Available online at www.sciencedirect.com
L 4

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 32(2022) 1961-1968

Transactions of
Nonferrous Metals
Society of China

i s Science
ELSEVIER Press

www.tnmsc.cn

Blast and tensile properties of tantalum/niobium lined SiC/SiC
composite tubes for nuclear cladding

Chang LI, Hong-lei WANG, Ya-ping YANG, Quan-chao GU, Xing-heng YAN, Xin-gui ZHOU

Science and Technology on Advanced Ceramic Fibers and Composites Laboratory,
College of Aerospace Science and Engineering,
National University of Defense Technology, Changsha 410073, China

Received 8 March 2022; accepted 9 May 2022

Abstract: The mechanical performances such as tensile strength and blast property of metal lined SiC/SiC composite
cladding tubes were investigated. Nb or Ta was selected as liner material, and the SiC/SiC composite layer was
fabricated by winding and different precursor impregnation and pyrolysis (PIP) processes. The tensile strengths of
different tube samples were measured at room temperature (RT) and 1200 °C, respectively. The blast property was
investigated through the maximum water pressure of tubes. And the fracture microstructures were observed by SEM.
The highest tensile strength at RT was 150.7 MPa. The blast strength was enhanced with the PIP process increasing
from 1 to 4 cycles and the tube of 4 PIP cycles had the highest water pressure of 34.7 MPa. Compared with the metal
tubes, the multi-layer structure improved tensile and blast properties significantly. The different processes such as PIP
cycles and pyrolytic carbon (PyC) coating were important factors to enhance the mechanical performances of

SiC/SiC-based tubes. However, the retention rate of tensile strength was only 18.5% at 1200 °C.
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1 Introduction

In recent decades, the Zr-based alloys have
been widely used as fuel cladding in nuclear cores
because of their excellent performance in irradiation
environments. However, the degradation of
Zr-based alloys in extreme accidents such as
reactivity insertion accident (RIA) and loss-of-
coolant accident (LOCA) will lead to dramatic rise
of temperature, which has attracted much attention
recently [1-3]. Meanwhile, the process called
zirconium—water reaction will occur when the
temperature is higher than 1000 °C. In addition, this
process is highly exothermic and releases an
excessive amount of hydrogen gas. Therefore, a
conception called accident tolerant fuel (ATF)
cladding has been proposed as the substitution of

Zr-based cladding tubes [4—6].

The continuous SiC fiber-reinforced SiC
matrix composite (SiC/SiC) is a candidate material
for ATF cladding, because of its high strength,
excellent stability at high temperature and oxidation
resistance, good irradiation resistance and neutron
absorption cross-section [7-9]. For the nuclear
application, the generation-III SiC fiber has high
degree of crystallinity, near-stoichiometry, high-
temperature resistance, and oxidation resistance.
The Hi-Nicalon-S and Tyranno-SA3 SiC fibers are
the most popular, because they do not contain B
that will have transmutation in irradiation [10,11].
The production process is another important factor
that influences the SiC/SiC composite performance,
including chemical vapor infiltration (CVI) [12],
polymer impregnation and pyrolysis (PIP) [13],
melting infiltration (MI) [14] and nano-infiltration
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and transient eutectic (NITE) [15]. For example,
KATOH et al [16] used Tyranno SA3 as
reinforcement and polyvinylsilane (PVS) pyrolyzed
at 1750—1800 °C to fabricate high-crystallization
and low-C residual SiC/SiC composite which could
maintain stability in the ion irradiation of 10 dpa
and 600 °C, and the strength decreased slightly in
the ion irradiation of 40 dpa and 800 °C. Through
research of NITE SiC/SiC composite in the
radiation environment, KISHIMOTO et al [17]
found that the SiC fiber and matrix had a good
stability in dual ion irradiation. These methods are
targeted to fabricate SiC/SiC composite with a pure
constituent, high crystallinity and density that can
be considered a benefit for radiation stability.

Although the SiC/SiC composite has a great
potential in the nuclear application, the structure,
fabrication, and performances of SiC/SiC
composite tubes still need extensive research.
Different cladding prototypes have been proposed
and fabricated. For instance, in General Atomics,
several kinds of SiC-based cladding tubes with CVI
as well as the bulk SiC ceramic and SiC/SiC
composite layer with a thickness of 1.2—2.1 mm
and a length of 900 mm were designed [18]. And in
the Westinghouse, a similar SiC-based cladding
prototype was fabricated by winding and CVI
processes, and the bending strength in neutron
irradiation of 5 dpa was evaluated [19]. At the same
time, in Korean Atomic Energy Research Institute,
three-layer  SiC/SiC  composite
fabricated with winding, CVI and CVD processes,
and the strength changes with winding patterns
were simulated [20]. A cladding prototype using the
so-called sandwich multilayer structure with a
thickness of less than 1 mm was designed by CEA.
The tubes’ outer and inner layers were weaved by
Hi-Nicalon or Tyranno SA3 at 60° and the
interlayer was made by high-temperature resistance
metals such as niobium or tantalum [21]. By virtue
of the NITE process, in the University of Tokyo,
tubular SiC/SiC composite was fabricated, whose
density was higher than 95% and conductivity was
evaluated in RT and 1000 °C [22].

In general, the SiC/SiC composite was
regarded as an excellent candidate for the next
generation of cladding material. However, the
structure  design, production processes, and
properties of SiC/SiC composite tubes need

tubes were

in-depth exploration. In this work, the metal lined
SiC/SiC  composite tubes with the two-layer
structure were fabricated. The inner layer was
high-temperature resistant metal, and the outer layer
was SiC/SiC composite prepared by winding and
PIP processes. What’s more, the tensile and blast
properties under different processes and measuring
conditions were investigated.

2 Experimental

2.1 Sample fabrication

A series of tube samples with different
procedures were prepared to evaluate the tensile
and blast properties of metal lined SiC/SiC
composite tubes. With relatively high neutron
absorption cross-section and high-temperature
resistance, the tantalum and niobium may be
appropriate in nuclear applications. Therefore, in
this word, these two kinds of metals were chosen as
the liner materials, and their tube samples were
listed separately for comparison with metal lined
SiC/SiC composite tubes.

The metal lined SiC/SiC composite tube
samples with bilayer structure and the tube samples
with different processes are listed in Table 1. Firstly,
the tantalum or niobium tubes were fabricated by
spinning as the inner layer of composite tubes. Then,
the SiC fibers of KD-SA were winded on these
metal dabbers periodically with a 45° winding angle.
It is noteworthy that the SiC fibers for the winding
process were distinguished as pyrolytic carbon
(PyC) coated and uncoated, and their SiC/SiC
composite tube samples are differentiated as two
groups correspondingly. Finally, the densification
process of SiC/SiC composites was achieved by
precursor infiltration and pyrolysis (PIP) and entire
plasma-enhanced chemical vapor deposition
(PECVD). The technological parameters of PECVD
are listed in Table 2.

Table 1 Metal tubes and SiC/SiC-based composite tubes

Tube sample Structure SiC fiber  Process
Ta/Nb ~ Monolayer of metal - Spinning
Ta/Nb- . Winding+

SiC/SiC Biolayer Uncoated PIP-CVD
Ta/Nb- . Winding+
sicpyc/sic  Bilolayer  PyCecoated 1 oy
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Table 2 Important parameters of PECVD processes
Reactant gas Airflow qf }\I/IS/ Hgating rfllte/ Carrier gas Airflow gf_Iliz/ Depositiono
(mL-min™") (°C'min™") (mL-min™") temperature/°C
Modified silanes 100 5 H, 200 750

2.2 Characterization

The tube samples with different processes
were cut as short tubes with a length of 200 mm,
and 5 short tubes were selected as one group for
measurement. According to ASTM C1773-13, two
steel poles were inserted in tube ports for
supporting samples, aluminum alloy scale-boards
were stuck outside the tube ends with a 20° dip
angle. Furthermore, the tensile property was
measured by tensile testing machine (Instron 8801)
at room temperature and high temperature
(1200 °C), respectively. The loading rate was
10 N/s, while the heating rate was 10 °C/min. For
simulating working conditions in nuclear cores,
inner pressure resistance should be taken into
account. The tube ports of burst testing samples
were plugged with steel thin pipe tightly, and then
connected with a water booster system and pressure
sensor. At the same time, the enhanced rate of water
pressure was 1 MPa/s, with the pressure ranging
from 0.1 to 50 MPa.

The microstructures of tube fractures were
observed by scanning electron microscope (SEM,
model HITACHI S—4800). In addition, the phase
analysis was characterized by X-ray diffraction and
energy disperse spectroscopy.

3 Results and discussion

3.1 Tensile properties

Figure 1(a) shows Nb lined SiC/SiC composite
tube samples after tensile testing and corresponding
fractures at room temperature. Due to the grasp of a
testing machine, the SiC fiber bundles of tube ends
were scattered. At the fracture region of samples,
the Nb liner had serious deformation and a large
amount of SiC fibers were debonded and pulled out
from the SiC/SiC composite layer. For the tube
samples after tensile testing at high temperature, as
displayed in Figs. 1(b, c), some cracks appeared at
the fractures of the metal liner and SiC/SiC
composite layer along with the winding directions.
Compared with the samples at room temperature,
less debonding and pulling-out of SiC fibers could

be observed in high-temperature tested samples.
However, a new layer with lower strength and
lower density could be observed at the surface of
Nb tubes or between the metal liner and SiC/SiC
composite layer.

Fig. 1 Nb lined SiC/SiC composite tubes after tensile
testing at room temperature (a) and 1200 °C (c), and Nb
tube after tensile testing at 1200 °C (b)

The tensile strength could be calculated based
on equation below:

o=L/A, A=n(R*—?) (1)

where o represents the average tensile strength of
tube samples, L represents the maximum load when
a tube sample fails in the testing process, A4
represents the cross-section area calculated based
on the geometric dimensions of tube samples.
Additionally, the inner () and outer diameter (R) of
tube samples could be measured by a digital vernier
calliper.

The average tensile strengths of Nb tubes and
Nb lined SiC/SiC composite tubes are shown in
Fig. 2. At room temperature, the tensile strength
of Nb lined SiC/SiC composite tubes with PyC
coating was 150.7 MPa which was much higher
than that of the metal tubes and uncoated tubes.
Similar phenomenon could be
high-temperature tested sample that the PyC
coating samples had the highest tensile strength of

observed in
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27.9 MPa. The SiC/SiC composite layer not only
provided entire strength of tubes but also improved
the tensile strength significantly. However, the
strength of coating samples only retained 18.5% in
1200 °C-tested sample. The error bars indicate
standard deviations of the measured strength, and
the values for high-temperature tested samples
presented more obvious dispersion than those for
room-temperature tested samples.
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Fig. 2 Tensile strength of Nb tubes and Nb lined SiC/SiC
composite tubes at RT and 1200 °C

As shown in Fig. 3(a), the stress—stain curve of
Nb lined SiC/SiC composite tubes was significantly
different from the typical yield curve of niobium
tubes. Moreover, an elastic stage could be observed
in the initial period, and then tensile load increased
gradually until sample failure. This curve may be
influenced by the combined effects of pseudo-
plastic from SiC/SiC composite layer and niobium
liner. It is noteworthy that, as shown in the insert of
Fig. 3(a), the curve of Nb lined SiC/SiC composite
tubes without PyC coating was significantly
different from PyC coated samples. After the elastic
stage in the initial period, the stress of uncoated
samples descended suddenly and presented a jagged
curve in the end period. That is to say, the failure
process of tube samples is brittle fracture.

The stress—stain curve of Nb lined SiC/SiC
composite tubes in 1200 °C-tested sample, as
shown in Fig. 3(b), displayed the typical pseudo-
plastic fracture. The stepped descent of the curve
could reflect the debonding and pulling-out of SiC
bundles. This process consumed much fracture
energy. For the uncoated samples, although similar
variation tendency could be observed, the
maximum stress was lower and the descent degree

of the curve was much more extremely than coated
samples, indicating that less fracture energy was
consumed in the tensile process.
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Fig. 3 Stress—strain curves of tubes tested at room
temperature (a) and 1200 °C (b)

Figures 4(a, b) show fracture microstructures
of Nb lined SiC/SiC composite tube samples
uncoated and coated with PyC, respectively.
Obviously, the pulling-out fibers in PyC coated
samples were much longer than those in uncoated
ones. These phenomena demonstrate that PyC
coating modified the defects of the SiC fiber
surface and deflected the growing crack in the
matrix (see Fig. 4(e)) due to the weak interface
effect from the lamellar structure of PyC. In
1200 °C-tested samples, a similar phenomenon of
fibers debonding and pulling-out could be observed
and a corresponding typical pseudo-plastic fracture
could be obtained, but the tensile strength could
not retain efficiently. That is to say, some more
important factors have caused the property
degradation. As shown in Fig. 4(f), the new layer
between Nb liner and SiC/SiC composite after
high-temperature tension had a low density and



Chang LI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1961-1968 1965

Nb liner

—— Before tensile test
—— After tensile test

Niobium oxide

Noo L e

Nb,Os
i

NPT WV S
1

10 20 30 40 50 60 70 80 50 um
20(°) —_—

Fig. 4 Fracture microstructures of Nb lined SiC/SiC tubes uncoated (a, ¢) and coated with PyC (b, d) tested at room
temperature (a, b) and 1200 °C (c, d), crack deflection in SiC/SiC composite tubes (e), and gap between Nb liner and

oxide layer and XRD patterns (f)

porosity structures. According to the XRD analysis,
the new layer contained a large amount of niobium
oxide dominated by NbOs, as shown in the insert
of Fig. 4(f). The volume expansion of the oxide
layer and falling-off from the metal liner might lead
to dramatic damage between the Nb liner and
SiC/SiC composite, and then reduce the tensile
strength tremendously.

3.2 Blast properties

As shown in Fig. 5, several groups of Ta lined
SiC/SiC composite tube samples with different PIP
cycles were blasted in water pressure testing. Most
fractures were located in the middle of the tubes. It
could also be observed that some fractures were
located at the end of tubes and the cracks grew
along the axial direction. The tube samples
with 3 and 4 PIP cycles presented slight bending
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-1 cycles.
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Fig. 5 Ta liner SiC/SiC composite tubes after water
pressure test

deformation after burst, and their fractures were
more open than 1- and 2-cycle samples.

The maximum water pressure value is
regarded as the ultimate strength in water boost
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process to evaluate the blast property of tubes. As
shown in Fig. 6, the Ta tube had the lowest strength
of 12 MPa. The SiC/SiC composite layer enhanced
the strength of tubes significantly. And the PyC
coating also improved the blast property obviously.
The strength increased with PIP cycles, and the
4 PIP-cycle tubes had the highest strength of
347 MPa. As shown by the error bars, the
measured values with more PIP cycles were more
concentrated. From the density variation of Ta lined
tubes shown in Fig. 6, the PIP process caused the
higher density and lower porosity of the SiC matrix,
which might lead to the improvement of blast
strength. In addition, Fig. 7(a) presents the relative
blast curves of SiC/SiC composite tubes in different
PIP cycles. As shown in Fig. 7(b), the maximum
water pressure increased with the enhanced water
pressurization rate from 2 to 4 MPa/s, meaning that
the water pressurization rate also influenced the
blast strength of tubes.
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Fig. 6 Maximum water pressure of Ta tubes and Ta lined
SiC/SiC composite tubes in different PIP cycles

The fracture microstructures of Ta liner
SiC/SiC composite tube samples after blast testing
are shown in Fig. 8(a). An obvious debonding could
be observed between the SiC/SiC composite layer
and metal liner. A lot of SiC fibers adhered to metal
liner and were debonded from SiC/SiC composite
layer transversely. It could be observed that a great
number of SiC fibers and bundles were pulled out
from the SiC matrix and most fiber lengths of
pulling out were greater than 200 um. The higher
magnification figure, as shown in Fig. 8(b), reveal
that the cracks branched and deflected and then
stopped growing at the interface between the
fibers and matrix. For PyC coated tube samples,
the coating modified the surface of SiC fibers and
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Fig. 7 Blast curves of Ta liner SiC/SiC composite tubes
in different PIP cycles (a), and blast curves of 4-cycle
tubes at different water pressurization rates (b)

Fig. 8 Debonding of Ta liner and SiC/SiC composite
layer and feature of pulling-out SiC fibers (a); cracks in
Ta liner SiC/SiC composite tubes after blast testing and
feature of crack branches and deflections (b)
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weak interface formed, which were beneficial to
improving mechanical properties of composites and
enhancing the blast strength.

4 Conclusions

(1) The highest tensile strength of metal lined
SiC/SiC composite tubes was 150.7 MPa and the
maximum water pressure of them was 34.7 MPa. At
the same time, the bilayer structure with SiC/SiC
composite layer improved the tensile and blast
properties of the tubes. Furthermore, the PyC
coating on SiC fibers enhanced the performance
through modification of the brittle fracture
behavior.

(2) The maximum water pressure was
enhanced from 23.9 to 34.7 MPa with increasing
the PIP cycles. In the process of more PIP cycles,
the higher density and lower porosity of SiC matrix
might trigger the improvement of blast strength.

(3) Although the tensile strength of metal
lined SiC/SiC composite tubes was high at room
temperature, the retention rate was merely 18.5% at
1200 °C. Meanwhile, the oxide layer formed in
high-temperature atmosphere might cause dramatic
performance reduction.
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