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Abstract: A new type of SiCf/TiC-Ti3SiC2 composite was prepared by the Spark Plasma Sintering
(SPS) method in this work. The phase transformation and interface cracking of this composite under
ion irradiation (single Xe, Xe + He, and Xe + He + H ions) and subsequent annealing were analyzed
using transmission electron microscopy (TEM), mainly focusing on the interface regions. Xe ion
irradiation resulted in the formation of high-density stacking faults in the TiC coatings and the
complete amorphization of SiC fibers. The implanted H ions exacerbated interface coarsening. After
annealing at 900 ◦C for 2 h, the interface in the Xe + He + H ion-irradiated samples was seriously
damaged, resulting in the formation of large bubbles and cracks. This damage occurred because the
H atoms reduced the surface free energy, thereby promoting the nucleation and growth of bubbles.
Due to the absorption effect of the SiCf/TiC interface on defects, the SiC fiber areas near the interface
recovered back to the initial nano-polycrystalline structure after annealing.

Keywords: SiCf/TiC interface; ion irradiation; phase transformation; interface cracking; bubble

1. Introduction

The accident at the Fukushima nuclear power plant revealed that metallic materials
have many potential hazards under accidental working conditions, such as metal–water
reactions, hydrogen decrepitation, corrosion, etc. [1,2]. In recent decades, some accident-
tolerant fuel (ATF) cladding materials have been developed, such as Cr-coated zirconium
alloys and FeCrAl, but the neutron economy of Cr is poor [3]. The Cr element can diffuse
along grain boundaries under high-temperature steam environments, leading to cladding
failure [4]. On the other hand, fiber-reinforced silicon carbide ceramic composites are also
considered some of the most promising new cladding materials capable of replacing tradi-
tional alloys [5]. Compared to metallic materials, ceramic matrix composites have better
hydroxide corrosion resistance and avoid hydrogen explosions, as they do not produce
hydrogen gas when reacting with water under accident conditions. In addition, ceramic
matrix composites are convenient to design and optimize by changing the compositions
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and structures of the interphase, matrix, and reinforcement materials. Boron nitride (BN) [6]
and pyrolytic carbon (PyC) [7] are commonly used as interphases to enhance the toughness
of SiCf/SiC composites; however, the behaviors of these two interphase materials are
unsatisfactory under irradiation conditions. Under high-temperature neutron irradiation,
the volume swelling of PyC is more serious (swelling rate > 10%) [8], which can result in
the formation of interface cracking [9]. On the other hand, BN is considered inadequate
for nuclear applications due to its high neutron-absorbing cross-section [10]. Thus, it is
necessary to find a new interfacial phase material with better irradiation tolerance.

In recent years, several novel interphases have been designed. For example, Agar-
wal et al. [11] reported that TiC maintains a pristine crystal structure under neutron irradia-
tion at doses of up to 2 dpa at temperatures of 220 ◦C, 620 ◦C, and 1150 ◦C. Therefore, the
use of TiC as an interfacial phase material may enhance the irradiation resistance of SiCf
composites. Inspired by the properties of TiC, titanium carbide coating was successfully
in situ synthesized on silicon carbide fibers to serve as a novel interfacial phase in our
previous work [12]. In addition, due to their unique layered structure and excellent irradia-
tion tolerance, a novel class of ternary layered nitrides or carbides, known as MAX phase
materials, has also been considered as a potential material for nuclear reactors [13–15]. As a
typical MAX phase, Ti3SiC2 has good fracture toughness and good chemical compatibility
with silicon carbide [16]. Thus, Ti3SiC2 could also be designed as a new interfacial material
for SiCf composites. Many prior studies [17,18] have reported various methods for prepar-
ing SiCf composites with Ti3SiC2 as an interphase or matrix material. Unfortunately, the
irradiation effects of these novel interface structures have not been studied in detail.

In this study, SiCf/TiC-Ti3SiC2 composites were prepared by SPS to evaluate the
irradiation resistance of the SiCf/TiC-Ti3SiC2 interface structure. SPS, as a field-assisted
sintering technology (FAST), has been applied for fabricating nuclear materials [19–25]. Ion
irradiation, an economical and efficient method, was used to introduce irradiation damage
into the SiCf/TiC-Ti3SiC2 interface. The microstructure evolutions of the SiCf/TiC-Ti3SiC2
interface structure under three different irradiation conditions (Xe, Xe + He, Xe + He + H)
and the subsequent 900 ◦C annealing process were analyzed and have been discussed
at length.

2. Materials and Methods
2.1. Materials

The reinforcement used in this study was the 3rd polymer-derived SiC fibers with
0.45 wt% oxygen content. Silicon powder (99.8 wt%) and titanium powder (99.8 wt%)
were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai,
China; sodium chloride, graphite, and potassium chloride were purchased from Shanghai
Macklin Biochemical Technology Co., Ltd., Shanghai, China. The materials are summarized
in Table 1. Ti3SiC2 powders were synthesized using the molten salt synthesis method,
and SiCf/TiC-Ti3SiC2 composites were prepared using the SPS method. Compared to
conventional unpressurized sintering reactions, molten salts can accelerate atom diffusion
to enhance the ceramic sintering reaction, which could accelerate the nucleation of products
and reduce the reaction temperature. Simultaneously, large amounts of molten salts can
form a liquid environment to control the composition of the products [17,26–28].

Table 1. Chemicals used in this study.

Materials Purity Supplier

Ti 99.8% Aladdin lnc., Shanghai, China
Si 99.9% Aladdin lnc., Shanghai, China

graphite 99.95% Macklin Inc., Shanghai, China
NaCl 99.8% Macklin Inc., Shanghai, China
KCl 99.9% Macklin Inc., Shanghai, China

ethanol 99.70% Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China
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2.2. Preparation of SiCf/TiC-Ti3SiC2 Interface

Ti, Si, and C powders were first pre-mixed in a molar ratio of 3:1:2. Subsequently,
each mole of the Ti-Si-C pre-mixed powder was combined with NaCl-KCl in a 1:1 molar
ratio. The final powder mixtures were mixed in a planetary ball mill with zirconia grinding
balls and ethanol for 24 h. After drying and sieving, the powder was placed in an alumina
crucible, heated to 1300 ◦C in a high-vacuum furnace at a ramp rate of 5 ◦C/min, and
then held at 1300 ◦C for 3 h. Ti3SiC2 powders were obtained after washing and drying.
Following this, a 10% volume fraction of short-cut silicon carbide fibers and the obtained
Ti3SiC2 powders were mixed and placed into a graphite die with an inner diameter of
10 mm; then, the sintering was conducted using an SPS facility at 1300 ◦C under a pressure
of 40 MPa for 10 min. SiCf/TiC-Ti3SiC2 composites were obtained after cooling the sinter
chamber to room temperature.

2.3. Ion Irradiation

Firstly, 5 MeV Xe23+ ions were pre-implanted into the samples at room temperature
with a fluence of 3.5 × 1015 ions/cm2 using a 320 kV ion implanter at the Institute of Modern
Physics, Chinese Academy of Sciences. Subsequently, the 400 keV He+ and 200 keV H+ ion
irradiation studies, with fluences of 1 × 1017 ions/cm2 and 6 × 1016 ions/cm2, respectively,
were conducted at room temperature using an NEC 400 kV ion implanter at Xiamen
University. The energies of the ion beams were carefully selected to ensure that the peak
concentrations and displacement damage of Xe, He, and H were located in adjacent regions.
The ion incidence direction was perpendicular to the sample’s surface. The displacement
threshold energies for the elements Ti, Si, and C were set to 25 eV, 15 eV, and 28 eV,
respectively, in the Stopping and Range of Ions in Matter (SRIM) 2013 software, based on
full damage cascades mode [29]. The density of SiC and TiC was set to 3.23 g/cm3 and
4.92 g/cm3 in the SRIM calculations, respectively. According to Figure 1, which presents
the comprehensive simulation results for the concentrations of He, Xe, and H atoms in
SiC and TiC and the depth of damage, the peak hydrogen concentration, peak helium
concentration, and peak displacement damage are all located at a depth of around 1 µm.
Several irradiation samples were protected with argon gas (purity: 99.999%) and annealed
at 900 ◦C for two hours in a tube furnace. Table 2 outlines the specific experimental
conditions employed in this study.

Nanomaterials 2024, 14, x FOR PEER REVIEW 4 of 11 
 

 

 

Figure 1. The results of dpa and concentrations (H, Xe, and He) in SiC and TiC calculated by SRIM 

2013. 

Table 2. The detailed ion irradiation experimental conditions used in this work. 

Influence (Ions/cm2) Temperature for Anneal-

ing  

(°C) 

Time for Anneal-

ing 

(h) 
Xe Ions He Ions H Ions 

3.5 × 1015   

900 2 3.5 × 1015 1 × 1017  

3.5 × 1015 1 × 1017 6 × 1016 

2.4. Characterization Methods 

Scanning transmission electron microscopy (STEM) with the Talos F200X and scan-

ning electron microscopy (SEM) with the Zeiss Gemini 460 were used to characterize the 

surface morphologies and microstructures of these unirradiated samples. The phase con-

stitution was analyzed by X-ray diffraction (XRD) using the Bruker D8 ADVANCE at a 

scan rate of 10°/min. The cross-sectional TEM samples, with a thickness of less than 100 

nm, were prepared using a focused ion beam (FIB) with the FEI Helios G4, employing the 

lift-out technique. In the initial lift-outs, 30 kV Ga+ ions with a 9.3 nA current were used. 

To minimize surface damage to the samples throughout the thinning process, the current 

of the Ga+ ion beam and the energy were gradually reduced, with 2 kV Ga+ ions used for 

the final thinning. The damaged regions are indicated in the overview image of the TEM 

sample prepared by FIB. 

3. Results 

3.1. Characterization of SiCf/TiC-Ti3SiC2 Composites 

The XRD pattern of the as-prepared Ti3SiC2 powders is observed in Figure 2a which 

indicates that the primary phase in the powders is Ti3SiC2, with small amounts of TiC 

impurities. The phase compositions of the as-received SiCf/TiC/Ti3SiC2 composites synthe-

sized by SPS are shown in Figure 2b. The peaks at 10°, 20°, 39.6°, and 40.8° correspond to 

the (002), (004), (104), and (008) crystal planes of Ti3SiC2. Some peaks at 35.9°, 41.7°, and 

60.5° correspond to the (111), (020), and (022) crystal planes of TiC, respectively. 

Figure 1. The results of dpa and concentrations (H, Xe, and He) in SiC and TiC calculated by
SRIM 2013.



Nanomaterials 2024, 14, 1629 4 of 11

Table 2. The detailed ion irradiation experimental conditions used in this work.

Influence (Ions/cm2) Temperature for
Annealing

(◦C)

Time for Annealing
(h)Xe Ions He Ions H Ions

3.5 × 1015

900 23.5 × 1015 1 × 1017

3.5 × 1015 1 × 1017 6 × 1016

2.4. Characterization Methods

Scanning transmission electron microscopy (STEM) with the Talos F200X and scanning
electron microscopy (SEM) with the Zeiss Gemini 460 were used to characterize the surface
morphologies and microstructures of these unirradiated samples. The phase constitution
was analyzed by X-ray diffraction (XRD) using the Bruker D8 ADVANCE at a scan rate
of 10◦/min. The cross-sectional TEM samples, with a thickness of less than 100 nm, were
prepared using a focused ion beam (FIB) with the FEI Helios G4, employing the lift-out
technique. In the initial lift-outs, 30 kV Ga+ ions with a 9.3 nA current were used. To
minimize surface damage to the samples throughout the thinning process, the current of
the Ga+ ion beam and the energy were gradually reduced, with 2 kV Ga+ ions used for
the final thinning. The damaged regions are indicated in the overview image of the TEM
sample prepared by FIB.

3. Results
3.1. Characterization of SiCf/TiC-Ti3SiC2 Composites

The XRD pattern of the as-prepared Ti3SiC2 powders is observed in Figure 2a which
indicates that the primary phase in the powders is Ti3SiC2, with small amounts of TiC
impurities. The phase compositions of the as-received SiCf/TiC/Ti3SiC2 composites syn-
thesized by SPS are shown in Figure 2b. The peaks at 10◦, 20◦, 39.6◦, and 40.8◦ correspond
to the (002), (004), (104), and (008) crystal planes of Ti3SiC2. Some peaks at 35.9◦, 41.7◦, and
60.5◦ correspond to the (111), (020), and (022) crystal planes of TiC, respectively. Diffraction
peaks of the SiC fibers are located at 30◦ and 60◦, overlapping with the diffraction peaks of
TiC. Small amounts of TiSi2 were also detected. After sintering, the diffraction peaks of TiC
were sharp and intense, which indicates that a highly crystalline TiC phase was generated
during the sintering process. The polished surface of the as-received composites is shown
in Figure 2c, revealing that the SiC fibers are uniformly distributed throughout the Ti3SiC2
matrix, which exhibits good densification. In addition, the Ti3SiC2 matrix and the SiC fibers
are well bonded. The inserted images in Figure 2c show the corresponding EDS mapping
results for this region; the matrix and fiber regions can be clearly distinguished via the
distribution of the Ti and Si elements. The irradiated and unirradiated areas, as well as the
fiber and matrix regions, can also be easily distinguished by the differences in contrast in
Figure 2d.

Figure 3a presents a high-angle annular dark field (HAADF) image of the interface
region along with its EDX mapping results. A poor-Si zone with a thickness of about
150 nm can be seen close to the SiC fiber. The diffraction rings in Figure 3b indicate that the
fibers consist of nano-SiC grains. The SAED pattern and the EDX spectrum in Figure 3b
illustrate that the composition of this poor-Si zone is the TiC phase with an FCC structure.
The HRTEM image in Figure 3b displays a terraced interface structure, with the TiC region
near the interface containing numerous stacking faults and nano-twins.
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3.2. Microstructure Evolutions of the Irradiated SiCf/TiC Interface before and after Annealing

The HRTEM images of the SiCf/TiC interface areas with peak damage under three dif-
ferent irradiation conditions (Xe + He + H, Xe + He, and Xe) are shown in Figure 4a–c. The
SAED patterns of the SiC fibers in these three ion-irradiated samples reveal that the SiC
fibers are completely amorphized. Under the irradiation of Xe + He and Xe ions, the ter-
raced interface morphologies are still clearly distinguishable. The density of nano-twinning
structures and stacking faults in TiC is significantly higher than that in the unirradiated
samples. Conversely, under the Xe + He + H irradiation condition, the terraced struc-
ture of the SiCf/TiC interface is hardly recognizable, which indicates that the implanted
H ions could destroy the terraced structure. Following a two-hour annealing at 900 ◦C,
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the microstructure of the SiCf/TiC interface regions under three irradiation conditions is
shown in Figure 5a–c. In the samples irradiated with single Xe ions, the interface remains
intact, with no cracks observed, indicating that the injection of single Xe ions has minimal
impact on the integrity of the interface after the annealing process. However, small bubbles
and cracks were observed in the interface area of the samples injected with H and He
ions. Particularly, with the introduction of H ions, a series of cavities were formed at
the interface, which indicates that the implanted H ions resulted in more serious damage
during the annealing process. Figure 5d–f show the SAED patterns of areas A1, A2, and A3
marked in Figure 5a–c, which indicate that SiC fibers near the interface have recrystallized.
Meanwhile, the central areas of the SiC fibers, which are away from the interfaces in these
three irradiated composites, are still in an amorphous state after annealing, as shown in
Figure 5g–i.
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4. Discussion
4.1. The Decomposition of Ti3SiC2 and the Formation of TiC Coatings

The decomposition of Ti3SiC2 can be explained by two important factors. Firstly, the
high-temperature and high-pressure environment rendered Ti3SiC2 unstable, leading to
the decomposition of Ti3SiC2. Compared to Ti–C bonds, the Si–Ti bonds are easier to break.
As a result, Si atoms have a tendency to diffuse from the pristine lattice, causing the Ti3SiC2
phases to decompose into TiC during the sintering process [30,31]. Secondly, graphite
molds are capable of reacting with Ti3SiC2 at high temperatures and pressures, and the
infiltration of carbon can intensify the decomposition process, as shown in the following
reaction: Ti3SiC2 + (3X − 2)C → TiCX + Si(g) [32]. The SiCf/TiC interface region was
formed by several reactions: the high-temperature/-pressure environment and SiC fibers
promoted the decomposition of Ti3SiC2 into TiC(s), Si(g), and Ti(g); then, Ti reacted with
the SiC fibers to form TiC films. Meanwhile, partial Si atoms diffused into the matrix and
reacted with free Ti atoms to form TiSi2. These processes can be expressed as the following
reactions: Ti3SiC2 (s) → TiCX(s) + Ti(g) + Si(g); SiCf(s) + Ti(g) → TiCX(s) + Si(g) [33].

4.2. The Microstructure Evolution of Irradiated SiCf/TiC Interface Structure

In an irradiation environment, the irradiation damage could interplay with the interfa-
cial interactions to control the grain boundary motions [34], which is also the reason for the
structure evolution of the heterogeneous SiCf/TiC interfaces. Firstly, during the thermal
phase of the cascade evolution process, the incident ions caused atomic rearrangement and
localized melting as rapid ion–atom collisions heated and melted the local lattice. Some
atoms may have been displaced outside the thermal areas of the cascades and turned into
interstitial defects following core solidification, even though most atoms in the cascade’s
core were resolidified into the crystal lattice. Then, those interstitial defects accumulated
at the boundaries and changed the morphology of localized regions and the roughness
of grain boundaries. The roughness became more pronounced after multiple ion impact
events. Due to the extremely high migration rate of hydrogen atoms within the lattices, the
implanted hydrogen ions, in addition to introducing a small amount of irradiation damage,
also accelerated the aggregation of interstitial atomic defects in the interface region, which
in turn exacerbated the interface coarsening.

4.3. The Phase Transformation and Cracking of Irradiated SiCf/TiC Interface Structure after
900 ◦C Annealing

Zinkle et al. [35] illustrated that temperature plays a crucial role in the microstructural
evolution of irradiated samples. At high temperatures, irradiation-induced vacancies
and point defects are compounded and annihilated, resulting in a large reduction in
the number of defects within the sample and a return of the amorphous structure to its
original crystalline structure. The phase interface can act as a strong absorption sink for
irradiation-induced defects. Thus, during the annealing process, numerous defects induced
by irradiation, such as vacancy clusters, hydrogen atoms, and helium atoms, are prone
to accumulate in the interface region. As a result, the SiC fiber regions near the interface
returned to their original nano-polycrystalline structure, while other regions of the SiC fiber
remained amorphous after annealing since the defects did not have enough time to migrate
to the interface region. Hobbs et al. [36] reported that the amorphization of ceramics with
covalent bonding is a common response to high-density defect perturbation induced by
irradiation and is strongly related to the structural topology. At last, when the total number
of defects reached a certain threshold, cracking formed at the interface region.

On the other hand, as Xe atoms have a large atomic radius and a high migration
energy barrier, most of them were pinned in the SiC/TiC grains and grain boundaries.
Therefore, no cavities or Xe bubbles were observed at the interface region in the single
Xe ion-irradiated sample. With subsequent high-dose helium ion irradiation, helium
bubbles prefer to nucleate at the interface region to form large bubbles [37]. Compared
with the bubbles in the Xe + He ion-irradiated SiC fibers, there is a significant increase
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in the bubble density after the implantation of H ions, as illustrated in Figure 5b,c. The
diffusion coefficient dependence on temperature is generally expressed as follows [38]:
D = D0exp (− QA

kT ), where D0 is the constant; QA represents the activation energy for
diffusion, which is positively correlated with atomic size; and k and T are the Boltzmann
constant and temperature, respectively. Therefore, the increased bubble density following
the implantation of H ions is related to the higher diffusion coefficient of H compared to
those of He and Xe. Our previous study [39] illustrates that the implanted H ions have a
fast migration rate inside the lattice and can attach to He bubbles to accelerate the migration
of He bubbles to the interface; in addition, helium bubbles nucleate and grow more readily
because H ions can reduce their surface energy [40]. The nucleation of bubbles is affected
by the combination of volume free energy and surface energy, which can be described
by the following equation [41]: ∆G = 4

3 πr3∆Gv+4πr2γ, where ∆G is the total free energy
change; ∆Gv represents the free energy per unit volume, which becomes negative during
nucleation; r represents the radius of an embryo, and when the embryo radius is larger
than the critical nucleus radius r*, nucleation is triggered; and γ represents the specific
surface energy, serving as a retardation force with a surface energy of 4πr2γ. Due to the
reduction in surface energy induced by implanted H ions, the critical nucleus radius r*

of the bubbles decreased in the sample irradiated with Xe + He + H ions, which means
that the nucleation and growth of helium bubbles become easier. Thus, the average size
of bubbles in the interface region under Xe + He + H ion irradiation is larger than that
in samples irradiated with only Xe + He or Xe ions. Figure 6 presents a schematic of
bubble aggregation and migration in the interface region of the sample irradiated with
Xe + He + H ions. Hydrogen bubbles are formed by the reaction between incident H ions
and electrons from the sample [42,43], as represented by the following chemical reaction
formula: H2 = 2H+ + 2e−.
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The results of this work indicate that He and H atoms have a more serious impact on
the material interface, and the annealing process is helpful for the recrystallization recovery



Nanomaterials 2024, 14, 1629 9 of 11

of the irradiation-induced amorphous interface regions. Overall, this work suggests that a
material’s resistance to radiation can be enhanced through rational interface design. Our
future work will focus on improving the radiation swelling and cracking resistance of the
interface in SiC fiber composite materials.

5. Conclusions

SiCf/TiC-Ti3SiC2 composites prepared using the SPS method were irradiated with
single Xe, Xe + He, and Xe + He + H ions. Then, the microstructure evolutions of the
SiCf/TiC interface before and after annealing were investigated. The following summarizes
the primary conclusions:

(1) The behaviors of the SiCf/TiC interface under three different ion irradiation conditions
(single Xe, Xe + He, and Xe + He + H) were researched. After irradiation, the SiC
fibers became completely amorphous, while partial amorphization and high-density
stacking faults were observed in TiC. The implanted H ions introduced more damage,
thereby exacerbating the interface coarsening.

(2) After 900 ◦C annealing, the implanted He and H ions preferred to accumulate in the
SiCf/TiC interface region and formed bubbles. The H ions reduced surface free energy,
thereby promoting the nucleation and growth of bubbles, which caused cracking.
Due to the strong absorption effect of the interface on irradiation defects, the SiC fiber
regions near the interface returned to their original nano-polycrystalline structure,
which suggests that the materials’ resistance to radiation can be enhanced through
rational interface designs.
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