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Abstract: In this work, the influence of fiber/matrix meso-
structure on the strain concentration of three-dimen-
sional (3D) reinforced carbon-carbon composites with a
drilling hole is discussed by experimental and numerical
ways. The full-field digital image correlation (DIC) method
is adopted to obtain the strain field of the experimental
specimens, and the meso-FEM model with the consistent
meso-structure of the experimental specimens is estab-
lished to reveal the main deformation and damage mech-
anism. The results show that the strain concentration
appeared off the location of £90° hole tips, which is differ-
ent with homogeneous material. Furthermore, the shear
bands are observed and located on the region between the
cut fiber yarn and the adjacent uncut one. The peculiari-
ties are found connecting with the meso-structure. More-
over, the damage locations obtained from the meso-model
show good agreements with the experimental fracture
path, thereby, the analyses are verified.

Keywords: carbon-carbon composites; digital image
correlation; drilling hole; meso-structure; strain
concentration.

1 Introduction

The drive to achieve high specific modulus and high
specific strength under high temperature has propelled
carbon-carbon composites to the forefront among the
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aerospace structure materials [1-4]. For the needs of con-
nection and other designs, the carbon-carbon composite
structures may have various holes. The presence of holes
in a structure would inevitably cause a high stress gradient
at the vicinity of their edges, which can reduce its struc-
ture strength [5, 6], leading to the tendency to damage the
structure, or even break down.

Lots of researches have focused on the deformation
behaviors of the traditional resin and ceramic matrix
composites with open holes [7-13]. Most of them ignore
the heterogeneity of the fiber/matrix architecture near
the holes. According to the Iosipescu shear test on a car-
bon-carbon composite by Qin et al. [14], the strain field
is found being closely related to the local fiber/matrix
architecture. For structures with a hole, it would result in
the strain fluctuation in the vicinity of the hole and affect
the local strain concentration, even the damage and frac-
ture behaviors. Additionally, as the carbon-carbon com-
posite is more brittle than others, the fracture behavior
would be more sensitive to the holes because there is no
plastic deformation to dissipate the high concentrated
stress around the notches or holes [15-17]. In short, for
the research on the mechanical behavior of the carbon-
carbon composite with a hole, the complexity of the local
behaviors arises from their specific features like hetero-
geneity, anisotropy. As the motivation for using carbon-
carbon composite materials in aerospace structures
is increasing, it is necessary to gain a more sufficient
understanding of the highly localized strain redistribu-
tion around the hole and its influence factor on damage
mechanism.

In the current paper, we present results from the
experimental and numerical investigation of the local
strain fluctuation and the damage features caused by the
open hole in the carbon-carbon composite. The full-field
digital image correlation (DIC) method [14, 18] is used for
displacement, and the strain measurement and results are
described. In addition to the experimental investigation,
a numerical effort is conducted to match the meso-struc-
tures of the experimental specimens. In comparison with
the experimental results, the adequacy of the numerical
approach is evaluated.
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Figure 1: Architecture of 3D carbon-carbon composites.

2 Materials and methods

The architecture of the three-dimensional (3D) orthogo-
nal carbon-carbon composite discussed in this study is
shown in Figure 1. The materials are fabricated by the
liquid phase infiltration process. The carbon fiber T300
bundles are mutual orthogonal in material directions 1, 2,
and 3, which are defined as 1-yarns, 2-yarns, and 3-yarns,
respectively. The 1- and 2-yarn fiber bundles are orthogo-
nally laid in one-by-one ply. Then, the 3-yarns fill the 1-
and 2-yarn plane in through-thickness direction. At last,
the 3D orthogonal architectures are filled by the pitch and
carbonized in high temperature. The composites are com-
posed of a lot of periodic units, the unit cell dimension
in-plane is approximately 2 mm, and the ply thickness is
about 0.25 mm.

Four kinds of specimens with different center holes
and one specimen without a hole are tested in the tension
experiments. All the specimens are cut in the material
plains 1-2. The specimen geometry is shown in Figure 2,
where x and y are in the material directions 1 and 2, respec-
tively. The purpose of these tests is to study the influence
of the local meso-structure of fiber/matrix on the local
strain distribution around the hole in a carbon-carbon
composite.

According to the classical elastic theory, the stress as
well as the strain concentration of an isotropic material
with a hole can be analytically predicted. The locations
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Figure 2: Specimen geometry.
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are at the £90° hole tips (the +90° are with respect to the
loading direction), and the strain concentration factor is
3 for the plates with infinite size. However, it is not so
easy to determine it for the composite structure, due to
its specific features, such as heterogeneity and anisot-
ropy. According to the result of the tension and shear
test on carbon-carbon composites without holes by Qin
[19], the strain field in the test region would deform non-
uniformly and present a periodical distribution. Local in-
plane fiber architecture would heavily affect the strain
distribution around the hole, especially the strain con-
centration. Therefore, we choose four specimens with
different meso-structures to conduct the experiments.
To study the influence of the truncation of the 1-yarn
fiber bundles on the strain distribution along the hole,
we choose two different types of radius for the experi-
ments. In the 1# and 2# specimens, the circle diameter
is 6.8 mm with three and a half 1-yarn fiber bundles cut.
For the 3# and 4# specimens, the diameter is 8.6 mm
with four 1-yarn fiber bundles cut. About the influence
of the truncation of the 2-yarn fiber bundles on the strain
concentration around the hole, we design two different
kinds of specimens. The 1# and 3# specimens have the
2-yarn fiber bundles arranged along the hole tips, while
the 2# and 4# specimens have not. The holes are drilled
by wire-electrode cutting. The local meso-structures
around the hole for the drilled specimens are illustrated
in Figure 3.

To avoid premature failure in the griping regions, alu-
minum tabs with 30 mm in length and 2 mm in thickness
are adhered to the specimen at both ends with a binder.
The tensile tests are conducted on the MTS 809 universal
testing machine with a 25-kN load sensor and a constant
cross-head speed of 0.05 mm/min.

The DIC method is used as the deformation measure-
ment, as it can obtain both the global and local deforma-
tion information of the specimen. The DIC method has
been increasingly employed in the work for full-field
deformation and strain measurements of the 2D and 3D
composite materials [14, 18]. The displacement of any
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Figure 3: The local meso-structure around the drilling hole.

point on the specimen can be calculated by correlating
the two surface feature images of the object before and
after deformation. The error of the displacement is about
0.01~0.05 pixel, which means that the precision can
reach 0.2~1.0 um. More details of the DIC method can be
found in the review of Pan et al. [20]. In this study, the
Newton-Raphson sub-pixel search method [21] is adopted.
The sub-image size is 45 x 45 pixels, and the step size is
5x5 pixels. In order to obtain the more accurate strain
fields, a local quadratic fitting smoothing method is used
to smooth the displacement field. The smoothing window
is 9x 9 pixels.

Before the experiment, the random speckles are
sprayed on the specimen surface with the white and black
paint. Meanwhile, we take many measures to guarantee
the quality of the speckles, such as adjusting the dis-
tance between the spray nozzle and the surface of the
test sample. Several pre-experiments are performed to
make sure that our speckles are suitable and reliable [21].
When the loading is applied, the experimental images
are recorded by a CCD camera simultaneously, which is
located in front of the specimen, and the specimen is illu-
minated by the white light source. The resolution of the
CCD camera is 1280 x 960 pixels.

3 Experimental results
and discussion

The uniaxial tension experiments of the four different
kinds of drilled specimens are performed, and the normal
strain ¢, p and the shear engineering strain y,, are obtained
by the DIC method. Figure 4 shows the strain contours
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under the remote strain of 500 L. In order to illustrate the
relationship between the strain distribution and the fiber
meso-structures around the hole, the fiber bundles in the
1 and 2 directions are plotted in the contours as solid lines
and dash lines, respectively.

From the distribution results of the normal strain ¢,
(Figure 4A), it is found that the normal strain concen-
tration is different with homogenous materials. As we
all know, based on the homogenous material assump-
tion, the stress (strain) concentration location is at +90°
hole tips. For isotropic infinite plate containing a hole,
the strain concentration factor (Ke) is 3, and for aniso-
tropic material, it is related to the material properties.
Based on the material constants by Qin [19], Ke of the
carbon-carbon composite is calculated as 6.9. The strain
distributions along the edge of the hole for the differ-
ent specimens are plotted in Figure 5, in which the strain
ratios e, /e =6.9 are marked. The strain ratios at the
-90° position are 2.4, 2.7, 1.1, 0.9, and at the 90° position,
they are 1.8, 1.7, 1.4, 1.2 for the 1-4# specimens, respec-
tively. The values are much lower than 6.9. In Figures
4A and 5, it is found that the strain concentration loca-
tions of the heterogeneous carbon-carbon composites is
away from the hole tips. For the 1# and 2# specimens,
the strain in the range of -100° ~—70° and 70° ~100° is
obviously higher than the other position, and the strain
level is larger in the neighborhood of the 90° hole tip
compared to that of the —90° hole tip. As can be seen
in Figure 3, as the 1-yarn fiber bundles are only cut in
half in the 90° location for the 1# and 2# specimens, the
strain field at the bottom of the hole is larger than that
at the top. For the 3# and 4# specimens, there exists
an obvious strain concentration status along the edge
of the hole. The local strain peaks appear at the points
of —124°, -57°, 52°, 123° for the 3# and -125°, -57°, 52°,
113° for the 4# specimens. The strain peaks are approxi-
mately symmetrical with respect to the central lines
drawn in Figure 3.

The shear strain distribution is a bit different from
the normal strain. As shown in Figure 4B, there are four
obvious shear bands around the hole, which is similar
with others [7, 22]. As can be seen in Figure 4B, the shear
bands are located between the cut 1-yarn bundles and
the uncut one. Because of the cut of the 1-yarn bundles,
the load is shifted to the other uncut bundles. Accord-
ing to the shear lag model [23, 24], the local strain field
is nonlinear, and there would be a larger shear strain
concentration near the cut fiber. The influence of the
cut fiber would decay with the increase in distance.
As seen in Figures 4B and 5B, the absolute value of the
shear strain is largest at -63° and —66° for specimens 1#
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Figure 4: (A) Normal strain distribution in loading direction ¢.,. (B) Shear strain distribution y,, (solid lines for 1-direction fiber yarns and

dash lines for 2-direction yarns).

and 2# and at -55° and -55° for specimens 3# and 4#,
respectively.

As Figures 4 and 5 show, whether the 2-yarns are along
the 90° or not does not affect the strain concentration sig-
nificantly. However, the cut of the l-yarn fiber bundles
would affect the symmetry and the strain concentration
position around the hole.

As can be clearly observed in Figure 4, a large strain
appears in regions between two adjacent 1-yarns or two
adjacent 2-yarns, which is mainly matrix material. In
general, the carbon matrix has lower stiffness and failure

strain compared with the fiber yarn. With loading arising,
the matrix may begin to be damaged first. Although it
is difficult to observe the micro-cracks using the DIC
method, the strain response with different loads can also
illustrate the existence of damage.

The normalized ¢, along the edge of a hole under dif-
ferent tension loads, 30 MPa, 60 MPa, and 90 MPa, are
plotted in Figure 6. All the strain around the peak of the
curve is above 0.1%, which is the critical value for damage
initiation [19]. It means that around the strain concentra-
tion region, the damages have existed along the hole, and
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Figure 5: Strain distribution along the edge of the hole for different specimens.
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Figure 6: Normalized strain distribution along the edge of the hole under various applied stress (specimen 4#).

it makes the local nonlinear effect present in that region.
As a result, the strain does not change with the applied
stress linearly anymore. Also, the appearance of damage
would result in the redistribution of local stress, which
causes the slight shift in the strain concentration, as seen
in Figure 6.

As seen from the final failure patterns for different
specimens in Figure 7, every specimen presents an obvious
brittle fracture behavior accompanied with local fibers
pulled out and ply splitting failure occurring in some posi-
tion. The crack initiation point around the hole coincides
with the strain concentration point described above. As
mentioned before, damage may initiate from the strain
concentration location when the strain reaches the criti-
cal value. Then, the damage would gradually propagate
through the whole section with load increasing. Mean-
while, from the phenomenon of the fiber pulled out and
ply splitting failure, it can be concluded that the interface
strength between the fiber and matrix and the interlayer
strength has important effects on the damage mechanism

of the carbon-carbon composite, which needs further
research to work on it.

4 Numerical models

The 3D meso-FEM models are established to help under-
standing the strain characteristic around the edge of the
hole. According to the experiment results, the in-plane
meso-structures significantly affect the strain distribution
around the hole, and the 3-yarn fibers are ignored in the
model. The meso-structure around the hole for the simu-
lated specimens is the same as the experiment ones. The
0° ply and 90° ply are orthogonally laid one-by-one ply,
and 12 plies are adopted. The fiber and matrix interface is
assumed to have perfect bonding. We adopted the element
type of the C3D8 in the commercial software ABAQUS. The
number of elements is 287364 for the 1# specimen, 290076
for the 2# specimen, 280224 for the 3# specimen, and
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Figure 7: The final fracture patterns of different specimens.

mmm Fibre bundle — Matrix

Figure 8: Meso-model of the 1#specimen.

239040 for the 4# specimen. The meso-structures for the
0° ply and the 90° ply of the 1# specimen are illustrated in
the Figure 8.

Each fiber bundle consists of much single fibers.
Because of restricted calculation resources, it is impos-
sible to consider these constituents within the model.
Instead, the model is built up on the yarn scale, con-
sidering the fiber bundles as homogeneous with fiber
bundle properties. The carbon fiber yarn shows ortho-
tropic behavior and, the mechanical properties are found
from the literature data [10] and listed in Table 1, where

Table 1: Elastic constants for each component.

DE GRUYTER

1-direction refers to the fiber direction. The carbon matrix
is shown in isotropic and the elastic constants Young’s
modulus E, Poisson’s ratio ¢, and the shear modulus G
are deduced from the experimental data and listed in
Table 1.

To model the damage evolution of fiber yarn and
matrix, the progressive failure models is adopted, which
consists of a stress analysis and a failure analysis [25-27].
The analysis includes failure initiation and evolution.
Damage initiation at the presence of a complex stress
state can be determined using a failure criterion [28]. The
maximum strain criterion is used for fiber bundles and
matrix in the following form:

2 C
Jel €

where ef is the maximum failure strain in the longi-
tude direction. In this study, sf is chosen as 0.254% for
fiber bundles, which is obtained by the tensile test of
unnotched carbon-carbon composites and as 0.1% for the
matrix according to the work of Qin et al. [14].

Once the above criterion is fulfilled, the material

will begin to generate failure, and the effective stiff in

@

Material type E, (GPa) E,=E, (GPa) K=l By G ,=G,, (GPa) G,, (GPa)
Fiberyarn 220.69 13.79 0.2 0.25 8.97 4.83
Matrix 10 0.35 3.7
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direction 1, Cj, is reduced to (1-d)C,, in which C,, is the
undamaged stiffness, and d is the damage variable, which
is given in Eq. (2).

&€ &€
d=1—8—1exp —Cue—l(el—ef)LC/Gt &)

1 1

where L¢ is the characteristic length associated with the
material point of the element. G, is the fracture energy per
unit area, which is a key parameter to control gradual deg-
radation of a material, and the values of the fiber yarns

T.Yin et al.: Carbon-carbon composites =—— 831

and matrix are assumed to be 12 N/mm and 1 N/mm,
respectively [26]. It is obvious that d is between 0 and 1,
and d=0 and 1 indicate undamaged and fully damaged
status, respectively.

The numerical simulation is carried out by using the
commercial FEM software ABAQUS by ABAQUS Inc, Paw-
tucket, RI, USA. The constitutive equations of the elastic
behavior, and the damage initiation and evolution are
defined in the user subroutine program UMAT [27]. Based
on the above model, the strain distribution around the
hole and the damage evolution process are analyzed.

Figure 9: Simulated strain distribution (A) ¢ , and (B) y,, of 0° ply (solid lines for 1-direction fiber yarn and dash lines for 2-direction yarn).
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5 Numerical analysis
and discussion

As from the simulation results, the 0° ply bears most of
the load, and the strain concentration around the hole
is more serious than that of the 90° ply. Here, only the
results of the 0° ply are discussed. The calculated normal
strain ¢, and shear strain y,, contours by the meso-model
are shown in Figure 9. The fiber yarn meso-structures are
also marked in the figure as in the experimental results.
The strain distributions by the models along the edge of
the hole are plotted in Figure 10.

As shown in Figures 9 and 10, the strain distribu-
tion is found being related to the meso-structure, and
the strain is symmetrical with respect to the central lines.
As can be seen clearly, the relatively larger strain occurs
at the region between two adjacent fibers yarns, which
is a matrix material. For convenience in describing, the
regions between two adjacent 1-yarn fiber and the regions
between two adjacent 2-yarns are defined as region-1 and
region-2.

From the contour of the normal strain, the strain
peaks are away from +90° and are located in the cross
region of region-1 and region-2 along the edge of the hole,
which is more regular than the experimental results. The
normal strain of the 1# specimen, as shown in Figure 9A,
concentrates at the first cross area of region-1 and region-2
from the -90° hole tip at the hole edge, and the larger
platform strain near the 90° hole tip exists in the range
of 70°~100°. The results match well with the experiment

DE GRUYTER

one. The normal strains for 1# and 2# are larger in the
adjacency of the —90° hole tip compared to that of the 90°
hole tip, the same as the experimental results. The reason
comes from the half cut 1-yarn fibers in the 90° hole tip
for the 1# and 2# specimens. They can still bear the load
and reduce the strain concentration in the 90° position,
which also can be taken from the simulation results. For
the 2# and 3# specimens, the distributions of the simu-
lated normal strain are a little different from the experi-
ment one, which may be caused by the small defects in the
experiment specimens induced by the drilling operation
and need to be confirmed by further research. The normal
strain peaks of the 4# specimen agree well with experi-
mental results and are also symmetrical about the central
axis.

The shear strain distribution of the numerical model
is demonstrated in Figure 9B. The positions of the simu-
lated shear bands agree well with the experimental data,
and the shear bands are found on region-2. In addition,
as can be seen in Figure 10, the larger shear bands are
located at the region between the cut 1-yarn bundles and
the uncut one, which is related as region-1 here.

Figure 11 is the damage result based on the damage
model discussed in Section 4. The initial damage occurs
in the matrix material, and the positions appear at the
strain concentration point discussed previously. Then,
the fiber materials, which are located near the damaged
matrix, begin to generate damage. The simulated damage
propagation path is found coinciding with the experimen-
tal fracture path marked with arrows. As no proper fiber
pulled out and ply splitting failure model is considered in

&,, (1000 pe)

O == =B == af

1
180

e, (1000 pe)

Position (°)

90 135 180

Figure 10: Strain distribution along the edge of the hole obtained from meso-models.
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Figure 11: Damage variable distribution.

the numerical model, no fiber pulled out and ply splitting
failure phenomena are reported in the simulation results.

6 Conclusion

By using the full-field measurement DIC method, the
strain distribution of the holed 3D carbon-carbon com-
posites is obtained. The strain field associated with
the meso-structures in the vicinity of the hole is clearly
observed. The strain concentration positions are away
from the £90° hole tip location. Where 1-yarns at £90°
are cut is found having significant effect on the symmetry
and the strain concentration, while the influence of the
2-yarns is not so significant. The shear strain bands are
also observed, and the larger shear strain zone is located
between the cut 1-yarn fibers and the adjacent uncut one.
Furthermore, by the meso-model, the characteristic of
the strain distribution is obtained and compared with the
experimental results. It shows that the strain concentra-
tion is symmetrical about the axis if the meso-structure
is symmetrical about the axis. If the 1-yarns are half cut at
one side along the hole, the strain symmetrical character-
istic will be broken. According to the damage analysis, the
initial location of the damaged path is related to the strain
concentration position. In addition, further research
work needs to be done on the proper parameters to better

T.Yin et al.: Carbon-carbon composites =—— 833

describe the fiber pulled out and ply splitting failure phe-
nomena observed in some experiments.
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