Nevertheless pittiblem is neglected in a first approximation and the ho-
mogeneous equivalent behaviour is evaluated. Finallyeffieets of the pores’ morphology and the volume fraction
of porosity are discussed, showing the impact of the quefithe CVI process on the mechanical behaviour.
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2 Homogenisation process

2.1 Generation of virtual microstructure

2.1.1 Characterisation of the microstructure

The investigated material is a 2D woven SiC/SiC composiébaiated from a fibrous preform on the base of tows
constituted by  generation SiC fibres (Hi-Nicalon S). A thin interphase o€Rnd the SiC matrix are deposited
using a Chemical Vapor Infiltration process (CVI). The miafezan not be fully densified because of the CVI pro-
cess and a residual porosity appears within the composderé-1a), especially within the tow (micro-porosity).
Figure 1b shows the microstructure of the composite andtithties the heterogeneous distribution of fibres and
porosity. Six tows, like the one presented on Figure 2, wanelomly chosen in a composite sample section to
statistically characterize the microstructure using SEkitched images built from several high resolution images
—the image on Figure 2 needed five 4096x3773 pixels imageg€ll9p 0.07 um) — are used to get statistical data
about the microstructure using image analysis. The praetsms images containing only the fibres or only the
porosity (see Figure 2) and permits to determine both mosds well as diameter of each fibre and both position

and area of each pore within the tow.

SiC fibres

Micropore

‘ PyC interph:
SiC matrix yC interphase

(a) Transversal section of the 2D composite (b) Zoom into a transversal tow

Figure 1: SEM-FEG observations of the composite (backsaattelectrons)

Peripheral matrix layer

Figure 2: A tow (transverval section) and results of imagaysis containing only the fibres or only the pores
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The microstructural investigation reveals that a tow cimstapproximately 500 fibres randomly distributed in the
plane perpendicular to the fibres direction. As shown onrféidy the fibres diameter is not constant and has an
average value of3 um. Moreover fibres are often stuck to their neighbours. Serfeactions of fibres range from
53% to 64%, and surface fractions of porosity from 3% to 5%yeteling on the considered tow. These surface
fractions are evaluated considering the internal areaowtttaking into account the peripheral thick matrix layer
(see Figure 2). Finally the thickness of the matrix depasifualitatively estimated &tum on average, but it can
fluctuate within some tows approximately betwédemnm and5 wm. The main characteristics of the microstructure
are summarized in Table 1.

0.3
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0.2- N

Density
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Feret diameters (um)

Figure 3: Normalized histogram of fibres diameters in thenssto

Distribution of fibres diameters
Average 13 pm
Standard deviation 1.7 pm
Mean surface fraction
Fibres 58%
Porosity 4.1%
Minimum distance between fibres| 0 pm
Matrix thickness ~ 3 um

Table 1: Main microstructural characteristics

2.1.2 Microstructure generation

Results of the microstructural characterisation are treaduo generate a virtual microstructure representative
of the observations. The microstructure is supposed to\@iant in the direction of the fibres, so random 2D
cross-sections are generated. Fibres — the diameters ohvidiiow a normal distribution with parameters cited
in Table 1 — are randomly placed one by one on a far larger aathe tow (at least 5000 fibres) in order to
obtain the desired surface fraction of fibres. Each fibretjposis randomly drawn from a uniform distribution.
The position is not accepted as long as it overlaps with fiahesdy placed. To avoid trouble during the meshing
of the geometry, the minimum distance between fibres is té&kensmall value .05 um). However, it is very
difficult and time consuming to generate high surface foactvith this sequential generation. Consequently a
composite with a fibre surface fraction of 55% — on averagéénlarge area — instead of the 58% measured is
analyzed. The matrix thickness — assumed to be constanhulith tow — is defined to fit the right surface fraction
of porosity. The identified thickness valuie¢ pwm, matches with the experimental observations (see Table 1).

A high number of Volume Elements (VEs, Figure 4) of differsites have been generated in this manner by
extracting the area of interest inside the large virtualrostructure. Procedures to build the geometry and the 2D
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mesh are developed using the Salome platform (http://walanse-platform.org). The 3D mesh is generated as an
extrusion of the 2D mesh.

Figure 4: Example of a meshed VE

2.1.3 Materials properties

Fibres and matrix are supposed to be linearly elastic artdojsic with a Young’s modulus equal to 372 and
400 GPa, respectively, and an identical Poisson’s coefti@gual to 0.18. In fact, even if there is probably a
crystallographic texture due to the SiC growth during thel @kbcess, the resulting anisotropy is negligible in
comparison with the effect of the porosity.

2.2 Mechanical calculations and boundary conditions (caldation of apparent behaviour)

The apparent stiffness tensdt¢?) of a VE is the &' order tensor which links the averages of strain and stress
tensors on the volum@ of the VE (see equations (1) and (2)). When the VE is large em¢ing Representative
Volume Element, RVE), the apparent behaviour does no lodgeend on the considered statistical realisation nor
on the boundary conditions. This limit determines the hoemegpus equivalent behaviour (or effective behaviour
Kef/). But the homogeneous equivalent behaviour can be usee #rer scale only if the RVE is far smaller
than the structure. Indeed the RVE has to be large enough tepoesentative but small enough compared to
the structure to use the homogeneous equivalent behavithe krger scale. This defines the separability of the
scales criterion.

(6)2%/6&4 <U>:v%/odv 1)
(o) = K{PP: (€}, for all load cases @)

The apparent behaviour can also be defined as®harder tensor linking the volume average strain tensor to the
volume average of the energy density (see equation (3)} définition ensures the symmetry K£"”, while it
might not be the case with the first definitiontof"”.

(€:K:e) = % (€) : K& : (¢} ,for all load cases @®)

M| —

The Hill condition (see equation (4)) — which is the expressif the equality between the macroscopic work and
the spatial average of the microscopic work — ensures thiwaqoce of the two definitions d€“*?, when it is
satisfied by the local fields ande (Bornert et al. (2001)), for all load cases.

(o) : (€)= (o :¢) 4)

It is possible to calculate one by one the 36 coefficients etémsor with 6 independent load cases coupling the
results together. Solving the system (5) — where | referspgartcular load case — leads to identify coefficients of
K{P? and system (6) with the coefficients 6f"”.
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(o) = KPP 1 ()", VI € [1, 6] (5)

(o' : €’y =

e KPP el Y(I,J) e [1,6)? (6)

DN | =

The boundary conditions on the VE preferably have to sattséyHill condition, which leads to three types of
boundary conditions defined on the boundéafy of the volumef) (Hazanov and Amieur (1995); Jiang et al.
(2002)): the kinetic uniform boundary conditions (KUBC,uagjon (7)), the static uniform boundary conditions
(SUBC, equation (8)) and the mixed uniform boundary condii(MUBC, equation (9)). Note that the MUBC,

unlike SUBC and KUBC, do not define a specific set of boundangitions but refer to a wide family of boundary

conditions. Periodic boundary conditions (PBC) are al$erofised and satisfy the Hill condition (equation (10)).
In the following,t, u andL refer to the traction, displacement and periodicity vexitogspectively.

u(x) = (e) -x, ¥x € 052 @)

t(x) = (o) -n, VX € 9N (8)

(t(X) = (o) -n) - (U(X) = (e) -X) =0, VX € IN 9)
u(x+L)=u(L)+(e) - x;t(x+L)=—-t(x), ¥x € 9Q (10)

Hazanov and Huet (1994) showed that SUBC and KUBC provide & &ingle VE — the lower and upper bounds
of any apparent stiffness tensor obtained with MUBC as mtesein equation (11).

app app app
KSUBC S KMUBC' S KKUBC (11)

In our case, the choice of the boundary conditions is resttiby the geometry of the VEs which are non periodic
and present porosity connected to the boundary. The PBGtaerrused because it requires a consistent mesh at
opposite sides of the VE. The same holds for SUBC becausssstemnot be applied on pores connected to the
boundary. Displacement controlled boundary conditioeslaen required.

Hazanov and Amieur (1995) introduced the “orthogonal mixaiform boundary conditions” — a specific set of
boundary conditions included into the MUBC — where the taacvector is imposed in one (or two) macroscopic
direction(s) and the displacement is imposed in two (or @mjogonal direction(s). However it requires limita-
tions on the volume and the loading to satisfy the Hill coiodit Indeed the microstructure within the VE must
be at least orthotropic and shear loadings cannot be applidtie apparent stiffness tensor cannot be fully deter-
mined (see Hazanov (1998)). To deal with these restrictiormainly the second one — Pahr and Zysset (2008)
define a special set of mixed boundary conditions calledi¢pér compatible mixed boundary conditions” for
six independent strain load cases. These boundary camslitedurn the same overall elastic properties than PBC
for an orthotropic microstructure. But the Hill conditiommot fully satisfied in the case of SiC/SiC VE, and the
computation of the apparent stiffness tensor using the arécal method defined in equation (2) leads to a slightly
non symmetric tensor. So it is necessary to use the enedgdiittion (equation (3)) which ensures the perfect
symmetry ofK “PP,

To summarise, the apparent behaviour is determined by tite Bfements method (using prismatic elements
in Cast3m, http://www-cast3m.cea.fr) by the energeticraagh using KUBC and the set of mixed boundary
conditions proposed by Pahr and Zysset (2008) (called inéiesections MBC). Note that PBC were applied on
the two faces of the VE which are perpendicular to the fibresction.
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3 Fluctuations and homogeneous equivalent behaviour

3.1 Apparent behaviour fluctuations

In order to deal with the RVE question, numerical simulagi@me conducted on a large number of VEs. As
presented on Figure 5, four VE sizes were studied (see Table 2

|

Figure 5: Sizes of the VEs compared to the size of a tow

Sizel Size2 Size3 Size4
L (um) 35.6 40.5 110.5 192
1) 5.5 6.2 17 29.5
N 5 10 50 150

Table 2: VEs datawhere L is the side lengtld,is the side length over the average fibres’ radius and N is the averagenum
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(a) Evolution of K1111 (GPa) versus the different statistic realisa{b) Relative standard deviation &f;11; for the four VE sizes
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Figure 6: Characterisation of the fluctuations of the apparehaviour {1111, MBC)

First, the fluctuations oK “?? are studied for both types of boundary conditions and the $mes of VE, and
Figure 6 illustrates the results presenting the fluctuatimfithe first coefficient of the tensor (using notation in an
orthonormal basis, where the direction 1 is parallel to ade sf the VE). Figure 6a shows that variations are very
strong for the first three sizes and the smaller the VEs, tlomgér the variations. Indeed the Relative Standard
Deviation (RSD) — defined as the standard deviation over\vbeage — decreases from 18% for size 1 to 5% for
size 4 (see Figure 6b). The fluctuations are too pronounaetié® smallest sizes, whereas they are the only VEs
which reasonnably satisfy the separability of scalesmiteg(see Section 2.2). That means that the size of the RVE
is too large compared to the size of the tow and a homogenepidaéent behaviour cannot be strictly defined for
the tow.

3.2 Estimate of the homogeneous equivalent behaviour

It is still an open issue how to take into account these fluina in structural computations. As a first approx-
imation these variations are neglected and the homogerespiinalent behaviour is proposed to be evaluated by
averaging the apparent behaviours of several VEs smadlarttie RVE. Such volumes are called Statistical Volume
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Elements (SVE). A SVE takes heed of a part of the heterogeaeit the random nature of the microstructure (see
Ostoja-Starzewski (2006); Yin et al. (2008)). The use of ¢Emller than the RVE has to be offset by averaging
the apparent behaviour of several SVEs. As shown by HueO}lia%®quation (12) the homogeneous equivalent
behaviour is bounded by the average over a large number Gfooations of SVES’ apparent behaviours resulting
of SUBC and KUBC. In this paper one can only use the upper b@umidan estimate provided by the average
over all configurations computed with MBC. Finally, notetttiee average value given by any boundary conditions
could lead to a different estimate than the one obtained fhenRVE if the SVEs are too small (Kanit et al. (2003);
Ostoja-Starzewski (1998)).

PP -1 eff app
<S%UBC> <K < <KKUBC> (12)
42 -
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Figure 7: Average of{11; over the considered number of SVE
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Figure 8: Average of{;,1; versus the SVE size, for the two types of boundary conditions

Figure 7 shows the evolution of the average value over thebeumf considered SVEs (results from MBC) for
the four SVE sizes. It confirms that the average convergefffayeht values depending on the size of the SVE.
Furthermore the number of SVE simulations necessary foatBeage to converge decreases when the SVE size
increases: 81, 52, 36 and 5 SVEs are necessary for the mefficients to be located within & 2% error for

size 1, 2, 3 and 4, respectively. Both size and boundary tondieffects on the average ff;11; (computed on
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all SVESs) are presented in Figure 8. The average dependedratethe SVE size, and it stabilizes from the size
3. Same observations can be done about the discrepancyepetinetwo types of boundary conditions which is
decreasing until 3% for size 4. The same study for all coeffits — relative to the transverse isotropy — leads to
similar conclusions with effects due to the SVE size and blamy conditions more or less pronounced depending
on the coefficient. Finally, the average of the apparerfhsiss tensors of 5 SVEs of size 4 leads to an estimate of
the homogeneous equivalent behaviour which can be coesidersatisfactory because of its small dependence —
less than 3% — on the boundary conditions and the size of ttie $he average could also be computed using size
3 but it would require more simulated SVEs.

4 Effects of porosity

4.1 Pores’ morphology effect

r®@‘© -
o .
mm(g‘c ' ) *

(a) CVI microscructure (b) Microstructure with cir-
cular pores

Figure 9: Example of correspondance between CVI and cirpalees microstructures

The complex and anisotropic behaviour is mainly due to tlesgmce of voids — the pores — in the microstructure.
Considering this point, the influence of the specific morphwlof pores on the mechanical behaviour is studied: a
microstructure with circular pores which present exadtyydgame barycenter and the same area than pores in corre-
sponding CVI microstructure is built (see Figure 9). Fibtaad matrix are modelled with a unique elastic isotropic
matrix for which the Young's modulus is defined from the migtlaw (volume averaging, E=384 GPa). Nine
SVEs (size 4) of each microstructure are simulated. Tablen3pares the results concerning the characterisation
of separability of scales issues — fluctuations (RSD), difiee between boundary conditions — and the estimate
of the homogeneous equivalent behaviour. These results ttad the morphology of “real” pores is responsible
for a high softening effect: the averagesf;; is 50 GPa less that considering circular pores (380 to 330.GPa
The real pores’ morphology also makes separability of sdakes worth: though they are low, the variations of
apparent behaviour and difference between KUBC and MBCtaoager. That means that microstructure with
circular pores would certainly require fewer and smallelES\o compute a good estimate of the homogeneous
equivalent behaviour. So realistic representation of il#SSC microstructure cannot be avoided.

AverageKi111 RSD Difference between BC
GPa % %
. MBC 379.9 1
Circular pores 0.2
KUBC 380.7 1
MB 27.1 2.7
Real pores c 3 1.3
KUBC 331.3 2.1

Table 3: Comparison between microstructures with circptaes and “real” pores (results computed on 9 SVEs
of each microstructure)
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4.2 Volume fraction of porosity effect

The residual porosity is due to the deposit of matrix by C\dgass, so the porosity volume fraction — through
the matrix thickness — is representative for the procesktguia order to evaluate the effects of the quality of the
CVI process, groups of nine SVEs (size 4) are simulated,idering that the difference between each group is
the matrix thickness. Resulting volume fractions of pdsosf the five tested matrix thicknesses are presented in
Figure 10. The main effect is the high softening from 4% to ®opity (around 320 to 250 GPa, see Figure 11a)
which is an interval of realistic porosity. Consequenthyill be necessary to pay attention to this softening impact
on the composite behaviour, when the scale transition flandw to the woven composite is studied. The effects
on fluctuations are also characterized in Figure 11b usiadrBD of apparenk’;;1;. It shows that the variations
are stronger for high volume fractions of porosity. Morapvke difference between the estimated homogeneous
equivalent behaviour from the two types of boundary coadgiincreases also with the volume fraction of porosity
(see Figure 11a). So separability of scales issues are emptavhen the volume fraction of porosity increases.
Then size and number of SVEs necessary to estimate the hoemggequivalent may increase for high volume
fractions of porosity.

o
o

e o o o o
o 9 ©o o o
M@ kg

Mean volume fraction of porosity

o
o
o

275 3 325 35 375 4 425 45
Matrix thickness (um)

Figure 10: Evolution volume fraction of porosity over siratdd matrix thicknesses
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5 Conclusion

A significant characterisation of the microstructure hasrbpresented, based on FEG-SEM images analysis of
several tows within a section of a woven composite. Theseachexistics are the foundation of the random gener-
ation of a virtual microstructure representative of thed rneaterial. The used algorithm does not allow to generate
high volume fraction of fibres (55% instead of 58%), but theameolume fraction of porosity is correct thanks
to the matrix thickness adjustment. Another algorithm Haserearrangement procedure is under development to
generate microstructures with higher surface fractiorfédooés. A numerical procedure has been used to simulate
a high number of Volume Elements (VESs) to deal with the Regmetive Volume Element (RVE) question.

The elastic problem of homogenisation has been solved wétthamical calculations using a finite element code.
Kinematic Uniform and Mixed Boundary Conditions have beppliéd on these porous random microstructures
to compute the apparent stiffness tensor. The numericaltseoncerning four sizes of VEs lead to the following
conclusions:

1. The apparent behaviour is too sensitive to the statigttigation if considered VEs are too small, but the
variations can be neglected only for too large VEs. The RVibadslarge compared to the size of the tow.
This microstructure does not satisfy the separability afles criterion, as a consequence a homogeneous
equivalent behaviour cannot be strictly defined for the tow.

2. In afirst approximation, fluctuations are neglected ardttmogeneous equivalent behaviour is proposed to
be evaluated by averaging the apparent behaviour of sestatidtical Volume Elements (SVES) — smaller
than the RVE. It has been shown that an average using 5 SVHaimioig about 150 fibres leads to a
satisfying estimate of the homogeneous equivalent behathanks to its small dependence to the boundary
conditions and to the size of the SVEs.

3. The specific morphology of porosity is responsible foteswihg the mechanical properties, compared to
the equivalent microstructure containing circular por€his softening is getting worse with variations of
volume fraction of porosity — representative of the quatifythe matrix infiltration process — and it is not
negligible at the scale of the tow. Finally, separabilitysoéles issues are not only due to the heterogeneous
voids distribution but also to the specific morphology of gaes and an increase of volume fraction of
porosity also makes fluctuations of the apparent behaviodrdifference between boundary conditions
more important.

These conclusions need to be reinforced by stress and Be&rogeneities studies before the transfer to the scale
of the woven composite, where the consideration of the fatazins and the effects of volume fraction of porosity
will be tackled.
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