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Abstract
The oxidation behaviours of ZrN, TiN and TiSIiN in a steam environment in the high

temperature range of 600 — 900°C have been studied and compared. Nitride coatings were

deposited by reactive magnetron sputtering onto Zirc — alloy and silicon wafer substrates. The
steam oxidation test was performed in order to investigate oxidation resistance in the Loss — of
— Coolant Accident (LOCA) scenario in Light Water Reactor applications. It was found that
TiSiN showed better oxidation resistance in a steam environment than ZrN and TiN. Coatings
in the as-deposited state and after thermal exposure were characterised using focused ion beam,
transmission electron microscopy and X-ray diffraction to evaluate microstructure and phases

present in the coatings.
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1. Introduction

The nuclear disaster that occurred in the Fukushima Daiichi Power Plant in March 2011 has

opened a new route for thin solid film applications. Oxidation-resistant coatings have been



applied on zirconium fuel cladding to mitigate the failure mechanism in case of a Loss-of-
Coolant accident (LOCA). When LOCA occurs, zirconium cladding rapidly reacts with high
temperature steam generated by the fission product decay heat trapped inside the nuclear
reactor [1-2]. Hydrogen gas, the reaction by-product, is highly flammable and upon ignition
can lead to explosion. Several authors have studied the degradation of cladding material, such
as Zircaloy-4, ZIRLO™ and M5® in high temperature oxygen, nitrogen, air and steam
environments showing that the cladding materials degrade fast with the formation of non-
protective oxide scales [3-5].

To mitigate LOCA occurrences coatings that are thermally stable, thermally conductive, well
— adhered to the metal substrate, mechanically robust and have a low neutron capture cross —
section have been considered. For high temperature applications, thermal mismatch between
the coating and the substrate should be minimised to reduce the residual stress in the coating.
Furthermore, the coating must be chemically compatible with the substrate to avoid excessive
interdiffusion or the formation of brittle intermetallics between both at high temperature. [6-
9]. To date, a few metallic (e.g. Cr, FeCrAlY, AlzTi) and ceramic (e.g. Ti>SiC, TiN, Cr2Cs)
coatings have been deposited on zirconium alloys and tested in different environments [1, 10-
13]. The results showed that the oxidation rate of zirconium alloys in air and steam had been
reduced and it has been pointed out that protective coatings containing Cr, Al or Si form
protective oxide layers upon oxidation [14-17]. Nitride coatings have been considered for these
applications due to their good oxidation resistance, high thermal conductivity and low neutron
capture cross-section [18-24]. It was reported that the oxidation of binary ZrN and TiN coatings
occurred drastically at 500°C-600°C in air [25-26], whereas the same process occurs for binary
AIN and CrN nitrides at 700°C-800°C in air [27]. The oxidation resistance of these binary
coatings can be promoted by adding third elements such as Al, Y, or Si [28-30]. For instance,

addition of Y element into ZrN could stabilize the t-ZrO, formed on ZrN and thereby result in



fewer micro-cracks across the ZrO oxide scale, which has been found to improve the oxidation
resistance of ZrN [31]. The addition of Si into the binary nitride coating leads to the formation
of an amorphous SizN4 phase, which exhibits a relatively higher thermal stability and higher
oxidation resistance than that of MeN (Me=Ti, Zr, Cr, etc.) [21, 32-33]. For example, a nitride
coating consisting of TiN phase combined with SisN4 phase was found to be thermally stable
up to 1000°C in an air environment. In a nitride coating with Si content <10 at%, the
MeN(Me=Zr, Ti, V) grains are partially surrounded by amorphous SisN4 tissue phase regions
[34-36].

The majority of current studies on nitride coatings have focused on their oxidation behaviour
in air, which could be significantly different from that in water vapour at high temperature [37-
39]. It is generally expected that metals and ceramics show different oxidation behaviour and
oxidation mechanisms in air and steam at high temperatures. For example, Kyung Tae Kim et
al. found that Zr oxidised more rapidly in air than than in steam at 700 — 1200°C [40]. Dong
Jun Park et al. reported that SiC showed two distinctly different oxidation behaviours in air
and water vapour environments at 1200°C and SiC underwent weight gain and weight loss
during oxidation in air and water vapour, respectively [41].

There are few studies of the oxidation behaviour of ZrN, TiN and TiSiN coatings in a water
vapour environment at high temperature, not to mention a systematically comparative study of
their oxidation resistance. Thus, to find out whether nitrides might be used as effective coating
materials for the protection of zirconium fuel cladding in case of LOCA, binary ZrN and TiN
nitride coatings and ternary TiSiN coatings have been fabricated. The oxidation behaviour and
oxidation mechanism of these nitride coatings in high temperature water vapour environment

have been studied and compared.

2. Experimental procedures



The ZrN coating was deposited on Zr 2.5 wt% Nb alloy coupons (100 x 50 x 2 mm?®), and TiN
and TiSiN coatings were deposited on silicon wafer substrates by reactive magnetron sputtering.
Before deposition, the alloy substrate coupons were ground, polished and ultrasonically
cleaned in acetone. The deposition took place in a Teer Coatings Ltd. UDP 350 closed field
unbalanced magnetron sputtering system, described in detail elsewhere [39]. Up to three
vertically mounted magnetrons (300 x 100 mm?) were installed in opposed positions through
the chamber walls, with a centrally mounted rotating substrate holder. The 99.5% pure
zirconium (for ZrN coating deposition); titanium and silicon (for TiN and TiSiN coating
deposition) targets were fitted to the magnetrons. Prior to deposition, the chamber was pumped
down to a base pressure of below 1x107 Pa and then backfilled to a working pressure of 0.3 Pa
with argon. The substrates were DC sputter cleaned at a bias voltage of -600 V for 15 minutes.
The targets were powered by Advanced Energy Pinnacle Plus power supplies operating in
pulsed DC mode at average powers ranging from 100 kW to 1000 kW, pulse frequency of 100
kHz (duty cycle = 60%), and a bias of -30 V was applied to the substrate throughout deposition.
The optical emission monitoring (OEM) system was used to control the amount of nitrogen
introduced into the system during the deposition of ZrN and TiN films. The Ar flow rate was
20 standard cubic centimetres per minute (SCCM) and N, was controlled using an OEM setting
of 50% total metal (Zr or Ti) signal. Protective coating thicknesses were between 1.8 and 4.3
pm, respectively.

Oxidation in steam was conducted by flowing a mixture of argon and water vapour through a
universal tube furnace (Carbolite, UK) at a temperature range between 600 and 900°C for
different times (Table 1). The argon (0.4 L/min) first flowed through a flask containing ~ 400
ml boiling water and sufficient steam was then carried by the flowing argon to the hot zone of
the long and thin quartz tube where the samples were placed. The volume of the steam flowing

over the surface of the sample was 1.74 L/min. In order to minimise the oxidation during



ramping and cool down tages, the samples were placed directly inside the furnace when the
temperature reached the target temperature and then taken out immediately after oxidation.
ZrN coatings were also oxidised in air to demonstrate the difference in the oxidation
mechanisms occurring between two different environments. .

The phase composition of the as-deposited and oxidised coatings was analysed by grazing

incidence X-ray diffraction (GIXRD, incident angle 5°(~2.4 um penetration) and 2°(~1.5

um penetration), Philips X'pert) using Cu Ka radiation (A=1.5406 A). The cross-section of the
coatings and oxides were investigated by scanning electron microscopy (SEM, FEI, Quanta
650, 20 KV) coupled with a focused ion beam (FIB, FEI, Quanta 3D, 30 kV milling voltage, 1
to 7 nA current for rough milling, 0.1 nA for final milling). The coating surface was coated
with platinum before being subjected to FIB milling to protect the coating surface from the
beam damage. The thickness of the oxides was estimated from the cross-section exposed by
FIB milling through the surface. To obtain the fine microstructure of the coating samples, thin
lamellas of the cross-sections of the oxides were prepared by FIB using the in-situ lift-out
technique and were then examined using transmission electron microscopy (TEM, FEI, Tecnai
G2 20, 200 kV) fitted with an energy dispersive X-ray spectroscopy (EDS) system (Oxford

Instruments).
3. Results and discussion

Figures 1 a, b and ¢ show cross sectional micrographs of the as-deposited ZrN, TiN and TiSiN
coatings, respectively. The as-deposited coatings are smooth, fully dense, and well-adhered to
the substrate and there is no significant roughness, porosity or cracks. The composition of the
ZrN or TiN coatings are 50 at% Zr or Ti, 50 at% N, while the composition of the TiSiN coating
is 10 at% Si, 42 at% Ti, 48 at% N, based on the energy dispersive X-ray spectroscopy analysis.
Fig. 2 a shows the phase structure analysis of the as-deposited ZrN, TiN and TiSiN coatings

obtained using glancing angle XRD (GIXRD) with an incident angle of 5°. The GIXRD



patterns show that the ZrN coating consists of the cubic ZrN phase (ICDD 01-080-3718) and
has no preferred orientation. The Zr peaks in the traces are from the substrate material. It can
be observed that the ZrN peaks are relatively broad, compared to the Zr peaks, indicating a fine
grained structure. The GIXRD patterns collected from TiN and TiSiN show characteristic
peaks of cubic TiN (ICDD 04-001-2272). The peaks obtained on TiSiN coating however, have
low intensity, which could suggest weakly crystalline structures and are relatively broad,
indicating fine grain structures. The SizsN4 phase is not detected due to its amorphous nature
[32-33]. Fig. 2 b shows the high resolution transmission electron microscopy (HRTEM) image
of as-deposited TISIN indicating that the TiN nanocrystals are partially enveloped by
amorphous SizNs tissue phases. The bright spots and dim patterns in the Fast Fourier
Transformation (FFT) spectra (insert in Fig. 2 b) reveal the coexistence of nanocrystals and an
amorphous phase, which is in agreement with HRTEM observations.

Fig.3 shows the cross-sectional SEM images of the nitride coatings after water vapour
oxidation at different temperatures for 1 h. After oxidation at 600°C for 1 h, the ZrN is heavily
oxidized, and the oxide layer reveals pores and a greater number of cracks, as shown in Fig.3
a. The oxidation product is ZrOz, confirmed by the XRD pattern in Fig.4. And the reaction
between MN (M=Zr, Ti or Si) and water vapour could be written as follows:

MN +H20 = ClMOZ +bN2 + CH2

Moreover, approximately half of the ZrN coating has been consumed and the thickness of the
oxide layer is about 2.6 um. The oxidation resistance of TiN is better than that of ZrN as the
oxide formed on TiN after oxidation in steam at 600°C for 1 h is around 100nm thick (not
shown here), which is in accordance with that in a high temperature air environment [25].
Increasing the oxidation temperature to 900°C for 1 h, the TiN is heavily oxidized with
approximately half of the coating consumed. The oxide scale on top of the TiN coating is about

5.7 um thick. A great number of pores are visible across the TiO2 scale (confirmed by XRD in



Fig.4), while the oxide scale has not spalled from the TiN coating. By adding 10 at% Si into
TiN, the TiSIN coating consisting of TiN crystalline regions partially enveloped by SisN4
shows enhanced oxidation resistance, compared to the TiN coating as the oxide scale formed
on the TiSiN is only 700 nm after steam oxidation at 900°C for 1 hour, as shown in Fig.3 c.
Accordingly, the oxide layer on the TiSiN coating containing SiO, and TiO- (confirmed by the
XRD pattern in Fig.4 and below Fig.5c) is dense and less defective than that of the TiO- scale
formed on the TiN sample. The addition of Si into TiN decreases the amount of defects across
the related oxide scale and, thereby, contributes to the enhancement of oxidation resistance.
Thus, the oxidation resistance of these three nitride coatings in a high temperature water vapour
environment follows the order: TiSIN>TIN>ZrN.

In order to get more detailed information on the thin oxide scales formed on the nitride coatings,
thin lamellas of the cross-sections of the oxides were prepared by FIB and were examined by
TEM. Fig.5 shows the cross-sectional TEM images of oxide scales on ZrN (Fig.5 a) and TiSiN
(Fig.5 b) coatings after steam oxidation. It can be seen that the non-interconnected cracks and
pores are distributed uniformly across the ZrO; oxide layer on ZrN and there is no visible
vertical cracking to the coating/substrate interface, indicated as red arrows in Fig.5 a, which
was also reported by our previous work [39]. No vertical cracks are visible at the
coating/substrate interface, suggesting that the oxide scale is not prone to spalling off the
underlying coating. These pores appearing throughout the oxide layer may have developed as
a result of the entrapment of the gaseous reaction by-products, N2 and H, which could not
diffuse through the oxide layer [42]. After steam oxidation of TiSiN coating at 900°C for 1
hour, the oxide scale containing a mixture of SiO, and TiO> (confirmed by XRD and EDS
mappings in Fig.4 and Fig.5c) is thin and dense and only trace amounts of pores are observed,
as shown in Fig.5 b, and thereby the scale contributes to the enhancement of oxidation

resistance.



In order to compare oxidation performance and further study the oxidation mechanisms of
nitrides in steam and air environments at high temperature, the ZrN coatings were exposed not
only in a steam environment but also in air environment at 600°C. Fig.6 shows the change in
oxide thickness as a function of time for ZrN oxidised in air and steam at 600°C. The rate
changes of the ZrO> layer formation after oxidation in air and steam reveal classical parabolic
curves (air, R?, 0.99; k, 1.5x10™® m?s), (steam, R? 0.98; k, 1.5x10'm?s?), due to the
increased diffusion distance for oxidising species migrating through the growing ZrO> layer to

the ZrO2/ZrN reaction interface. However, the parabolic rate constant of ZrN at 600 C

oxidizing in water vapour is approximately 100 times faster than that in air. The reason can be
mainly attributed to the noted variation in oxide microstructures, i.e., greater porosity and
cracking of the ZrO, formed in the water vapour environment, as shown in Fig.5 a and Fig.6 b.
The large number of cracks and pores in ZrO» (Fig.5a) after steam oxidation can contribute to
the transportation of oxidizing species to the ZrN/ZrO; reaction interface, and thereby enhance
the recession of the ZrN coating in the high temperature steam environment [39]. It is
suggesting that the potential materials for accident tolerant fuel applications may degrade faster
than the expected performance in the widely studied air environment at high temperature.

The oxidation studies of nitride coatings showed that the factors affecting oxidation resistance
of these coatings are the thermal stability (i.e. the tendency to decompose upon thermal
annealing) of the nitrides and the microstructure and composition of the oxide formed on the
top surface of the film [21]. SizN4 has been reported to be more stable than other MeN phases
(Me=Ti, Zr) [21] and TiN more stable than ZrN at high temperature in air [25]. The SizsN4
attributes its great thermal stability and also its amorphous structure, which lacks grain
boundaries that can serve as fast diffusion pathways. In steam oxidation the water molecules
are dissociated to OH™ and H*, and the O-H bonds can be further broken to form free oxygen

ions to serve as the oxidizing species [43]. Then the MN nitride (M=Ti, Zr, Si) can easily react



with the oxidizing species (according to the above reaction equation) at high temperature. This
way, the MO (M=Ti, Zr, Si) metal oxide is formed and thickens with time. This thick oxide
layer formed on top of the nitride coating can serve as a barrier layer to inward diffusion of the
oxidising species. It was reported that some nitrides oxidized at high temperatures in air form
dense metal oxide scales such as SiOz or Al,Os. Other nitrides could form volatile oxides,
which escape from the oxide scale and cannot serve as a barrier layer during annealing, e.g.
WOx, MoOx. In other cases, metal oxides have porous microstructures, which lowers its
efficiency as a barrier layer, e.g. ZrOz[21, 38, 44].

After oxidation in the water vapour environment, the ZrO. scale formed on the ZrN is full of
pores and cracks and the TiO, scale formed on the TiN also shows a porous structure. These
cracked and porous oxide layers can only prohibit the transporting of the oxidizing species to
a certain extent. The oxide scale formed on the TiSiN, on the other hand, was relatively dense,
and therefore served as a better barrier layer for inward diffusion of the oxidising species.
Moreover, it is proven that the intrinsic oxygen diffusion coefficient (ODC) of SiO: is lower
than that of TiO, and the ODC of TiO; is lower than that of ZrO. at high temperatures [45].
Thus, the TiSIN coating has better oxidation resistance than TiN and ZrN coatings in the high

temperature steam environment.
4. Conclusions

In this work, the oxidation mechanisms of ZrN, TiN and TiSIiN coatings deposited by
magnetron sputtering have been investigated in a high temperature steam environment. It was
found that the TiSiN has significantly improved oxidation resistance, in comparison to ZrN or
TiN. This could be attributed to the Si dopant into the TiN resulting in the as-deposited TiSiN
microstructure consisting of TiN nanocrystals partially enclosed within amorphous SisN4 tissue
phases. Moreover, these dense metal oxides formed on top of TiSiN upon steam oxidation

served as a barrier layer to inward diffusion of the oxidising species. In contrast, porous ZrO-



or TiO2 scales formed on top of ZrN or TiN could only prohibit the transport of oxidising
species to a certain extent. Finally, the intrinsic oxygen diffusion coefficient of SiO; is lower
at high temperatures than that of ZrO; and TiO., which in turn makes the TiSiN coating more
oxidation resistant than ZrN or TiN.
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List of figure captions:
Figure 1: Cross-sectional SEM images of as-deposited ZrN coating (a), TiN (tilt angle 52°) (b)

and TiSiN (tilt angle 52°) (c).



Figure 2: The GXRD patterns of (a) as-deposited ZrN, TiN and TiSiN coatings; (b) HRTEM
image of as-deposited TiSiN coating, inset is the FFT spectra of (b).

Figure 3: Cross-sectional SEM image of the coatings after steam oxidation at different
temperatures for 1 hour: (a) ZrN at 600°C (tilt angle 52°); (b) TiN at 900°C; (c) TiSiN at 900°C
(tilt angle 52°).

Figure 4: The GIXRD patterns of oxidized ZrN at 600°C, TiN at 900°C and TiSiN at 900°C
for 1 h in steam environment.

Figure 5: (a) Cross-sectional TEM image of the ZrN coating after steam oxidation at 600°C for
1 hour; (b) Cross-sectional BF STEM images of TiSiN coating after steam oxidation at 900°C
for 1 hour; (c) EDS-STEM elemental maps of image in (b).

Figure 6: Change in oxide thickness of oxidized ZrN at 600°C air and steam environment as a
function of time; (b) Cross-sectional TEM image of the ZrN coating after air oxidation at 600°C
for 1 hour.

Table

Table 1 The oxidation testing conditions for ZrN, TiN and TiSiN coatings
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Fig.1 Cross-sectional SEM images of as-depdsited coatings. (a)ZrN, (b)TiN (tilting 52°),
(c) TiSiN (tilting 52°).
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Fig.2 (a) The GIXRD patterns of as-deposited ZrN, TiN, and TiSiN coatings; (b) HRTEM

image of as-deposited TiSiN coating, inset is the FFT spectra of (b).
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Fig.3 Cross-sectional SEM images of coatings after steam oxidation at different
temperature for 1hour. (a) ZrN, 600°C (Tilting 52°); (b) TiN,900°C; (c) TiSiN,900°C
(Tilting 52°).
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Fig.4 The GIXRD patterns of oxidized ZrN at 600°C for 1 h, TiN at 900°C for 1 h and TiSiN at 900°C for
1 h in steam environment.



Fig.5 (a) Cross-sectional TEM image of the ZrN coating after steam oxidation at 600°C
for 1 hour; (b) Cross-sectional BF STEM images of TiSiN coating after steam oxidation
at 900°C for 1 hour; (c) EDS-STEM elemental maps of image in (b).
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Fig.6 (a) Change in oxide thickness of oxidized ZrN at 600°C air and steam environment as a function
of time; (b) Cross-sectional TEM image of the ZrN coating after air oxidation at 600°C for 1 hour.

Table 1 The oxidation testing condition of ZrN, TiN and TiSiN coatings
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Testin ZrN on ZrNb alloy substrate TiN on Si wafer TiSiN on Si wafer
g - N - N
numb | Oxidation | Temperat | Atmosph Ox@atl Temperat | Atmosph Ox@atl Temperat | Atmosph
: on time on time
er time (h) ure (°C) ere (h) ure (°C) ere (h) ure (°C) ere
1 1h/2h 600 steam 1h 600 steam 1h 900 steam
2 lh/%r;]ﬂlh/ 600 air 1h 900 steam
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