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a b s t r a c t

Mechanical responses and failure behaviors of advanced C/C composite tube are very important for
structural component design in nuclear reactor. In this study, an experimental investigation was con-
ducted to study mechanical properties of C/C composite tube. Quasi-static compression loading was
applied to a type of advanced composite tube to determine the response of the quasi-static load
displacement curve during progressive damage. Acoustic emissions (AE) signals were captured and
analyzed to characterize the crack formation and crack development. In addition, the crack propagation
of the specimens was monitored by imaging technique and failure mode of the specimen was analyzed.
FEM is appled to simulate the stress distribution. Results show that advanced C/C composite tube ex-
hibits considerable energy absorption capability and stability in load-carrying capacity.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Carbon/carbon (C/C) composites have been selected as attractive
materials for high temperature structural applications owing to
their advantages of high specific strength and modulus, good
thermal stability, low thermal expansion coefficient, superior
ablation performance, as well as non-catastrophic failure similar to
metals [1,2]. They are the main components of thermal protecting
systems in airframes, reusable launch vehicles and applied as early
aircraft brake disc [3]. Moreover, C/C composites have been also
considered in fusion and fission reactors, considering their low
atomic number and low neutron absorption crosssection [4,5]. In
Fluoride-Salt-Cooled High-Temperature Reactor (FHR) and
Thorium Molten Salt Reactor (TMSR), C/C composites are the pri-
mary candidate structural materials for control rod guiding tube
and core barrel as their excellent corrosion resistance and me-
chanical properties at elevated temperature.

For structural components in nuclear plants, mechanical prop-
erties are significantly important. The C/C composite tube used as
control rod guiding tube could be subjected to compression
loading. As we know, accurate mechanical properties and failure

criteria are critical to design and use of the structures. Compressive
properties of various composites have been widely studied by flat
coupon specimens or cylinder [6e8]. However, ceramic matrix
composite components are so complicated and especially sensitive
to the geometry, preform structures and processing conditions, that
there is no identical flat coupon specimen which can accurately
represent the tube material. So it is very necessary to make a
detailed investigation on themechanical behaviors of large-size C/C
composite tube. So far, few papers were found about mechanical
behavior of ceramic matrix composite tube. K. Liao discussed an
axial/torsional test method for small-size (about 20 cm in length,
4 cm in diameter) ceramic matrix composite tubular specimens [9].
R. H. Carter focused on some large-size CMC torque tubes, such as
SiC/SiC composite tube [10]. Besides, H. Zhao has reported the ef-
fects of fiber orientation on failure behaviors of C/SiC torque tubes
[11]. However, there are no reports about the investigation with
regard to lateral compression on large-size C/C composite tubes.

The aim of this paper is to investigate lateral compressive be-
haviors of advanced C/C composite tube for control rod guiding
tube. The Load-displacement curve was studied by special
compression loading tests. Specifically, we make an investigation
into failure process of advanced C/C composite tube. Failure anal-
ysis was made using AE and imaging techniques.
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2. Experimental procedure

2.1. Material and specimens

The advanced C/C composite tube with 3D needle-punched
nonwoven preform as reinforcement was manufactured in Aero-
space Research Institute of Materials & Processing Technology. The
flow chart of manufacturing process is shown in Fig. 1. The carbon
fiber we used is T700. Volume density of the C/C composite is about
1.84 g/cm3 and fiber volume fraction is more than 40%.

The size of advanced C/C composite tube for compression test is
F130mm (interior diameter) � F150mm(outer diameter) �
150mm(length) (see Fig. 2). The thickness of the C/C composite tubes
is 10 mmwhich is the same as prototype of control rod guiding tube.

2.2. Test procedure

All tests were performed on MTS Insight Tester (E44.204) at
ambient temperature. The compressive behavior was tested with a
test speed of 0.5 mm/min under lateral compression. The loading
head is made of tool steel with the size (outer diameter) of 100mm.
The machine setups were shown in Fig. 3a. During the test, AE
signals of C/C composite tube were recorded by eight-channel
MISTRAS 2008, Physical Acoustics Corporation. Three sensors
marked with red arrows in Fig. 3.b were separately positioned on
inner surface of the top and bottom, outer surface of the middle
section. All the sensors were bound to the surface area of C/C
composite tube using plastic adhesive tape and medium viscosity
vacuum grease was used as a coupling agent. Acquisition

parameters were set as follows: threshold 45 dB, Peak Definition
Time 30 ms, Hit Definition Time 100 ms and Hit Lockout Time 300 ls.
Each AE signal waveform was digitized and recorded at a sampling
rate of 1 MHz with a pre-trigger length of 25 ms (recorded before
the first threshold crossing). These parameters were defined based
on previous works on CMCs.

3. Results and discussions

3.1. Mechanical behavior of C/C composite tube

Fig. 4 displays the obtained diagram of the lateral compression
test on the advanced C/C composite tube for control rod guiding
tube. As shown in Fig. 4, it is linear before failure appears, after that,
the curve will be nonlinear, especially when the stroke is greater
than 5 mm. The maximum force is about 15.2 kN when the defor-
mation is 4 mm.

We can divide force-displacement curve into three stages, the
first stage was the starting part which is almost linear. It means the
tube was in the stage of elastic deformation. Then, matrix cracking
and microcrack propagation cause the curve of force displacement
appeared an arc-shaped rise. After 4 mm, force displacement curve
changed step by step. On the stress concentration areas (top, bot-
tom, left and right sides as indicated in Fig. 3(b), cracks, including
spallation, delamination, and fiber bundle debonding are contrib-
uted to the deflection of cracks, leading to the curve presenting a
step like trend (see Fig. 4).
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Impregnation Carbonization C/C composite
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Fig. 1. Flow chart of manufacturing process.

Fig. 2. A photo of the test specimen.
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Fig. 3. Machine setup for lateral compression test.

Fig. 4. Load-deformation curve of advanced C/C composite tube under Lateral
compression loading.
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3.2. Characterisation of AE signals

The AE equipment recorded ringing counts and AE energy
during dynamic uniaxial compression tests. Fig. 5 described the
ringing counts vs. time. From Fig. 5, it is revealed the ringing counts
in three areas (top, side, bottom) showed different trends with load
time, though the initiation of the damage occur almost at the same
time (about at 150s). It is earlier for top and bottom that the load
time at maximum frequency occur compared to the side. And the
overall level of ringing in side is higher after 750s compared to top
and bottom. Besides, the peak of ringing counts matched the steep
decrease of force. The peaks of ringing counts in three areas implied
serious damage events near 500s, 600s, and 1200s as marked grey
lines in Fig. 5.

A processing of the AE energy generates the curve of cumulative
energy. The AE cumulative energywas used to confirm the different
stages of the damage modes. Fig. 6 shows the typical evolution of
the AE cumulative energy during lateral compression testing of the
C/C composite tube as a function of load time. From Fig. 6, it can be

seen E-side has an similar onset and higher overall level of activity
compared with E-top and E-bottom signals, which is consistent
with the trend of ringing counts. There is a period from 450s to
1200s during which E-top and E-bottom signals are most active.
During this period, a great deal of micro-cracks were collected and
macro-cracks formed and propagated. After that, no obvious signals
were detected. However, E-side signals appeared in greatest
abundance towards the later stages of loading until the final failure
of the material. It was attributed to larger deformation in the side of
C/C composite tube compared to top and bottom during lateral
compression test.

It is deserved to be mention that the cumulative AE energy is
closely related to fracture mode. From Fig. 7, the large crack marked
in red circle was formed along the direction of shear force. As shear
property is weakest. Therefore, E-bottom displayed lower cumu-
lative AE energy than E-top. The results also indicated AE signals
could be used to detect failure process of C/C composite compo-
nents well.

3.3. Failure process analysis of C/C composite tube

Fig. 8 displayed deformation histories of advanced C/C com-
posite tube under lateral compression. As shown in Fig. 8(b), the
crushing load continuously increased until full resistance was
about 15.2 kN load. After this stage a longitudinal fracture line at
the bottom of C/C composite tube is observed to be developed. And
the load-displacement curve fell steeply as the crack grows.Then,
one crack followed another in succession. Finally, four longitudinal
fracture lines were gradually formed after 1250s.The fracture lines
were formed diametrically opposite to each other at about 90�

angle as seen in Fig. 9. Two of the fracture lines were developed at
top and bottom of C/C composite tube (contact lines between the
tube and the flat platens). The other two were formed at the
specimen sides.

It can also be seen that C/C composite tube showed good
elastoplasticity similar with metals which can refrain from
abruptly brittle rupture. However, mechanical properties could
dramaticly decline when large crack formed or fibrous bundle
fractured.Fig. 6. Normalized cumulative AE energy vs. time.

Fig. 7. Initial failure of C/C composite tube.

Fig. 5. The output of ringing counts and stress vs. time.
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3.4. Simulation and comparison between the experiment and finite
element results

As C/C composite tube is nonhomogeneous anisotropic
component, analytic method is very complicated. So finite element
method by commercial software ABAQUS was introduced to
perform the numerical analysis.

The material properties of C/C composite tube is unique, it is
difficult to obtain the identical damage variables for simulating the
nolinear bahaviors. To simplify themodel, AUSDFLDmethod taking
the nonlinear response of the materials into account has been used
to simulate failure process of the composite tube. When the local
maximum stress its reached strength, mechanical properties

reduced with a constant attenuation coeffcient. The 3D finite
element model with C3D8R element was utilized for C/C composite
tube, describled in Fig. 10. Engineering mechanical constants were
obtained by flat coupon specimens. The parameters used in the
model were listed in Table 1. In the table, 1 represents normal di-
rection of 3D needled nowoven preform, 2 represents longitudinal
direction, 3 represents transverse direction.

Fig. 11 showed the stress distribution of C/C composite tube
under compressive loading by u ¼ 3.857 mm. The top and bottom
section of the composite tube expressed higher stress than other
area in the simulation. Which matched the result that two of the
fracture lines were initially developed at top and bottom of C/C
composite tube. It also can be seen that symmetric stress

a b

c d
Fig. 8. Failure process of C/C composite tube.
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distrution of C/C composite tube. Therefore, the simulation result
coincided with the experimental fracture behavior. The predicted
results also showed the mamimum stress occurred in top or
bottom section in preliminary stage (0e1.32 mm), then it tranfer
to two sides (1.32e2.349 mm), after that the maximum stress
stayed in the top or bottom section until the force reached the
maximum load.

According to the simulation result in Fig.11, themaximum stress
almost reached the tensile strength of C/C composite when the
failure load is applied to the simplified model. Fig. 12 decribed
comparison between the experimental and simulation result. The
experiment curve can correspond with the predicted simulation
curve at initial stage. But the difference became more and more
obvious with the increase of the load. The reason was that nolinear
accumulated damages and random defects of C/C composite ma-
terial exsited in the loading process. In the future, the FEM model
will be improved to better simulate the failure process of C/C
composite tubes.

Fig. 9. Fracture lines of C/C composite tube.

Fig. 10. FEM model of the C/C composite tube under lateral comression

Table 1
Mechnical properties of C/C composite material.

E11(GPa) E22(GPa) E33(GPa) G12(GPa) G13(GPa) G23(GPa) v12 V13 V23

16 50 50 1.7 1.7 10 0.2 0.2 0.36

Fig. 11. Stress distribution of the C/C composite tube under compressive loading by
u ¼ 3.857 mm.

Fig. 12. Loading-displacement curve and simulation curve of the C/C composite tube.
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4. Conclusion

In this paper, mechanical responses and failure behaviors of
advanced C/C composite tube for potential nuclear material were
investigated by AE, Imaging and FEM techniques. The results indi-
cated C/C composite tube showed progressive damage behaviors
like metals. C/C Composite tube has been fractured due to forma-
tion of symmetric fracture longitudinal lines. And the AE singnals
can detect the damage evolution well. However, the load-capacity
could be steeply declined due to delamination, large crack forma-
tion or fibrous bundle fracture.
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