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Abstract

TisAlIC, film synthesized by magnetron-sputter epitaxy was irradiated with Au
ions and subsequently tested by nanoindentation to simulate service in the environment
of intense radiation field and high stress of nuclear reactor cores. Transmission electron
microscopy analysis showed a good irradiation resistance, a good ductility and a good
adhesion to the substrate of the TisAIC2 coating after exposure to a high irradiation
dose and external stress. This indicates the potential application of TisAIC, as fuel
cladding coatings for accident tolerant fuels.
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The safe operation of nuclear reactors is a critical issue during the lifetime of
nuclear power plants. Among the many factors affecting the safety of nuclear reactors,
the safety of nuclear fuels is of great importance. A new generation of accident tolerant
fuels (ATFs) are therefore required to improve the safety of the nuclear reactors. As one
of the proposals for the development of ATFs, fuel cladding coatings have received
significant attention [1-3]. However, due to the lack of practical application experience
of fuel cladding coatings in nuclear reactors, it is important to investigate the behavior
and microstructure evolution of the protective coatings under irradiation conditions,
especially when external stress is applied.

ATFs will serve under extreme conditions in nuclear reactors, such as intense
radiation fluxes, high temperature and stresses, aggressive corrosion by coolants, etc.
[4]. Consequently, fuel cladding coatings are required to endure the harsh environment
and exhibit a good performance at the same time. Among the many candidate materials
for cladding coatings, a family of ternary layered compounds called Mn+1AX, phases
(where M is an early transition metal, A is an A-group element and X is nitrogen or
carbon,n=1, 2, or 3, e.g. TisAIC», Ti2AIC, etc.) have potential application as cladding
coatings due to their excellent mechanical properties, thermal conductivities and
excellent resistance to high-temperature oxidation and corrosion [5-9]. Recently,
experimental evidences indicate that some of them exhibit excellent irradiation
tolerance, such as TisAIC2 and TisSiC> [10-13]. Theoretical investigation on the
irradiation resistance of a series of Mn+1AX, phases by Xiao et al. [14] concluded that

increasing the A/IMX layer ratio in Mn+1AX, system (e.g. Al/TiC for Ti-Al-C Mn+1AXn



system), decreasing the formation energy of Ma-Awm antisite pair in Mp+1AXn phases
(e.g. Tia-Alyi antisite pair for Ti-Al-C Mn+1AX, system) can improve the irradiation
resistance. They also found a positive correlation between the irradiation tolerance of
Mn+1AX, phases and the irradiation stability of corresponding MX (e.g. TiC shows a
better irradiation stability than CrC and the Ti-based M2AIC ternaries shows a better
irradiation tolerance than Cr-based M>AIC ternaries, correspondingly). What is more,
the weaker bonding of M-A and the weaker interaction of X-A in Mn+1AX, materials
also promote annihilation of irradiation-induced defects and improve the irradiation
resistance effectively [14]. This helps explain the excellent irradiation resistance of
some members of the Mn+1AX, phase, such as TizAIC», Ti2AIC, TisAIN3, etc. [12, 15
— 17]. For these reasons, TizAIC, was chosen as the coating material in this study
because of its prominent irradiation resistant property among the Mn+1AXn phases,
excellent thermal conductivity, mechanical properties, etc. [18].

Although irradiation resistant properties of bulk MAX phases are frequently
reported [10-18], the behavior of MAX phase films under irradiation conditions are
rarely reported. Among the few works on MAX phase films, Bugnet et al. found that
both the microstructure and the chemical composition of films have profound effects
on the irradiation tolerance by investigating Ti2AIN films, CroAC (A= Al or Ge) and
TizAIC, films under irradiation, respectively. [19-21]. However, the responses of
irradiated TisAIC, coatings to external stress have not been studied. In the harsh
environment of nuclear reactor cores, blister and exfoliation of the coatings are cases

of severe failures. These failures are closely related to the irradiation and external stress



induced adhesion and mechanical behavior of the coatings. Therefore, to investigate the
adhesive behavior and mechanical behavior of the TizAIC, coatings and gain an
understanding of microstructure evolution of the coating-cladding system under
irradiation and under conditions when external stress is applied are important to
understand the behavior of coating-cladding system in the environment of nuclear
reactors.

In this study, the TisAIC, film was grown to a thickness of ~40 nm using
magnetron sputter epitaxy from elemental Ti, Al, and C sources on sapphire substrate.
The detail synthesis process is described elsewhere [22]. The TizAlC2-sapphire system
was irradiated with Au ions to a high dose level to simulate the irradiation induced
displacement damage in nuclear reactors. After the irradiation, nanoindentations were
carried out to simulate the situation when external stress was applied. Transmission
electron microscopy (TEM) was used to investigate the microstructure evolution of the
coating-substrate system after irradiation and nanoindentation. Focused ion beam (FIB)
lift-out techniques were used to prepare TEM samples at the location of
nanoindentation.

The irradiation experiment was carried out with a tandem 1.7 MV ion accelerator
at Peking University. The TisAlC2-sapphire system was irradiated with 4-MeV Au ion
at room temperature to a fluence of 5x10% ions/cm?. The displacement damage caused
by Au ions was calculated by the SRIM code with “Kinchin-Pease quick calculation”
mode. The threshold energies were set to 20 eV for Al and 70 eV for O, respectively,

for sapphire [23] and 25-28 eV for each element for TisAIC, [13]. The calculated



distribution of displacement damage as a function of penetration depth is shown as the
black and white dashed curve in Fig. 1.

TEM analysis was performed using a JEM 2100 transmission electron microscope
with an acceleration voltage of 200 kV. Carl Zeiss Auriga Dual Beam focused ion beam
(FIB) was used to prepare TEM samples. Nanoindentation was carried out on Agilent
Technologies G200 Nano Indenter. The instrument was equipped with a Berkovich
diamond indenter and the constant displacement mode was used during the indentation.
A set of 500 nm-depth indentations were performed on the surface of TizAlIC2-sapphire
samples with a maximum depth (Dmax) of 500 nm and a loading rate of 2.5 nm/s. The
corresponding load-displacement curves and load-time curve are shown in Fig. 2.

The cross-sectional TEM image in Fig. 1 shows the microstructure of TisAlC»-
sapphire specimen after Au irradiation in a low magnification. The predicted profile
of displacement damage is overlaid on the TEM image. As can be seen from Fig. 1,
the thickness of the TisAIC: film is ~ 40 nm, and the observed range of irradiation
induced displacement damage distribution (the dark contrast in the image) is consistent
with the SRIM prediction.

The microstructure of the pristine TisAlIC2-sapphire specimen and the Au-
irradiated TizAlIC2-sapphire specimen can be seen from high-resolution TEM (HRTEM)
images in Fig. 3. In order to have a better comparison between the irradiated and the
unirradiated samples, both Fig. 3a and Fig. 3b were taken along the [1120] direction of
the sapphire substrate. The corresponding selected area electron diffraction (SAED)

patterns are shown as insets in the TEM images. Two sets of electron diffraction spots



were observed in each SAED pattern, the larger and brighter set of spots come from the
electron diffraction of sapphire substrate and the smaller bright spots among the larger
and brighter spots represent the electron diffraction spots of TizAIC> layers. Fig. 3a
shows the microstructure of the pristine specimen without Au irradiation. The sapphire
substrate exhibits a relative well-constructed crystal structure without observable
intrinsic defects, and the typical layered structure of TizAIC> is evident. After Au
irradiation to ~ 14 dpa (displacement per atom) for the TisAIC, coating, as can be
seen from Fig. 3b, the typical layered structure of TizAlC; still remains. No amorphous
structure of TizAIC, coating was detected by HRTEM images and electron diffraction
pattern. This result shows that the TisAIC: coating is irradiation-resistant, the same
property as the TisAlIC2 bulk [9]. Stacking faults are obvious in the TizAIC, coating
after Au irradiation. However, there are no distinguishable features between the pre-
existing stacking faults and the stacking faults produced by Au irradiation (some of the
stacking faults in both unirradiated and Au-irradiated TizAIC, coating are indicated by
arrows). It is therefore difficult to discuss the topics about irradiation-induced stacking
faults in TizAIC> coating. Another interesting observation from the HRTEM image and
the inset SAED pattern of Fig. 3b is that Au irradiation did not cause much damage or
disturbance to the crystal structure of sapphire. Only stacking faults were produced in
sapphire during Au irradiation (some of the stacking faults are indicated by arrows).
This proves that sapphire is irradiation resistant.

Fig. 4a shows an SEM image of a typical indentation mark. The black box drawn

in Fig. 4a indicates the region from which cross-sectional TEM thin foils were lifted by



FIB. As schematically illustrated from a cross-sectional view in the inset in Fig. 4a, the
total included angle and the angle between the axis and one of the pyramid flats are
142.3° and 65.3° respectively, due to the geometry of Berkovich indenter. A TEM
image of the microstructure near the nanoindentation regions in the Au-irradiated
sample is shown in Fig. 4b. The images were taken along the [1120] direction of the
sapphire substrate, the same direction as the samples without nanoindentation. As the
pristine structure of the sapphire substrate was destroyed in the plastically deformed
areas by the nanoindenter, the areas selected to obtain the electron diffraction patterns
for determining the direction of incident beam were from the regions not influenced by
nanoindentation.

Most significantly, no rupture of the TisAIC> coating can be found from the cross-
sectional view of the nanoindentation in Fig. 4b. This shows a good ductility of the
TisAlC; coatings even after the coating was irradiated to a high irradiation dose level.
As the deformation of TisAlIC, coating is consistent with the geometry of Berkovich
indenter, the schematic image inserted in Fig. 4a shows that on one hand, the maximum
angle between the undeformed TizAIC: coating and the deformed TizAIC, coating is
~ 24.7°. This means that the TisAIC, coating can withstand a ~ 24.7° deformation
without rupture. On the other hand, the total included angle of the indenteris ~ 142.3°,
which indicates that the elongation of TisAlIC. coating induced by the Berkovich
indenter is ~ 5% in this study. In nuclear reactors, irradiation-induced dimensional
changes of Zr-based fuel cladding (e.g. irradiation-induced swelling and growth) are

very common phenomena [24]. Consequently, coatings have to face the volumetric



expansion of the fuel claddings, and are therefore required to withstand some extent of
elongation without rupture. In practical situations, the irradiation induced creep,
swelling and growth depends heavily on the texture and composition of zircaloy.
Nevertheless, the irradiation-induced elongation of Zr-based fuel cladding was reported
to be far less than 5% after a life-time circle of the fuel rod in the nuclear reactors under
normal operation conditions [25]. This suggests that during the service of Zr-based fuel
cladding coating system in nuclear reactors, irradiation-induced dimensional changes
of Zr-based fuel cladding will not cause the rupture of TisAlC, coatings.

HRTEM images acquired in regions A and B (Figs 3c and 3d) show the
microstructure of the coating and coating-substrate interfaces at different locations of
the indentation. In region A (i.e. at the location of indentation tip), the external stress
reaches the maximum value, as can be seen from Fig. 4c. The thickness of the coating
still remains ~ 40 nm (the TisAIC: coating is between the dashed lines), and no cracks
can be found along the interface. This means that even after a high irradiation dose, the
coating remains ductile and adherent to the substrate. However, the HRTEM image
shows that previous layered structure of the coating has disappeared and the
coating/substrate interface becomes indistinct. Inset in Fig. 4c is the corresponding fast
Fourier transform (FFT) of the region in the black box. The shape of the bright dots in
the FFT is elliptical instead of previously circular. It shows the existence of small
randomly distributed grains and proves the transition from the layered TizAlIC>
structure to the structure composed of small randomly oriented grains under the high

load (external stress). An HRTEM image of location B is shown in Fig. 4d, where the



value of applied external stress was lower and the deformation extent of coating was
less severe than the stress applied in the area A. Compared with the microstructure of
the irradiated TizAIC, coating before nanoindentation (as shown in Fig. 3b, where the
TisAlC; coating contains obvious stacking faults), the most interesting feature in this
area is the disappearance of previous layered structure of the coating, and the formation
of a new phase with a new crystal structure. The inset in the Fig. 4d is the FFT of the
region in the black dashed box. It demonstrates the well-ordered structure of the coating
without any sign of amorphous structure. Based on the FFT pattern in this study and
the previous investigation on the TiC crystal structure [26], we deduced that the formed
phase under external stress induced by nanoindentation was TiC, and the HRTEM
image of Fig. 4d was taken along the [013] direction. However, the possibility of
dissolved Al on Ti sites in the TiC structure cannot be excluded in this study [21, 27].
The transition from a stacking-fault-rich layered structure of TisAlC, coating to TiC
under external stress is a consequence of the fact that stacking faults are metastable and
the coating will turn into a stable state when it was under external stress. Based on the
maximum loaded force (110mN) and the pyramid shape of the Berkovich indenter as
well as the maximum indentation depth (500 nm), the external stress applied to the
normal direction of the contact surface of the indenter was 16.6 GPa as calculated based

on the following equation [28].

P P
HM = As(R) ~ 26.44h2 (1)
where Agqy = 3V3tana o (o)

cosa

where o is the angle between the axis and one of the pyramid flats and equals 65.3°



for Berkovich indenter, P is the loaded force and h is the indentation depth. The value
of the stress applied on the TizAIC> coating in this study is much larger than the external
stress applied on fuel rods in reactors (e.g. the pressure is around 15.5 MPa in the
pressurized water reactor design) [29]. However, the value and the corresponding
direction of external stress needed to be applied on the coatings to initiate the movement
of the defects (i.e. stacking faults) and finally remove the defects remains to be
investigated. Moreover, no crack and delamination were found along the interface of
coating and substrate in the plastic deformed areas. It means that no blister or
exfoliation occurs after the coating-substrate system was exposed to a high irradiation
dose and subsequently followed by applying external stress. This suggests that the
interface structure of epitaxial TisAIC2 on sapphire improve the resistance to
mechanical deformation in combination with irradiation for the practical application of
coatings in intense radiation environment.

The disappearance of previous stacking faults and the formation of TiC in the
TizAIC, coatings shows that proper external stress helps the annihilation of stacking
faults in the TisAIC> coating and forces the microstructure of coatings to a stable state.
This result is a hint that the proper external stress will help recover the irradiation
induced defects in TisAlIC, coating during the service of ATFs in nuclear reactors.
Therefore, the next steps will be the identification of the structural transformation of
the TisAlIC2 coating induced by external stress under irradiation conditions and the
determination of the extent of external stress needed to induce the microstructure

evolution of the TizAIC> coating by in-situ TEM observation.



In summary, microstructural evolution of TisAIC, film under irradiation and
external stress was investigated using TEM and nanoindentation. TizAIC> film shows
good irradiation resistance after a high irradiation displacement damage (up to ~14
dpa) and exhibits ductility as well as adherence with substrate even when high external
stress was applied. The above all observations imply a promising application of

TisAlC; coating as the fuel cladding coating in the future ATFs.
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Figure Captions:
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Fig. 1. The displacement damage as a function of depth for TizAIC. coating and
sapphire substrate system irradiated with 4-MeV Au ions to a dose of 5x10%° ions/cm?.
The displacement damage curve represented by the dashed line is overlaid on top of a

TEM image
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Fig. 2. Load-displacement curves and load-time curve obtained from Berkovich

indenter made at a maximum depth of 500 nm with a loading rate of 2.5 nm/s.



Figure 3

Fig. 3. HRTEM images of the pristine TizAlC2-sapphire sample (a), and the TizAIC>-
sapphire sample irradiated with Au ions to a fluence of 5x10% ions/cm? (b). The
corresponding electron diffraction patterns of sapphire substrate and TisAlC> coating
are given in the inset. The black arrows show some of the stacking faults in sapphire,

the white arrows show some of the stacking faults in TisAlC coatings.



Figure 4

Fig. 4. (a) SEM image of an indentation mark. The black box shows the region for FIB

processing, and the inserted schematic shows the cross-sectional view of the indentation.
(b) Cross-sectional TEM image of the microstructure of nanoindentation-induced
plastic deformed area. The white boxes show the regions that are magnified and shown
in (c) and (d), respectively. (c) HRTEM image recorded in the region A, the dashed
lines outline the TisAlC> coating and the dashed box indicates the region for FFT, inset
is the corresponding FFT pattern. (d) HRTEM image recorded in the region B, the

dashed box is the region for FFT and the inset is the corresponding FFT pattern.
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