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Abstract: The precise microscopic feature of carbon-carbon(C/C) composites is essential for an accurate predic-
tion of their mechanical behavior. After fabrication, actual microscopic feature differs from simple ideal spatial
model. Micro-computed-tomography ( CT) scan can well describe internal microstructures of composites.
Therefore, a reconstructed model is developed based on mirco-CT, by a series of prodcedures including extrac-
ting components, generating new binary images and establishing a finite element (FE) model. Compared with
the model designed by reconstructed commercial software MIMICS, the presented reconstructed FE model is

superior in terms of high mesh quality and controllable mesh quantity. The precision of the model is verified by
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experiment.
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0 Introduction

Carbon-carbon (C/C) composites are ideally
suited for those situations where high specific
strength and stiffness, low density, corrosion
and fatigue resistance and especially high serving
temperature are required'®. C/C composite
has been widely used in aerospace, aviation, nu-
clear and other civilized industries™®. Its service
performance is severely influenced by defects
during manufacturing process, including voids
and irregular yarns' appearance, as shown in
Fig. 1.

Based on experimental results, Siron and
Lamon ™ discovered the tensile and shear modules
of 8-H satin weave C/C composites would be re-
duced by 25% and 80% due to micro-cracks and

voids under loading. Aly-Hassan et al. '

repor-
ted that at room temperature the fatigue limit of
C/C laminates reduced from 230 to 213 MPa due

to the occurrence of the fiber-matrix interface de-
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Fig. 1 Defects of C/C composites observed by microscope

bonding. Not only the modules and strength but
also the oxidation behavior are influenced by the
microstructure. Han et al. I claimed that the zir-
conium carbide doped C/C composites and the ox-
idation always started from the voids and cracks
at the fiber-matrix interfaces. Jacobson and Cur-
ry-'® investigated the oxidation processes of the
fine weave C/C composites and revealed that the

oxidation occurred firstly from the surfaces and

voids. Microstructures are the essential factors to
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influence mechanical properties and oxidation be-
haviors of C/C composites.

To describe microstructures of C/C compos-
ites, the distributions and shapes of voids, the re-
al cross-sections, relative positions and longitudi-
nal shapes of real yarns must be focused on. Mir-
co computed tomography (CT) is an effective
technology for detecting microstructures without
damage inside body"''"*!. X-ray micro-tomo-
graphy has its roots in computerized axial tomo-
graphy (CAT or CT) scans that have been used

[14]

for medical imaging for over 40 years Pres-

ently, CT has been introduced for modeling in
reconstruc-

many fields, such as concrete

Lol | reconstruction®  and

In C/C

composite researches, CT is used to capture the

tion mannequin

foamed aluminum reconstruction™??",

subsurface features. A geometry model of C/C
composite has been successfully reconstruc-
ted®?J), however, the model is too complex to
be used for mechanical analysis. Kan™" did some
work on voids statistics and interface extraction,
but the investigation was mainly based on a sim-

21 introduced

plified spatial model. Sharma et al.
voids and cracks in the ideal model for analyzing
their influence on mechanical properties. The
model is more complex than the ideal model but
still cannot represent real material. Therefore, a
sophisticated model is needed.

Based on micro-CT, a more realistic finite el-
ement ( FE) model is established. The model
takes the voids and real yarns into consideration

and is verified by experiments. Some conclusions

are drawn.

1 Reconstruction Procedure
1.1 Extraction of components

Results of a CT scan is a gray level image
which can be delivered and stored by matrix, thus
MATLAB is a favorite tool in CT treatment2°%,

CT for fine weave pierced C/C composite is
acquired from multi-scale voxel. The general
view of the model scope is shown in Fig. 2. The
side lengths of the cube in X, Y and Z directions

are 5.42, 5.25 and 5 mm.

Fig. 2 General view of the scope

Take images of Y-Z plane for example.
Since both matrix and reinforcement fibers are
carbon, their gray values are close. Due to low
contrast, traditional methods, like homogeniza-
tion of gray value or Gauss wavelet do not work.
Therefore, to distinguish the boundaries of com-
ponents, an appropriate threshold should be de-
termined first.

Step 1

shown in Fig. 3 (a), the distribution scope of

From the gray level map of CT

threshold can be obtained. In the present work, Y
yarns are the major content in the image with high
intensity and located at the right part of gray level
map shown in Fig. 4. A value near 150 is the di-

viding point between yarns and others.

(a) Original image

(b) Local enlarged image

Fig.3 Original image and local enlarged image

Step 2

(Fig. 3Ca) ) which contains boundaries among

A local part of original image

different components is extracted, as shown in
Fig. 3(b). The bold white frame near left side
of Fig. 3(b) involves a boundary between yarn
and matrix, the two of which are of close gray
value. The corresponding gray value matrix is
shown in Fig. 5.

With identity of local image and its matrix,
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Fig.4 Gray level map of CT of C/C composite

one can get the boundary of yarns marked with
bold and gray background in Fig. 5. Therefore,
the threshold is in range of 147 to 150, and in this
work, the value is determined as 150. By many
attempts, the results from threshold 147 and 150

are similar.

174 | 173 | 172 | 170 | 168 | 169 | 174 | 177 | 178
171 | 171 | 170 | 168 | 167 | 168 [ 173 | 176 | 179
168 | 169 | 168 | 168 | 167 | 169 | 173 | 177 | 180
161 | 162 | 162 | 162 | 164 | 166 [ 170 | 174 | 178
150 | 150 | 150 | 151 | 155 | 159 | 164 | 168 | 170
140 | 140 | 139 | 142 | 146 | 152 | 157 | 161 | 163
132 | 132 | 131 | 133 | 137 | 142 | 147 | 152 | 156
128 | 126 | 126 | 127 | 130 | 134 | 140 | 145 | 150
127 | 125 | 123 | 123 [ 125 | 128 | 134 | 139 | 144

Fig. 5 The gray value matrix of the enlarged scope

After resetting the gray value of every posi-
tion in the images by the threshold, new binary
images are obtained, shown in Fig. 6 Ca). The
new binary image is identical to the original one
but polluted by noises, thus the boundaries are
not so smooth. The mid-filter method is then
used to eliminate the noises. Filtered results(Fig.
6 (b)) show that corrosion and inflation are imple-
mented to smooth the boundaries with operator
"line 8 X 8" after trial and error. The final binary
image with clear and smooth boundaries is ob-
tained, as shown in Figs. 6(c, d).

By the method and procedures presented
above, three groups of yarns, voids and matrix

can be acquired conveniently.

(a) After boundary extract ~ (b) After noise removal

(c) After corrosion

(d) After inflation
Fig. 6

Binary images after noises removal

and boundary smoothing

1.2 Reconstruction of FE model

In engineering applications, composites al-
ways contain several components. If each compo-
nent can be reconstructed, their relative positions
in the final assembly will be a thorny problem.
To circumvent this difficulty, a new set of unidi-
rectional images containing all components is gen-
erated after each component extracted from its
original tomography. A typical diagram is shown
in Fig. 7. The gray value of each component in
Fig. 7 is listed in Table 1. This new set of images

is the source of the reconstructed model.

Pierced fiber bundles ==

-

Matrix
Gray level:0) (Gray level:100)
Oriented X fiber bundles
(Gray level:255)
[Void(Gray level:40
Oriented Y fiber bundles
(Gray level:180)

4

Fig. 7 Components in the images with different pixel

values

Table 1 New gray value of components
Component Matrix Void Z yarn Y yarn X yarn
Gray value 0 40 110 180 255

The essence of reconstruction is to determine
whether components exist in a certain spatial po-
sition or not. In this paper, the determination is
achieved by matching the gray values between ad-

jacent layers, which is displayed in Fig. 8.
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Fig. 8 Relationship between elements

and gray values in layers

(a) General view of FE model

(e) Yyarn

(b) Yarn assembly

Only when the gray levels are the same be-
tween adjacent layers, the element of corre-
sponding set can be generated, as shown in
Fig. 8.

Since the amount of judgment and calculation
is large, a special reconstruction program is com-
piled for automatic operation.

The output file of the reconstruction program
is in INP format, which can be imported to
ABAQUS for analysis. The FE model and its

components are shown in Fig. 9.

(b) Voids

(f) Z yarn

Fig. 9 Reconstructed model and components

Fig. 9 reveals the characters of microstruc-
ture. The cross-sections of X yarns and Y yarns
are an approximate rectangle, and that of Z yarns
is circle. In the reconstructed model, the fiber
volume fractions in the three direction of X, Y
and Z are 11%, 16% and 7.4%, respectively.
Voids influence the stiffness and strength of C/C
composites greatly, so it is important to model
them accurately. The voids distribute desultorily.
The volume of voids calculated by the reconstruc-
ted model is about 4. 78% , agreeing with the ex-

perimental measurements of 4% to 5%. In order

to verify the accuracy of the reconstructed model,
a comparison to model from MIMICS is made,
shown in Fig. 10.

Fig. 10 shows that, the shapes of the two mod-
els are similar, but the qualities of the mesh are dif-
ferent. The model from MIMICS contains various di-
mensional tetrahedral elements and the mesh might
be malformed in region where curvature varies sharp-
ly. This will lead to big computing error and irreal
local stress prediction. The present model contains
only hexahedral element with same dimensions and

the mesh fineness is adjustable.
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(a) Mesh model from MIMICS

(b) The Present yarn FE mode
Fig. 10 Comparison between models from MIMICS

and the present work

2 Elastic Property Prediction and
Experiment Validity

Due to the periodicity and symmetry of the
structure and loading, quarter of the reconstruc-
ted model is adopted for calculation of the elastic
constants. The elastic modulus and Poisson ratio
of carbon matrix is 11 GPa and 0. 1, respectively.
The yarns consist of T300 fibers whose relevant

elastic constants are listed in Table 2.

Table 2 Elastic constants of T300

E;/GPa Ep/GPa v gy Gpo/GPa G /GPa

230.0 15.0 0.02 0.25 9.0 6.0

From statistics, average of sectional area of
X yarn is 0. 29 mm?®, Y yarn 0. 43 mm?’, and Z
yarn 0. 52 mm?®. The yarn in X and Y directions
are double strands of 3 000 fiber bundles. The
yarns in Z direction are triple strands of 3 000 fi-
ber bundles. Since the diameter of T300 fiber is
7 pm, the filling rate of yarns in X, Y, Z direc-
tions are estimated as 79. 6%, 53. 7% and 65.
8%, respectively. The elastic constants of yarns

can be obtained by hybrid method of two phases

29]

in composites '*) and the results are presented in

Table 3.

Table 3 Elastic constants of yarns

Axle E,, /GPa E,, /GPa vy, ;s Gy, /GPa G,; /GPa

X 185.3 14.4  0.04 0.25 8.4 5.4
Y 128.6 13.7  0.06 0.23 7.7 5.0
Zz 155.1 14.0  0.04 0.24 8.0 5.2

In meso-scale, both the architecture and de-
formation of the fine weave pierced C/C compos-
ite are repeated in three spatial directions, there-
fore, periodic boundary conditions (PBC) must
be applied to the unit cell FE model. The princi-
ple of PBC was detailed demonstrated by Xia et
al. 0, and in ABAQUS. It could be achieved
with multi-point constrains (MPC) technology.
Finally, three uniaxial tensile loads and three
pure shear loads are applied on the FE unit cell to
obtain the total nine independent elastic constants
for the orthogonal fine weave pierced C/C com-
posite and the result is presented in Table 4. Local
maximum principal stress in unit cell under unidi-
rectional uniaxial tensile load along Y direction is
shown in Fig. 11. For explicit illustration, the
matrix elements are hidden. As expected, the Y
yarns undertaking most of the load and stress are
observed not uniform in meso-scale because of the
variation of cross sections and local undulation of
yarn. The local stress concentration is important

for further strength prediction.

Table 4 Elastic constants of C/C composites

E,, /GPa E,, /GPa 5, /GPa V12 V13
27.3 26.6 20. 3 0.07 0.05
V23 G, /GPa  Gy3 /GPa Gy /GPa
0. 06 4.8 4.8 5.2

%

+3.837X10°
+6.637X10°

Fig. 11 Mises-stress state distribution
Three-point bending test is performed for C/
C composite to verify the FE results. Two kinds
of specimens with dimensions of length (/) X
width(H) X thickness (1) =74 mm X 14. 8 (or 18)
mm X 5 mm are prepared. Electronic universal

testing machine (WDW-100) is used for loading
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and indenter displacement measurement. The ex-

perimental setup is shown in Fig. 12.

Fig. 12 Three-point bending test setup

For the test, the displacement loading speed
is 0. 5 mm/min and indenter force is recorded in-
stantaneously. The elastic modulus is calculated
as

__Apl?
4or* Af

where Ap and Af are the force increment and the

(@)

deflection increment, respectively. By averaging
the measure data within linear elastic response
scope, the experimental elastic modulus in Y di-
rection is 27. 82 GPa in average and 4. 74 % bigger
than the FE prediction.

3 Conclusions

Based on results reported herein, several
conclusions are drawn.

(1) The proposed two-step method can help
extracting components from the low contrast mi-
cro-CT of C/C composite;

(2) The model reconstructed by the proposed
procedures is accurate;

(3) The generated meshes of the model are
high quality and controllable.
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