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Abstract

Porous-matrix oxide/oxide composites are candidabaterials for thermostructural
applications. Hence, it is necessary to be ablprelict their mechanical behaviour through
a continuum damage model. In order to establisthsuenodel, it is required to run several
experimental tests on the material of interest, ext’l™ 610/alumina composite. The first
experimental results are presented. It is showrt, tiader tensile loading in the fiber
direction, the studied composite is almost lineafdilure. Finally, the different equations of
the model that is most certainly going to be usedadso presented.

1 Introduction

Regarding the current environmental context, detngathe greenhouse effect of gases
exhausted by turbojet engines is an urgent negeSdierefore, aircraft manufacturers are
developing improved turbojet engines which exhaystems require thermostable materials
up to 1000°C. Due to their good thermo-mechanicapg@rties, ceramic matrix composites
(CMCs) are candidate materials for such applicatiah high temperature. However, non-
oxide CMCs materials are subjected to severe ade#&ions under typical operating
conditions in turbojet engines. Experimental resgliowed that oxide fibre/non-oxide matrix
or non-oxide fibre/oxide matrix composites were nesistant to oxidation [1]. All-oxide
CMCs have been studied for a few years becausenaf better oxidation resistance.
Moreover, their fabrication processes are cheapan tthose of other CMCs that are
elaborated by chemical vapour infiltration (CVI).

The present research is focused on an aluminafatucomposite with a 2D woven fibre
reinforcement and a weak porous matrix. Actualg, porosity enables the crack deflection in
the matrix, avoiding fibre damage without the netgf a fibre coating. The present work is
aimed at understanding the mechanical behaviosudi composites in order to establish and
identify a constitutive law.

2 Material design

Two different approaches have been developed ierdacdavoid brittle fracture in continuous
fibre ceramic matrix composites. The first one msdd on the very weak fibre/matrix
interface bonding. In this approach, a fibre capisrequired. The coating introduces weak
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interfaces that deflect cracks at the fibre/coatind/or coating/matrix interfaces and enables
a subsequent fibre debonding. The second appredidsed on a weak porous matrix. Indeed,
the matrix micro- and macropores promote cracked&tin at the fibre/matrix interface,
leading to fibre debonding and pull-out, therebgraasing the composite toughness and
avoiding brittle fracture behaviour [2-7]. In thapproach, it is mandatory to control the pore
size and the fine distribution of the porosity wnitlthe matrix [3,8]. The microstructure must
be designed such that the matrix is sufficientlyakvéo promote crack deflection and strong
enough to maintain the off-axis and interlaminaersgth of the composite.

Weak matrix composites have a different mecharbehlaviour compared to weak interface
composites. The weak matrix approach takes int@wadcthe fact that a strong interface
exists between the fibres and the matrix. In thisec because of the low elastic stiffness and
fracture toughness of the matrix (due to porositydcks do not readily propagate from the
matrix to the fibres and tensile loading leadsxtelesive damage in the matrix before failure
of the fibres [7]. In order to prevent strong mdfibre interactions under manufacturing or
operating conditions, the choice of the matrixéilsouple is essential [2].

The studied composite is a Nextel™ 610/alumina @xixkide CMC manufactured at Onera
consisting of a porous alumina matrix reinforcedhwdD Nextel™ 610 fabric with no fibre
coating. The damage tolerance of such a CMC isledddy the porous matrix.

3 Experimental procedure

3.1 Manufacturing process

The Nextel™ 610 8 harness satin weave (8HSW) fakiitforcement was supplied by 3M
Company. This fabric is orthotropic and can be mered as symmetric. The Nextel™ 610
fibres are fully crystalline and contain more tfethwt% of puren-alumina with a grain size
of approximately 0.1 um [2]. These fibres are fadeglassy phases and, thus, are very
chemically stable even in corrosive atmospheresebleer, due to their ultra-fine grain size,
the Nextel™ 610 fibres have a high creep resistapc® 1000°C [2]. However, because the
fibres are single-phased, their strength rapidisre@ses for temperatures higher than 1000°C
due to grain growth. The average fibre diameterli$2 + 0.22 um. A Nextel™ 610 single
filament has an average tensile strength of 3.3, @Ransile modulus of 373 GPa, a density
of 3.9 g.cn and a maximum use temperature of 1000°C (at 1%nsared 69 MPa during
1000 hours) [10].

The matrix is anu-alumina powder with a bulk density of 0.8 g:i&rand a submicronic
particle size. A slurry of this powder is prepanedie-ionised water with 1wt% of an organic
binder.

The manufacturing process of the Nextel™ 610/alantiomposites can be divided into four
steps. The first step is the impregnation of dekidere fabric with matrix slurry. Then, the
fibre fabrics are cut into plies that are laid uyal dot moulded in a press under vacuum. The
last step is a heat treatment for matrix sintering.

The composite plates are made out of 12 woven 2idcfdayers and are approximately
2.3 mm thick, with a fibre volume fraction of apghmately 50% and a porosity of
approximately 25% [11].

3.2 Composite microstructure

The microstructure must be designed to have acsertly low toughness to enable crack
deflection through the matrix while maintaining egb strength for adequate off-axis and
interlaminar properties [9]. The fine grained alammatrix used in this study allows a good
infiltration of the matrix between the fibre fabti@yers and within the fibre tows. The heat
treatment involves matrix shrinkage which generatedrix cracks perpendicular to fabric
layers. SEM micrographs (figure 1) illustrate tlenposite microstructure.
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Figure 1. SEM transverse cross section micrographs shotlimgnicrostructure of Nextel™ 610/alumina
composites. a. General view of the material, shgwle fibre fabric layers, the macropores and matacks
within as-processed composites. b. Infiltratiortha matrix in the fibre tows and between the pledligher

magnification of a fibre tow showing the good itrfition of the fine-grained matrix into the tow.

Because of the development of matrix cracking, éhesaterials exhibit a non-linear
mechanical behaviour [12].

3.3 Test procedures

In order to establish a model describing the meichhtehaviour of the studied composite
material, several mechanical tests are required.mibnotonic tension tests in the directions
of the fibres and with a +45° fibre direction cam bised to emphasize the behaviour of the
fibre tows and matrix. If the fibres are 0° or 90fiented to the loading axis, then the
mechanical behaviour of the composite is domindigdthe fibres, while it is matrix-
dominated with a +45° fibre orientation. Incremémiglic tension-compression tests give the
residual strain of the composites and permit tessthe incidence of damage evolution (from
modulus changes) as well as the occurrence ofnitdriction (from hysteresis strains)
[9,12]. The compression solicitation following theturn to zero stress enables the closure of
the matrix cracks induced by the previous tensaititation. Thus, the material recovers its
initial elastic properties. Flexure tests will alse necessary to identify the interlaminar shear
strength of the composite.

The testing machine used was an Adamel Lhomargy®¥nder displacement control using
a displacement rate of 0.5 mm.min_ongitudinal deformation was measured with thig loé
digital image correlation (DIC) and an extensomeberorder to avoid the damage of the
sample at the grip jaws and the damage of the saniqyl the grip jaws, annealed aluminium
tabs were placed between the end side of the saangléhe grip jaw. All the tests mentioned
thereafter were run at room temperature.

Tension tests run on samples of different widthewsdd that this parameter had little
influence on the sample strength. However, thetdracsurfaces were different from a width
to another (figure 2). All samples show a mark&defipull-out but this phenomenon is more
pronounced on the widest ones, which are partigulanushy. Then, all the straight sided
samples used for tension tests were 16 mm wide,ni®0long and approximately 2.3 mm
thick.
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Figure 2. Fracture surface of monotonic tension samplea.af6 mm width and b. 25 mm width.

4 Results and discussion

4.1 Mechanical properties under tensile loading

The stress-strain curves obtained for the 0° fibrection are nearly linear to failure (figure
3). Material exhibits typical fibore-dominated consge behaviour. On each curve, two linear
parts can be distinguished, the first one corregpgnto the elastic domain.
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Figure 3. Tensile stress-strain curves for 6 Nextel™ 610#@ha ceramic composite samples at room
temperature. The samples were cut from differeatiegl

The average ultimate tensile strength (UTS) is 228 MPa, the average elastic modulus is
120 + 8 GPa and the average failure strain is 8.8®7 %. The dispersion of the data is quite
large, but this is generally the case with CMCs. akgady mentioned, the Nextel™ 610
8HSW fabric is orthotropic and can be consideredyasmetric. Thus, the tensile behaviour
in the 90° fibre direction is expected to be th@eas in the 0° fibre direction.

Only a few data about the damage mechanisms ofefpxitle composites is available in
published research articles. SEM micrographs o$<isections of tensile samples illustrate
the crack patterns in the composite (figure 4.a,ahd 4.c). According to these micrographs,
it can be assumed that, first, under tensile Igadime cracks propagate along the longitudinal
fibre tows (figure 4.a). This phenomenon may have origins. Firstly, cracks initiated on
pores in the porous matrix may be deflected afibire/matrix interfaces along the fibre tows.
Secondly, the straightening of the woven longitatitows under the effect of the tensile
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loading may induce a complex stress system inibre fows and in the matrix, thus leading
to fibre/matrix debonding. Such a mechanism leadbsath intraply and interply debonding

(figure 4.b). Cracks also propagate within the lardjnal tows (figure 4.c). Finally, when the

load increases and reaches the ultimate tensdssstthe composite fails and fibre pull-out is
observed on the fracture surface (figure 4.d).
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Figure 4. Microstructural views of Nextel™ 610/alumina corsfies after tensile test in the fibre direction.
a. Propagation of a matrix crack at the periphémy longitudinal tow (longitudinal cross-section).
b. Propagation of matrix cracks at the periphertheflongitudinal tows (transverse cross-section).
c. Propagation of cracks in a longitudinal towifs@erse cross-section). d. Fibre pull-out aftdufai

4.2 Modelling

In order to predict the mechanical behaviour otictires, it is necessary to establish a
continuum damage mechanics model describing thelinear response of the composite.
Hence, the model must take into account the mainck fibore damage phenomena, from the
elastic response till progressive failure of fittmendles and ruin of the material. The model
that will be used to describe the mechanical behawof oxide/oxide composites is the Onera
Damage Model (ODM) [13,14], developed over the gaseral years at Onera. This model is
thermodynamically admissible.

Because of the important difference between maitna fibres mechanical properties, the
mechanical behaviour of porous matrix oxide/oxidenposites is very anisotropic. Thus, the
damage orientation depends on the microstructuesncel the effect of matrix damage is

described by three damage variables, one for tid@ direction @,"), one for the 90° fibre
direction (d,”) and the last one for the out-of-plane directiath,”(). Because of the
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assumption of symmetry for the studied orthotrofaibric, the evolution of the damage

variablesd,” andd," are equal.

The propagation of microcracks induces a progressecrease in the elastic properties during
tensile loading, whereas, under compression loadahgsure of the microcracks leads

partially to the recovery of the initial elasticoperties [15]. These variations will be taken

into account in the damage effect tenséts” and by the activation indexeg™. We

distinguish two damage effects tensoks;,™ for open microcracks andi,™ for closed

microcracks. They,"indexes are used to describe the state of thexaatks, that can be

opened, closed (under compression loading) or inngarmediate state. ODM takes into
account the fact that, even if the matrix cracksaosed, the damage can still exist. The same
variables and tensors are defined for the fibredles) with a distinction between tension and
compression. Hence, the effective compliance teoktite material can be defined as:

S =8 +AS"+AS" (1)

Wherei0 is the initial compliance tensor of the compositaterial, AS™ is the compliance

tensor of the effect of matrix damage aﬁi Is the compliance tensor of the effect of fibre
damage. These tensors are defined as follows:

3

88" =3d"(7"H" + @-n")H,") 2)
i=1 _— —_
3 3

As' =>d, ¢, H," +@-n,H ) +Dd 7 H T+ A= YHT) 3)
i=1 = i=1 — —_—

Finally, the mechanical behaviour of porous mateide/oxide composites can be described
by:

g=C":(e-£"-£)-C': (e +&°-&") (4)
with:

CT =(sT)"=(S+as"+AST)™ (5)
C =) =(g+as)” ) (6
where:

o is the stress tensor;
C*" is the effective stiffness tensor;

C' is the stiffness tensor of the fibres;

£ is the strain tensor;
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£%is the strain tensor corresponding to closed mias;
is the thermal strain tensor;

gth
&' is the residual strain tensor,
£°is the stocked strain tensor.

5 Conclusion

The studied material is a Nextel™ 610/alumina wathporous matrix and a 2D woven
reinforcement. In order to establish a continuurmalge mechanics model able to predict the
mechanical behaviour of this oxide/oxide CMC, sal@xperimental tests have to be run.
Tension tests showed that, in the fibre directithe, stress-strain curve is almost linear to
failure. The composite material still has to unadetgnsion tests in +45° fibre direction,
compression tests and incremental tension-compresssts in 0° and £45° fibre directions.
These tests will enable us to determine the paemef the continuum damage mechanics
model (ODM). A few other tests, such as, for examflexion and interlaminar shear tests,
will be performed to fully determine the parametefghe constitutive law. The model will
then be included in a finite element code in ortbepredict the mechanical behaviour of
structures made out of Nextel™ 610/alumina composit
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