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Abstract

The present paper describes a two-step homogemiztdr the evaluation of effective elastic
properties of textile reinforced composites. Aitamtis devoted to carbon and polysiloxane
matrix based composites reinforced by plain weaxglé fabrics. X-ray microtomography as
well as standard image analysis are adopted tonedt the volume fraction, shape and
distribution of major porosity, considerably influgng the resulting macroscopic response.
Numerical procedure effectively combines the Mamdka averaging scheme and finite
element simulation carried out on a suitable statgdly equivalent periodic unit cell.
Computational strategy employs the popular extenflade element method to avoid
difficulties associated with meshing relatively @bex geometries on the meso-scale.
Comparison with the results obtained directly frtra finite element simulations of available
Micro-CT scans is also provided.

1 Introduction

Low out-of-plane stiffness of unidirectional fibr®wcomposites together with the need for
manufacturing sufficiently thick structural unitercsiderably contributed to the introduction
of more complex three-dimensional fiber preformisisTushers in the subject of woven textile
composites. While practical application of thesetemal systems has a rich history,
computational modeling of textile reinforced compes has witnessed a considerable activity
only recently, see e.g. [1, 2] for an initiative nwoin numerical as well as analytical
homogenization.

Regardless of the processing route these systemmibitegomplex microstructures with a
relatively large intrinsic porosity and a number ather fabrication related imperfections
including non-uniform layer widths, tow undulatiomter-layer shift and nesting. Their
accurate representation then calls for the devedmprof sufficiently accurate geometrical
models capturing reality as close as possible y@hgo computationally feasible. This
requirement spans all relevant scales fitting kextomposites well within the concept of
hierarchical modeling. Starting from a simple oagelr computational model proposed in [3]
several advances have been suggested leading tootieept of Statistically Equivalent
Periodic Unit Cell (SEPUC) [4]. In contrast withadlitional approaches, where parameters of
the unit cell model are directly measured from lamde material samples, the SEPUC
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approach is based on their statistical charactesizaBeing aware of various deficiencies of a
single layer SEPUC [5] the authors developed ing[8)vo-layer model capable of addressing
most of the above irregularities. Discrete modelfigntrinsic discontinuities such as intra-
yarn matrix cracks [7] or large inter-tow vacuolesmp voids) [6] then becomes relatively
simple. Difficulties associated with the finite elent discretization of the resulting
computational model promoted the introduction ofEXFF methodology (Extended Finite
Element Method), typically used for the modelingstriong discontinuities, into the field of
homogenization [8]. This allows for a considerasil@plification in the preparation of finite
element meshes which are then regular and do meg¢ ba confirm to actual material
boundaries. Application of this strategy to texttemposites is available, e.g. in [9, 6]. Apart
from numerical approach usually based on the @irder homogenization the literature offers
a number of analytical methods. The Mori-Tanakahmetn particular gained a considerable
interest owing to its simplicity and explicit fortn&xamples of successful application of this
method to the evaluation effective thermal or &gstoperties of imperfect textile composites
can be found in [10, 11].

Effective combination of analytical and numeriaathiniques in the framework of multi-scale
or hierarchical modeling then presents a vital foolthe analysis of such complex systems.
Further advancement is expected when incorporalkatgils of actual microstructure into the
formulation of a computational model. A promisingute can be seen in exploiting
information provided by computer microtomograpipCT) [12]. Connecting the latter tool,
either directly [13] or indirectly [14], with ther@viously mentioned approaches will become
the principal objective of this paper. Liming outeation to carbon-carbon (C/C) textile
composites we organize the paper as follows. Setigives a brief introduction to principals
of UCT. Basic steps associated with the applicatiolXBEM in the light of first-order
homogenization are outlined in Section 3. An ilfasve example devoted to the derivation of
effective thermal conductivities is presented ircta 4 followed by several concluding
remarks in Section 5.

2 Computer microtomography

In the present study the computer microtomographgmployed to derive an accurate three-
dimensional map of meso-scale porosity accountimly for large inter-tow vacuoles. Intra-
yarn matrix cracks, the major contributor to yaorgsity, are reflected in the prediction of
tow effective properties from an independent homaggion step on the micro-scale. This
step has been discussed in detall, e.g. in [6]v@tadhot be repeated. Instead, we concentrate
on meso-scale porosity only and examine two optafniatroducing this phase in numerical
predictions. The first option considers the volumaetion only, whereas the second approach
directly exploits the digitized model of a largergde of C/C textile developed fromCT
images.

The experimental setup used in the present studsists of large-area flat panel sensor and
microfocus X-ray source. Microfocus X-ray sourceD&-01 (Hamamatsu Photonics K.K.)
with tungsten anode, jim spot size was used. For imaging, the C7942CA-2ayXdetector
(Hamamatsu Photonics K.K.) with the resolution d368x2240 pixels and physical
dimensions of 120x120 mm was used; 2x2 pixel bignimas adopted to reduce the
acquisition time. The scanning sequence consistét®® scans with 0%step. Acquisition
was performed using 10 times 0.5 s, voltage 80 h @urrent 125A (the maximum setting

of the power supply). The voltage/current ratio v8as to produce the maximum signal to
noise ratio in the radiographs.
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A spatial resolution of the resulting 3D images vi@um®. A particular example of 3D
image of major porosity, amounting to 11% for tlaebonized (CICIC) sample, is presented
in Figure 1. It is clear that these estimates auseially dependent on the voxel resolution with
respect to the pore size. Nevertheless, if consigehe volume of an average pore equal to
100 um® and accept the error of one voxel for each edgehef pore (a rectangular
parallelepiped is assumed for simplicity), the enrduced by calculation of the volume
fraction of pores is less than 7%. Thus for thebcaized sample the error (0.07x11% =
0.77%) will not exceed 1% of the total volume.

@) (b)
Figure 1. Porous phase: a) Reconstructed CT scan; b) XFEMseptation

3 Computational homogenization based on XFEM

First-order homogenization approach is adoptedstonate effective thermal conductivities
as one particular example. Providing the compasiteaded by a macroscopically uniform
temperature gradieil we derive the effective properties from the Hilhima written as

(8h(x)"x(x)h(x)) = 0, )

where h(x) is the local temperature gradiemt(x) represents the 3x3 conductivity matrix
evaluated at a given point x and angular brackeisdsfor the volume averaging. In this
context, the local temperatuféx) admits the following decomposition

f(x) =H-x+ 6" (x), (2)
where6*(x) corresponds to the fluctuation part@fx) and is assumed periodic (the same
values of6*(x) are enforced on opposite sides of a rectanguldogie unit cell). With

reference to standard finite element discretizatienlocal temperature gradient is expressed
in terms of nodal fluctuation temperatures as

h(x) = H+ B(x)0j, 3)
which upon substitution into Eq. (1) gives
865 (B(X) T (X)B(X))03 = —86; (B(X)"x(X) )H. (@)

Once fluctuation temperatures are know they casubstituted back into Eq. (3) to provide
the macroscopic heat fluq in the form

1

Q =(T(x)'q(x)) = —; [, T XOTh(H)AQ, (5)
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whereq(x) is the local heat flux and the transformation nxeltix) is introduced to give the
relationship between material matrices in the lacal global coordinate systems as

x(x) = T(x)"x ()T (x). (6)
The result of Eq. (5) finally renders the macroscaonstitutive law

Q=-x"H, (7)
wherey! is the searched 3x3 macroscopic homogenized cdmiychatrix.

To avoid complications associated with standard hings (FE mesh complies with all

material boundaries) of complex geometries of kextomposites further polluted by the
porous phase we adopt the approach based on tkadexit finite element method. This
method enables an application of regular meshesghwdo not have to confirm to physical
boundaries. These are captured by enriching theogjppation space of the finite element
with embedded interface exploiting the partitionumiity technique. In the present context,
theoretical formulation described by Moées et dl.igdursued.

The principal idea of XFEM is to augment the staddgpproximation space of temperatures
with a specific enrichment functiog(x), which renders the corresponding gradients
discontinuous along the material interface. Folloyv[8], the augmented approximation of
the temperature field reads

0(x) = Ziy Ni(0)0; + X1 Ljey N (9 (0 af, (8)

where N; are the standard shape functiol¥s, are the shape functions building the local
partition of unity,K stands for the number of enrichment functions (pemnof discontinuities
within a single element),, gives the number of nodes for which the supposdpi# by the
discontinuityk anda}c are the additional degrees of freedom to approtaraaero-value level
set function. Further details can be found in T8j0 computational strategies employing the
presented theoretical grounds will be now outlined.

3.1 Analysis based on SEPUC

The first approach builds upon existence of a oer@atistically Equivalent Periodic Unit
Cell (SEPUC) derived by matching selected matestetistics of a real composite sample and
an artificial computational model.

In our previous work [5, 6] we proposed a two-lagEPUC schematically displayed in
Figure 2(a), where individual dimensions were scig@ to optimization [6]. A two layer

model is displayed in Figure 2(b). XFEM represaontet of individual fiber tows and porosity
phase, clearly identifying material interfaces, platted in Figures 2(c,d). While fiber tows
are directly related to an optimal two-layer moéftele of pores (Figure 2(b)), the porous
phase is found subsequently by coating each fingrwith a layer of matrix such that the
volume of coating complies with the respective wodufraction of the matrix phase. The
remaining space of the total volume of SEPUC theroties upon the porous phase.
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Aj
matrix = TXJ

@) (b)

(©) (d)

Figure2. SEPUC: a) two dimensional cut; b) two-layer modeluding a periodic extension of an upper
layer, ¢) XFEM representation of fiber tows, d) X#Eepresentation of porosity

3.2 Analysis based on data providesu@T

The second approach considers direct exploitatibrdaia provided by computational
microtomography. Although visually distinguishabkeee Figure 3, we still experienced
considerable difficulties in discriminating betwedme fiber tows and the matrix phase
numerically. Therefore, we accorded our attentmnhie porous phase only and substituted
the tow-matrix composite by a homogeneous mateiithl effective properties derived from
an independent homogenization step using a mod#figdUC from Figure 2 free of pores.

Figure 3. Position of pores given by image segmentation (idustrative 2D cuts)

Nevertheless, this step still required additionajrsentation ofuCT data (Figure 3) to
properly identify the shape and position of realrggo The corresponding XFEM
representation then appears in Figure 4. Note ttiatblack region represents the porous
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phase. Further comparison is provided in Figurk ik. clear that XFEM is able to represent
the real porosity rather well.

Figure 4. Level set function of real pores determined fromiBiage ofuCT scan (black = pores)

4 Numerical simulations

A comparative study of the two approaches discupsedously is presented in this section.
Both strategies assume the same material propésied in Table 1. It should be mentioned
that the effective yarn properties are expectdoet@&nown. In this particular study these were
found from an independent homogenization step.skaplicity we treated the fiber tow as

another three-phase medium consisting of a unitireal fiber-matrix composite weakened

by longitudinal pores. This simplification inviteah application of a simple Mori-Tanaka

micromechanical model [10, 11]. Owing to some uap#nt features of the Mori-Tanaka

method on the one hand and to reflect a significaz@ difference between fibers and pores
on the other hand we performed the analysis in itvd@pendent steps. The fiber-matrix

composite with circular fibers was considered fifetlowed by the second homogenization
step of a porous medium with longitudinal poresitguan elliptical cross-section embedded
into the new effective matrix.

material conductivity [W/mK]
matrix 6.3

yarn 24.12;1.05; 1.42
air 0.02

Table 1. Thermal conductivities of individual constituents

In the light of the first order periodic homogenira the results pertinent to SEPUC are
obtained directly from Egs. (5) and (7) when ruigninsteady state analysis for three loading
cases with one component Hf set equal to one while the other to zero. The meldlux
averages, Eqg. (5), then furnish the correspondahgntns of the homogenized matyX!. The
resulting effective conductivities for SEPUC dimiems stored in Table 2 are available in the
last row of Table 3.

a b g h DXy, AVE
2181 118 422 251 333 20

Table 2. Dimensions of SEPUQumM]

The results corresponding to the second approaghaheled as Al, A2 and B1, B2-1,
respectively, to recognize the two step homogelozaalready mentioned in the previous
section. Recall that in order to predict the resglteffective properties (A2, B2-1), we
considered a real distribution of pores (providgadhe uCT analysis) in an orthotropic, but
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homogeneous, matrix. Properties of this matrix wegtimated first from XFEM
homogenization carried out at the level of SEPUGnaented by excluding the meso-scale
porosity (Al). The second option involved the Mdanaka method applied to an optimal
single layer textile composite without porosity |Bkee [12] for details. For simplicity,
periodic boundary conditions were adopted alscha gecond homogenization step (XFEM
analysis of a porous sample). Since lacking geooca¢fperiodicity, perhaps more appropriate
approach would be to assume vanishing temperafuraiations on the sample boundaries,
thus providing an apparent upper bound on effegroperties as discussed in [13].

For additional comparison we also offer the predng provided solely by the Mori-Tanaka
method (steps B1 and B2-2).

method volume fractions conductivity [W/mK]
matrix yarns pores
Al. XFEM without air voids (1 step) 0.531 0.469 - 9.08; 9.08; 2.94
A2. XFEM with real air voids (¥ step) 0.885 0.115 7.68; 7.67; 2.18
B1. MT without air voids (I step) 0.531 0.469 - 9.16; 9.16; 2.69
B2-1. XFEM with real air voids (2 step) 0.885 0.115 7.74,7.72;2.01
B2-2. MT with pores (¥ step) 0.885 0.115 7.75; 7.75; 2.20
XFEM for SEPUC 0.470 0.415 0.115 8.07; 8.07; 1.54

Table 3. Effective thermal conductivities

5 Conclusions

Two possible approaches for the derivation of diffec properties of imperfect textile
composites were briefly described. Both approacelyson the solution of a homogenization
problem with the help of XFEM methodology. The fesprovided by standard analysis of a
periodic unit are corroborated by the results datiyrom large porous sample of a real
composite, which allows us to account for compédatorphology of meso-scale porosity in
a very accurate manner. Despite the fact that vaepresentation of actual textile
reinforcement was not adopted, we may still coreluthat statistically equivalent
representation of real material via SEPUC offerigantly accurate predictions. In this
regard, the Mori-Tanaka method performed surprigingell. Thus gaining sufficient
confidence, the last two homogenization techniguiisbe exercised in our future study to
also polysiloxane matrix based ceramic compositesh vseveral types of textile
reinforcements.
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