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Abstract: The oxidation and degradation of amorphous SiAIN coatings consisting of SisN4
and AIN phases, with 750 nm or 300 nm Mo interlayers on Zr alloy in steam environment at
1000°C were investigated. After 1 hour exposure, no detectable oxide scale formed on
SiAIN/Mo (750 nm) coatings whereas SiAIN/Mo (300 nm) formed oxide scale. The downward
diffusion of Si followed by relatively fast downward diffusion of N generated excessive Si and
lean N, forming Si-Si bond in outermost surface of SiAIN, thereby resulting in oxidation. The
degradation mechanism of amorphous nitrides was determined by elemental composition

instead of reported amorphous or crystalline status.

Keywords: FIB-XPS; Si-Si bond; SiAIN amorphous coating; Outward diffusion; Oxidation;

Degradation,

*Corresponding authors:
zhaohe.gao@manchester.ac.uk (Z.G.); p.xiao@manchester.ac.uk (P.X.) 1



1. Introduction

Since Fukushima Daiichi Power Plant happened the nuclear power plant disaster in March
2011, the safety issues in case of a Loss-of-Coolant Accident (LOCA) in the Light Water Reactor
have been raised [1-4]. One potential mitigating strategy is to deposit a protective coating
onto the surface of the Zr alloy rods for an accident tolerant fuel (ATF) cladding. The coating
is expected to prevent or to slow down the reaction between the Zr alloy and steam at high
temperature [3, 5]. It is known that such coatings should exhibit certain attributes, such as:
excellent oxidation resistance, good thermal stability, high thermal conductivity, low neutron
capture cross-section, and should be well-adhered to the Zr alloy substrate. To date, a few
coatings (e.g. ZrN, Cr2Cs, TiN, AlsTi, Cr, FeCrAl,) have been applied onto the surface of Zr alloys
and studied in oxidising species environments [3, 6-9], showing the ability to reduce the
oxidation speed of Zr alloys in air or steam to a certain extent. Nevertheless, the issue of
durability in a high temperature steam environment has yet to be solved, which is one of the

fundamental requirements for the design of a successful ATF cladding in the case of LOCA.

Metal nitride (MeN) coatings are known for their excellent oxidation resistance, good thermal
stability, good resistance to erosion and low neutron capture cross-section [7, 10-13], and
therefore are an ideal candidate for ATF applications. It has been reported that SisNa coating
showed improved thermal stability and oxidation resistance over other MeN (Me=Zr, Ti, Al,
Cr, Ta) coatings at high temperature in air environment [14]. The SiMeN (SisNs/MeN, Me=Zr,
Ti, Al, Cr, Ta) family of nanocomposite coatings consist of MeN nanoparticles dispersed in an
amorphous SisNs matrix once the Si content is higher than ~ 12 at%[14-16]. Such a
nanocomposite structure enables the SiMeN coatings to provide excellent oxidation

resistance, enhanced resistance to cracking, and higher hardness in comparison with MeN



coatings [14]. For instance, a nanocomposite coating consisting of TaN particles embedded in
an amorphous SisN4 matrix was found to be thermally stable in air up to 1300°C (heating up
at 10°C/min, immediately cooling to ambient temperature once reaching 1300°C) [14]. As for
the oxidation behaviour and degradation mechanism of SisNs, extensive studies have been
done, especially on bulk SisNs. These studies have provided considerable insights into the
underlying oxidation mechanisms. The oxidation of SisN4 follows parabolic growth kinetics,
which are controlled by the inward diffusion of oxidising species through the formed oxide
scale [2,17, 18]. When such thermally stable SiMeN (SizNs/MeN, Me=Zr, Ti, Al, Cr, Ta) nitrides
(with thicknesses of few micrometres) are applied as a protective coating for metallic
substrates, e.g. Zr alloy, the nitrides coatings can degrade by cracking or spallation due to the
thermal expansion mismatch between coating and substrate, but also can degrade by
depletion of Si or Me (Me=Zr, Ti, Al, Cr, Ta), which are depleted by oxide scale formation and
inward diffusion into the underlying substrate. To minimise the thermal expansion mismatch,
inserting an interlayer between the substrate and the coating is expected to engineer a good
interfacial performance between coating and substrate [19, 20]. For example, molybdenum
(Mo), of which the coefficient of thermal expansion is between that of Zr alloy (6.0x10°K1)
and SisNz (3.2x10°°K!) can alleviate the thermal mismatch [20-22]. As for depletion and
interfacial interdiffusion or inter-reaction, the diffusion of elements from the underlying
substrate into the top coating can degrade the composition or microstructure of the coating
and the diffusion from the coating into the substrate can cause depletion of elements in the
coating, thereby resulting in premature failure of the coating [15]. However, whether the
degradation of amorphous SiMeN nitride coatings during thermal exposure is induced by the
elements diffusing from the substrate into the coating or from the coating towards the

substrate remains unclear. Especially, numerous studies have shown that the elemental



diffusion from the substrate into amorphous SiMeN coatings can stimulate the crystallization
of the amorphous coating, and in turn, its oxidation via grain boundaries that serve as fast
diffusion paths in crystalline materials [14, 15, 23-25]. Nevertheless, the crystallization
mechanism of amorphous coatings have not been sufficiently studied or understood, and the
oxidation mechanism of amorphous nitride coating only considers the effect of the
amorphous or crystalline status, without the consideration of the elemental composition. It
was also shown in our previous work that no observable oxide scale on SiAIN coating after
hundreds of hours thermal exposure, which was attributed to its amorphous microstructure
status [26]. Nevertheless, the effects of elemental composition of SiAIN, especially, Si and N,

on the oxidation behaviour were unclear.

In this study, a 1.1 um thick SiAIN amorphous coating consisting of AIN nanoparticles
dispersed in an amorphous SisN4 matrix, with a 300 nm or 750 nm Mo interlayer have been
deposited on Zr alloys and studied in a steam environment at 1000°C. The effects of different
thicknesses Mo interlayer on interfacial diffusion or inter-reaction, and thereby, the related
composition variation of the amorphous SiAIN coatings upon thermal exposure have been
examined. This work provides new insights into the oxidation and degradation of amorphous
SiAIN coatings, with a focus on the effect of interfacial interdiffusion or inter-reaction on the

elemental composition and microstructure of SiAIN.

2. Experiments

2.1 Sample preparation

The deposition of SIAIN coatings on Zr 2.5 wt% Nb alloy plates (~50 x 50 x 2 mm?3) were

conducted in a Teer Coatings Ltd. UDP 350 sputtering system, reported in fine details



elsewhere [6]. Prior to deposition, the Zr alloy substrates were mechanically ground, polished
and cleaned with acetone in an ultrasonic bath. Three vertically mounted magnetrons in a
dimension of 300 x 100 mm?, fitted with 99.5% commercial Si, Al and Mo targets, were
assembled in opposed positions through the sputtering chamber walls. Inside the chamber,
there was a centrally mounted, unheated rotating sample holder. Before coating deposition,
the pressure inside the chamber was reduced to a value below 1x103 Pa. After that, the
sputter cleaning on the surface of Zr alloy substrates was conducted at -600 V DC for 15
minutes. The Si, Al and Mo targets were attached to magnetrons that were run at applied
powers of 700, 300 and 500 W, respectively, driven by Advanced Energy Pinnacle Plus power
supply.. The pulse frequency was set to 100 kHz at 60% duty. The Zr alloy substrates were
applied a DC bias of -30 V throughout the coating deposition. During the deposition of
interlayer Mo, only Ar was introduced into the chamber (~2.1X 103 mbar). Following this,
N> reactive gas was introduced to deposit SiAIN coating. During the deposition of SiAIN, the
N> to Ar gas ratio was kept constant at 20:60 sccm, respectively, and was controlled using a
mass flow controllers (MKS Ltd.). The working pressure was also monitored using Baratron
pressure gauge and was kept at the range of ~3.0x10"3 mbar based on the previous nitride
coating fabrication experience [6]. The substrate was placed on a rotatable holder rotating at
the speed of 30 rpm throughout the deposition of Mo and SiAIN. The substrate temperature
did not exceed 350°C during sputtering at operating conditions used in this work. The

deposition rates for Mo and SiAIN coating were about 15 nm/min and 9 nm/min, respectively.

2.2 Adhesion and oxidation tests

The adhesion of as-fabricated coatings with or without Mo interlayer to the Zr alloy substrate

was evaluated using nano-scratch testing. A spheroconical diamond indenter with a tip radius



of 5 um and a cone angle of 90° was applied to scratch the SiAIN coated surface. The applied
normal load, ranging from 0 to 450 mN, was increased linearly. Simultaneously, the
displacement into surface had been well monitored by the rig (Nanoindentor MTS
Nanoindenter XP). For coatings having thicknesses of around 1 um, the nano-scratch test
showed relatively high reproducibility and low sensitivity to testing parameters, such as
loading rate or stylus radius. The length of the scratch distance was 300 um and a force of 50
KN was applied for the profiling load. Five scratches were made on each sample in order to
determine the critical loads for adhesive failure. Two critical load parameters were used to
rank the interfacial adhesion. The first critical load, Lc1, described the load at which the onset
of edge cracking was observed. The second critical load, Lc2, described the load at which the

first sporadic isolated adhesion failure took place [27].

Oxidation test in the steam environment was carried out by flowing Ar/water vapour mixture
through a quartz tube inside the tube furnace (Carbolite, UK) at 1000°C for 1 h. Firstly, Ar at
a flow rate of 0.4 L/min was poured through the flask filled with ~400 ml of boiling water.
Then, the large amount of water vapour was carried by the flowing Ar to the hot zone of the
furnace where the SiAIN-coated alloy plates were located. The volume of the water vapour
passing over SiAIN-coated alloy plates was calculated to be 1.74 L/min. In order to minimise
the effects of ramping and cooling processes, the SiAIN-coated alloy plates were placed
directly in the hot zone of the furnace when the temperature reached 1000°C. After 1 hour
exposure, the samples were retracted to an ambient temperature zone cooled in Ar inside

the quartz tube away from the hot zone.



2.3 Microstructural characterisation

The surface and cross-section images of the as-deposited and oxidised samples were
examined by scanning electron microscopy (SEM, FEI, Magellan 400 XHR and Quanta 650) and
the focused ion beam (FIB, FEI, Helios 660 and Quanta 3D). To achieve high resolution images,
samples were analysed using transmission electron microscopy (TEM, FEI, Tecnai G2 and
Tecnai TF30). Prior to TEM analysis, thin lamellae were cut out of the cross-sections of the
SiAIN samples by FIB using the lift-out technique. In order to obtain the compositional profile
of N, Si and Al throughout the coating stack, the lamellae were examined by a Talos F200A
coupled with a Super-X-EDS system. The identification of the reaction product between SiAIN
coating and Zr alloy substrate was examined by a transmission Kikuchi diffraction (TKD)
operated on an FEI Magellan 400 XHR. The TKD technique is particularly effective in studying
materials with fine grains due to its high spatial resolution, described in detail elsewhere [28].
The Thermocalc 4.0 software was conducted to calculate the Gibbs reaction energy following

the Calphad rules.

The as-deposited and oxidised SiAIN coatings were also analysed using focused ion beam -- X-
ray photoelectron spectroscopy (FIB-XPS, AXIS Spura). This technique combining FIB and XPS
was useful in analysing the elemental and chemical compositions as a function of depth across
the thin film. The surface of SiAIN coated plate was depth sputtered using 5kV Ar+ ions to
gradually mill away surface material. A 2 mm x 2 mm etch crater was milled and the central
110 um area of the etch crater was analysed. Survey scans were acquired after each etching

cycle and quantification was performed after background subtraction.



3. Results

3.1 As-deposited SiAIN coating

Fig. 1 shows the cross-sectional SEM micrographs of an as-deposited SiAIN coating without
any interlayer (Fig. 1 a), with a 300 nm thick Mo interlayer (Fig. 1 b), and with a 750 nm thick
Mo interlayer (Fig. 1 c), respectively. The SiAIN coatings show smooth, homogeneous and
fully dense microstructures without any visible pores or cracks. The thicknesses of the SiAIN

coatings are about 1.1 pum and the thickness measurements consider the tilt correction.

Zr alloy

Zr alloy Zr alloy

Fig. 1 Cross-sectional SEM images of as-deposited SiAIN coatings without or with Mo
interlayers (a) without interlayer; (b) 300 nm Mo (tilting 52°, Pt layer for surface protection
during FIB milling); (c) 750 nm Mo (tilting 52°, Pt layer for surface protection during FIB milling).



In order to investigate the microstructure and constituents of the SiAIN coatings in detail, TEM
and XPS analyses were carried out. Fig. 2 a shows cross-sectional HAADF micrograph of an as-
fabricated SiAIN coating with a 300 nm thick Mo interlayer. Again, the SiAIN coating is dense
and smooth without any cracks or pores. The Mo interlayer (300 nm thick), deposited directly
onto Zr alloy substrate, provides a well bond between the nitride coating and the substrate.
The selective area diffraction (SAD) pattern (Fig. 2 al) of the as-deposited SiAIN coating
displays a diffraction halo, which indicates that the SiAIN is amorphous. Fig. 2 d exhibits SiAIN
coating analysed by XPS showing an atomic concentration of the present elements as a
function of milling time (depth). During each milling cycle, the surface of the SiAIN coating is
removed by Ar+ ions and followed by the XPS analysis. The composition of the as-deposited
SiAIN coating comprises of Si: ~40 at %, Al: ~8 at %, N: ~46 at% and some Ar contamination
most likely from the sputtering gas or embedded during the XPS etching process. The Si, Al
and N distributions throughout the SiAIN coating are consistent to a certain extent (in the out-
of-plane direction). Such compositional analysis by XPS is also consistent with Super-X-EDS
line analysis by TEM (not shown here). Based on the binding energy peak position fitting, the
SiAIN coating is composed of SisN4 and AIN [29-31]. It can be observed from HRTEM and FFT
analysis (diffuse rings) shown in Fig. 2 b and b1 that the SiAIN coating is amorphous, including
both AIN and SizN4 phases. The dark AIN nanoparticles, marked by red circle line, disperse in

the SizsN4 matrix, as displayed by HAADF image in Fig.2 c.
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Fig. 2 (a) Cross-sectional HAADF image of as-deposited SiAIN coating with Mo 300 nm
interlayer, (al) is the selected diffraction pattern of the white box in (a); (b) Cross-sectional
HRTEM image of as-deposited SiAIN coating, inset is the high magnification image, (b1) is FFT
spectra of (b); (c) Cross-sectional HAADF image of as-deposited SiAIN coating; (d) The XPS
analysis of FIB milled as-deposited SiAIN coating.

3.2 Adhesion

In order to characterise and compare the adhesion of the SiAIN coatings (without or with Mo
interlayers) to the Zr alloy substrate, scratch testing has been carried out. The scratch test is
a semi-quantitative measurement of the coating/substrate adhesion by measuring the critical
load [27]. Several authors have shown that continuing scratching leads to the gradual
degradations described as: cohesive failure (cracks), local chipping or buckling of the coating,

10



and finally, delamination [27, 32]. Fig. 3 shows the SEM micrographs of scratch tracks on SiAIN
coatings without or with Mo interlayers. The SIAIN coating without an interlayer has the
lowest adhesion among the three coating systems. It is almost completely removed from the
scratch track, and the normal critical load Lc2 is only 1527 mN, as shown in Fig. 3 a. With a
metallic Mo interlayer, the critical load Lc2 is increased. The normal critical load of SiAIN
coatings with a 300 nm Mo and a 750 nm thick Mo interlayer are 13528 mN and 140+10 mN,
respectively. Furthermore, there is a limited amount of sporadic cohesive failure (cracks) at
relatively high critical loads close to Lc2, as shown in Fig. 3 b and c. To conclude, the SiAIN
coating without an interlayer shows poor adhesion to Zr alloy substrate, but there is a
substantial increase in coating adhesion by adding a Mo metal interlayer, although the

thickness of the interlayer has not significantly influenced the critical load in these tests.
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Fig. 3 SEM micrographs of scratch tracks of SiAIN coatings (a) without interlayer; (b) with 300
nm Mo interlayer; (c) with 750 nm Mo interlayer.

In order to study the intrinsic resistance of the SiAIN coatings to cracking and spallation during
heating, high temperature dwelling and subsequent cooling, the SIiAIN coatings (without or
with Mo interlayers) were treated in a vacuum at 1000°C for 1 h. The vacuum treatment
eliminated oxidation, and therefore, any material response observed after heat treatment
was purely related to the intrinsic properties of the coatings or the substrate/coating
interactions. Fig. 4 shows the top surface of the coatings in the as-deposited state (Fig.4 a-c)
and after vacuum treatment (Fig. 4 al-c1l) with different interlayers. After this treatment,
there are some cracks on the SiAIN coating without an interlayer, which can be explained by
different thermal expansion coefficients between SiAIN and the Zr alloy (see Table 1) [20-22,
33-37]. However, there is no spallation or cracking on SiAIN coatings with Mo interlayers after
vacuum treatment, as shown in Fig. 4 b1 and cl. This can be attributed to the fact that the
Mo interlayer relieves the thermal stress between the substrate and coating as the coefficient

of thermal expansion of Mo is between those of SiAIN and Zr alloy, as shown in Table 1.

(a) No interlayer (b) 300 nm Mo (c) 750 nm Mo

710 um
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Fig. 4 The top surface of as-deposited and after vacuum treatment at 1000°C for 1 h of SiAIN
coatings without or with Mo interlayers. SiAIN coating without interlayer: (a) as-deposited,
(a1) 1000°C vacuum for 1 h; SiAIN coating with 300 nm Mo: (b) as-deposited, (b1) 1000°C
vacuum for 1 h; SiAIN coating with 750 nm Mo: (c) as-deposited, (c1) 1000°C vacuum for 1 h.

Table 1: Compilation of the interlayer, substrate and coating, and some of their properties
[20-22, 33-37].

Material Coefficient of thermal expansion (x10° K1)
Mo 5.0
SiaN4 3.2
ZrNb 6.0
Zr3Sip 8.11
Zr,Si 7.0
Zr(Mo) ~6.0
MosSi 7.0
SiO2 2.5
Al;03 5.5

3.3 Oxidation behavior

Fig. 5 a-c show the cross-sectional microstructure of SiAIN coatings without Mo, with 300 nm
and 750 nm thick Mo interlayers, respectively, after steam oxidation at 1000°C for 1 h. Severe
cracking and oxidation have occured in the Zr alloy protected by SiAIN coating without Mo
interlayer, as shown in Fig. 5 a and al. For the SiAIN coating with a 300 nm thick Mo interlayer,
an oxide layer with a thickness of 150 nm was observed on the top surface; whereas for the
SiAIN coating with a 750 nm thick Mo interlayer, no oxide layer was identified under the SEM.
No cracking or spallation was observed in the coatings with different thicknesses of Mo
interlayer (Fig. 5 b/bl and c/c1). Thus, the SiAIN coatings with 300 nm or 750 nm Mo
interlayers can provide a good protection for Zr alloys against steam oxidation at 1000°C for

1 h; while the bare alloy can form an oxide scale with a thickness of 21 um (measured on the
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back side of the sample without coating) in identical conditions. However, it seems that
interdiffusion between the Mo interlayer and Zr alloy substrate has occurred in both cases
after high temperature of oxidation. The 300 nm thick Mo interlayer completely diffuses into
the underlying Zr alloy, whreas in case of the 750 nm thick Mo the layer has decreased to

about 500 nm this phenomenon will be further discussed below.

Diffusion zone

Zr ally

Fig. 5 Cross-sectional and top surface SEM images of SiAIN coating after oxidation at 1000°C
steam for 1 h. (a) and (al) without Mo interlayer; (b) and (b1) with 300 nm Mo interlayer; (c)
and (c1) with 750 nm Mo interlayer.

In order to obtain greater details on the microstructure of the oxidised coatings and the
interdiffusion between the Mo interlayer and Zr alloy substrate, thin lamellas from the cross-

sections of the coatings were prepared by FIB using the lift-out technique and then analysed

14



by TEM. Fig.6 a and b show the cross-sectional BF STEM micrograph and corresponding EDS-
STEM elemental maps of the SiAIN coating with a 300 nm thick Mo interlayer after steam
oxidation at 1000°C for 1 h. It is observed that there is an oxide layer with a thickness of about
150 nm on top of the SiAIN coating after steam oxidation and the thin oxide layer is dense,
crack free and pore free. The oxide mainly consists of SiO, and Al,Os3, as confirmed by XPS
analysis shown in Fig. 7. Moreover, de-convoluted high resolution XPS spectra obtained from
N 1s suggest that borh Si and Al form oxi-nitrodes alongside alumina and silica [38, 39], which
is confirmed by Si oxi-nitride phase at Si 2p at 102.7 eV [38]. There is also Al-OH phase
detected in Al 2p peak shifted to higher binding energies (76.5 eV) [40], however since there
are no characterists peaks for silicates detected from O 1s or Si 2p high resolution spectra (i.e.
both shifted to higher binding energies) [41], therefore it is believed that the amount of Al-
OH phased is rather insignificant and apears only on the coating surface. The remnant SiAIN
coating (~700 nm thick) in contact with thin oxide remains integral and dense. The 300 nm
thick Mo interlayer, completely diffuses into the Zr alloy after oxidation at 1000°C, as shown
in the STEM image and EDS map of Mo (Fig. 6 a and b). Without the Mo barrier layer, the Zr
substrate can react with SiAIN at 1000°C, and then the interface has transformed into a
zirconium silicon intermetallic compound (Zr,Si phase), as shown in red colour in the TKD

analysis in Fig.6 c.
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Zr (Mo) alloy

Fig. 6 (a) Cross-sectional BF STEM micrograph of SiAIN coating with 300 nm Mo after steam
oxidation at 1000°C for 1 h; (b) the corresponding EDS-STEM elemental maps of Si, Al, N, O,
Mo and Zr in (a); (c) TKD phase map of interface (Zr,Si phase is shown in red colour, blue is Zr
(Mo), white box area in (a) for TKD analysis).
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Fig. 7 XPS analysis of oxide formed on SiAIN coating surface with 300 nm Mo interlayer after
oxidation at 1000°C for 1 h. (a) O 1s high resolution XPS spectra with the assigned atomic
concentration of each de-convoluted phase. (b) N 1s high resolution XPS spectra with the
assigned atomic concentration of each de-convoluted phase. (c) Si 2p XPS high resolution
spectra and (d) Al 2p XPS high resolution XPS spectra.

After the thermal exposure, the interdiffusion and inter-reaction between the SiAIN/Mo
coating and Zr alloy substrate may change the chemical composition and deteriorate the
structure of the SiAIN, and thereby degrade the oxidation resistance of the coating. It had
been reported that the diffusion elements from the underlying substrate to the coating can
stimulate the crystallization of an amorphous nitride coating, and thereby promote the
formation of oxide on the coating [15]. Fig. 8 shows the HRTEM analysis of the oxide and
remnant SiAIN coating after steam oxidation at 1000°C for 1 h. The whole remnant SiAIN
coating remains completely amorphous based on the HRTEM and inset images, as shown in
Fig. 8 d and e. This indicates that even though the interdiffusion/inter-reaction between the
SiAIN coating and Zr alloy substrate occurs, the SiAIN coating remains amorphous while an
amorphous oxide scale (HRTEM and inset images in Fig. 8 b and c) was formed after high
temperature steam oxidation. The results are inconsistent with previous studies that have
claimed that diffusion elements from the underlying substrate into an amorphous

SisNa/MeN(Me=Ti, Al, Zr, etc.) coating can stimulate crystallization of the coating, and thereby,

17



causes oxide scale formation on the crystalized coating [14, 15, 23, 24]. Again, this will be

discussed in more detail later.

Fig. 8 HRTEM analysis of SiAIN coating with 300 nm Mo interlayer after steam oxidation at
1000°C for 1 h. (a) Cross-sectional STEM micrograph of SiAIN coating; (b) HRTEM image of
interface between oxide and SiAIN coating (yellow box in (a)), insets are corresponding FFT.
(c) HRTEM image of oxide scale (green spot in (a)), inset is the corresponding FFT. (d) HRTEM
image of remnant SiAIN (orange spot in (a)), inset is the corresponding FFT. (e) HRTEM image
of interface between SiAIN coating and underlying Zr,Si layer (red box in (a)).

Fig. 9 a and b shows the cross-sectional BF STEM images of a SiAIN coating with a 750 nm Mo
interlayer after steam oxidation at 1000°C for 1 h, together with the corresponding EDS
elemental maps of N, O, Mo and Zr. After steam oxidation at 1000°C for 1 h, there is no
observable oxide layer formed on the SiAIN coating although the Mo interlayer has been

reduced from 750 nm thick to 500 nm due to interdiffusion between the Mo and Zr alloy
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substrate, as shown in Fig. 9 a and b. The Zr from the substrate does not diffuse upwards into
the SiAIN coating. Instead, the elemental Si from the SiAIN diffuses downwards through the
Mo interlayer to the Mo/Zr alloy interface and thereby reacts with Zr forming a thin Zr,Si layer.
The diffusion of Si from SiAIN into the underlying substrate has caused a decrease in thickness
of the SiAIN coating from the as-deposited value of 1.1 um to about 1.0 um. Even though
there is downward diffusion of Si, the remnant SiAIN coating still remains an amorphous
structure confirmed by the diffraction halo of the selective diffraction pattern for the SiAIN

coating and HRTEM image with inset FFT image, as shown in Fig. 9 a and c, respectively.

(b)

-
-

10 1/nm

Fig. 9 (a) Cross-sectional BF STEM images of SiAIN coating with 750 nm Mo after steam
oxidation at 1000°C for 1 h, inset is the SAD of white box. (b) The corresponding EDS-STEM
elemental maps in (a); (c) HRTEM image of remnant SiAIN, inset is the corresponding FFT.
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3.4 Compositional gradient of SiAIN coating after oxidation

Notably, whilst a thin oxide scale formed on the SiAIN amorphous coating with a 300 nm Mo
interlayer, no oxide scale could be identified on the SiAIN amorphous coating with a thicker
Mo diffusion barrier (750 nm) after steam oxidation at 1000°C for 1 h, as shown in Fig. 8 a and
Fig. 9 a, respectively. In order to uncover the reasons for this difference, the composition of
the SIAIN amorphous coatings with different thicknesses of Mo interlayer were characterized
by HAADF coupled with Super-X-EDS in more detail after steam oxidation at 1000°C, as shown
in Fig. 10 and Fig. 11. Fig. 10 shows the HAADF image and EDS line scanning of the SiAIN
coating with a 300 nm Mo interlayer after steam oxidation at 1000°C for 1 h. A significant
change in atomic fractions of Si and N in the remnant SiAIN compared with the as-deposited
SiAIN condition is observed. The atomic fraction of N in the remnant SiAIN decreases from an
as-deposited value of 46% to approximately 30% at a position close to the oxide/SiAIN
interface whilst the atomic fraction of Si increases from an as-deposited value of 40% to about
55%. The atomic fraction of N exhibits a descending trend from the oxide/SiAIN coating
interface to the coating/Zr,Si layer interface. Conversely, the atomic fraction of Si shows an
upward trend to about 60% at a position close to the coating/Zr,Si layer interface. The atomic
fraction of Al in the remnant SiAIN is about 8% to 10%, which is consistent with the as-
deposited condition to some extent. The huge loss of N in the SiAIN coating may be the reason
why there is a thin oxide scale on the SiAIN coating. In order to verify this assumption, the
HAADF image and Super-X-EDS line analysis of the SiAIN coating without an observable oxide
scale after steam oxidation at 1000°C for 1 h has been carried out, as shown in Fig. 11. Ata
position closest to the outermost surface of the SiAIN, the atomic fraction of N is about 45%,

which is slightly lower than that of as-deposited SiAIN condition (46%).; and the atomic
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fraction of Si is about 43%, which is slightly higher than 40% for the as-deposited condition.
The atomic fraction of N also exhibits a descending trend from the approximately middle point
of the remanent SiAIN coating to the coating/Mo interface while the atomic fraction of Si
shows an upward trend to the underlying interface. It is noteworthy that the element Si in
the SiAIN diffuses outwards to the underlying Mo interlayer and Zr alloy, confirmed by the Si
counts line in Fig. 11 c. Some of the Si remains inside the Mo interlayer but most of the Si
diffuses further to the underlying Zr alloy forming a Zr,Si compound layer, as shown in the
HAADF image in Fig. 11 a. It can be expected that the downward diffusion of Si in SIAIN may
degrade the SiAIN coating and thereby results in the loss of N. There is no evidence that Mo
or Zr diffuses upwards into the SiAIN coatings in the samples containing 300 nm or 750 nm
thick Mo interlayer, as confirmed by Fig. 10 d and Fig. 11 d. For the coating with a 300 nm
thick Mo interlayer, Mo completely diffuses into the Zr alloy; while for the 750 nm thick Mo,
the layer reduces to 500 nm after oxidation at 1000°C for 1 h. For the 750 nm thick Mo
interlayer, it may play a sluggish effect on the downward diffusion of Si and thereby
contribute to the relatively high N fraction at the position closer to the outermost surface in
the remnant SiAIN coating. The atomic fraction of Al in the remnant SiAIN is about 8% to 10%,

which is consistent with the as-deposited condition to some extent.
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Fig. 10 (a) Cross-sectional HAADF image of SiAIN coating with 300 nm Mo after steam
oxidation at 1000°C for 1 h. (b) EDS line scanning on atomic fractions of corresponding
elements, following red line in (a). (c) EDS line scanning on counts of Si, Al, O and N elements,
following red line in (a). (d) EDS line scanning on counts of Mo and Zr elements, following red

line in (a).
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Fig. 11 (a) Cross-sectional HAADF image of SiAIN coating with 750 nm Mo after steam
oxidation at 1000°C for 1 h. (b) EDS line scanning on atomic fractions of corresponding
elements, following red line in (a). (c) EDS line scanning on counts of Si, Al and N elements,
following red line in (a). (d) EDS line scanning on counts of Mo and Zr elements, following red
line in (a).

4. Discussion

The findings in this work show that for identical SiAIN coatings, the thickness of the Mo
interlayer has a substantial impact on the oxidation behaviour of the coating. A thin oxide
scale forms on the SiAIN coating with a 300 nm Mo interlayer, while there is no evidence of
oxide scale formation where the Mo interlayer is 750 nm thick. These findings suggest that
the thicker Mo interlayer retards the reaction between SiAIN and the underlying Zr alloy
substrate, playing a substantial role in the sluggish diffusion of the Si and N (downward) from

the SiAIN coating, and thereby, retards the occurrence of oxidation, which in turn prolongs
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the oxidation protection of the underlying substrate. Moreover, the degradation and
oxidation mechanism of the amorphous nitride coating, which is inconsistent with previous
studies [14, 15, 23-25], can be explained. The mechanistic interpretations of these findings

will be explored in the following sections.

4.1 Downward diffusion of Si and N in SiAIN

Possible reactions between Zr, Mo and SisN4 in SiAIN are listed as follows:

9Mo + SizN, = 3Mo5Si + 2N, AG(1273.15K) = -4.79x10% J/mol (1)
MosSi + 2Zr = 3Mo + Zr,Si AG(1273.15K) = -8.76x10% J/mol  (2)
6Zr + SizN, = 3Z1,Si + 2N, AG(1273.15K) = -2.67x10° J/mol  (3)

Among the 3 reactions, the most thermodynamic favourable reaction is reaction 3, the least
favourable reaction is reaction 2, therefore, with the presence of Mo layer, Mo reacts with
Si3N4 (the SiAIN coating consists of SisN4 and a trace amount of AIN) at the Mo/SiAIN interface,
forming MosSi and N3, as shown in equation 1. Then MosSi reacts with Zr, forming a Zr,Si
phase validated by TKD analysis (Fig.6 c), as shown in equation 2. Once the Zr diffuses to the
interface of the SiAIN, it can directly react with SizsNa, forming a Zr,Si phase and N3, as shown
in equation 3. Such interfacial reactions cause depletion of Siin the SiAIN close to the interface
between SiAIN and the underlying interlayer. Simultaneously, the Si from the outermost SiAIN
diffuses downwards to the SiAIN/underlying interlayer interface. Thus, the interfacial reaction
and diffusion of Si lead to compositional gradient across the SiAIN coatings after thermal
exposure. The Mo layer, particularly with the thickness of 750 nm, can serve as a

diffusion/reaction barrier between the SiAIN coating and Zr alloy substrate, thereby retarding

24



the downward diffusion of Si in the SiAIN, which in turn reduces the composition change of
SiAIN, as shown by the schematic diagrams in Fig. 12. In Fig.12, (a) and (d) show theare as-
deposited conditions, b and e show the transition conditions (thermal exposure process), and
c and f are conditions after the thermal exposure in samples with 300 and 750 nm thick Mo
interfaces, respectively. During the thermal exposure, both diffusional processes described

above occur, while the thicker Mo layer could retard such reactions.
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Fig. 12 Schematic diagrams of downward diffusion of Mo, Si and N in the SiAIN coating with
300 nm or 750 nm Mo interlayer during thermal exposure. (a-c) SiAIN with 300 nm Mo: (a) as-
deposited condition, (b) thermal exposure condition, (c) after thermal exposure. (d-f) SiAIN
with 750 nm Mo: (a) as-deposited condition, (b) thermal exposure condition, (c) after thermal
exposure.

The N from the decomposed SisNs diffuses towards the underlying interlayer and the
substrate via vacancies, as shown in Fig. 12 [42]. In general, nitrogen diffuses significantly
faster than metal atoms, e.g. Si [42, 43]. The downward diffusion of N across SiAIN is faster
than the downward diffusion of Si in the SiAIN coating, causing substantial loss of N, and

thereby forms the relatively lower N atomic fraction in the SiAIN coating after the thermal
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exposure. Moreover, the N diffusivity decreases with increasing N concentration [42]. The
diffusivity of N gradually decreases from the position closest to the SiAIN/interlayer interface
to the outermost surface, which causes a compositional gradient of N across the SiAIN coating
after the thermal exposure, as shown in Fig. 12. During the downward diffusion of N, there is
no observable nitride inside the underlying interlayer or Zr alloy substrate, due to the
negligible content of N inside the interlayer or Zr alloy (Fig. 10 b and Fig.11 b-c), which is below
its maximum solubility [44]. The diffusion rates of N are relatively fast in the interlayer or Zr
alloy at 1000°C, and N could diffuse downwards far away from the interface [45, 46]. The
solution of N in the Zr alloy substrate has been reported to have a detrimental effect on the
oxidation of Zr alloy, if the Zr alloy was exposed to steam or air oxidising environment without
any protective coatings [47, 48]. However, it has been shown in this study that the underlying
Zr alloy has been well protected by SiAIN/Mo coatings and only a minimal amount of N has
been detected in the underlying Zr alloy. Nevertheless, it is important to further investigate

the inward diffusion mechanism of N.

4.2 Oxidation mechanism of amorphous SiAIN

At the surface of amorphous SiAIN coatings, the downward diffusion of Si and N cause the
formation of nonstoichiometric SiNx with excessive Si and lean N after the thermal exposure,
as discussed above. It was reported that amorphous SiNx films with a N content below 20 at%
exhibited the formation of a Si phase after annealing to 900°C for 2 h [49]. Between 20 to 30
at% of N enables the formation of a Si phase after the heat treatment under a relatively higher
temperature (1200°C) due to the N losses related to the fact that the thermally activated
diffusivity of N decreases with increasing N concentration [42, 49, 50]. Thus, the outermost

surface of the SiAIN coating (containing 300 nm thick Mo interlayer) with a composition: Si:
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55 at%, Al: 10 at%, N: 30 at% (Fig. 9 b), has a strong possibility of forming a Si phase prior to
oxidation at 1000°C. In order to verify such an assumption, the FIB-XPS was ideally suited to
characterise the elemental and chemical composition of thin film throughout the coating
thickness. The Siyp-Sizp bond has been observed in the remnant SiAIN closest to SiAIN/oxide
interface of the SiAIN coating with a 300 nm Mo interlayer after oxidation at 1000°C for 1 h,
while there was no observable Siz-Sizp bond in the outermost surface of the SiAIN coating
with a 750 nm Mo interlayer after identical treatment, as shown in Fig. 13 b and d.
Thermodynamically, the Si, SisN4 and AIN as shown in equations 4, 5 and 6 respectively, can
react with water at 1000°C. However, the oxidation activation energy of Si is about 1/2 to 1/3
times that of SisNs in oxygen oxidising environments from 1000°C to 1400°C [17, 18].
Moreover, the parabolic rate constants for oxidation of Si are orders of magnitude higher
than that for SisN4. In high temperature water vapour environments, the H,O molecules
chemically dissociate into OH- and H+ and these ions can be absorbed by the SiAIN coating
surface, and the O-H bonds can be further broken to free O ions [51]. Thus, the outermost
surface of the SiAIN coating (with 300 nm Mo interlayer) with a Si»p-Sizp bond, can easily form
a thin oxide scale after oxidation at 1000°C. Once a thin oxide scale is formed, the oxidation
of SiAIN is controlled by the diffusion of O ions or OH- through the oxide scale towards the
nitride/oxide scale interface. It has been widely reported that SiC or SisNs could react with
water vapour to form a SiO, and SiO: scales also react with water vapour to form a volatile
Si(OH)a species at relatively high temperature. The severe volatilisation of silica formers in
water vapour environment happens at the temperature range above 1200°C [52-54]. At
1000°C, the possibility of SiO; scale formed on SiC volatility had been assumed to be negligible
due to the lower relative volatilisation rate, and no observable volatilisation of silica formed

on SiC in steam had been reported by Hay and Cao [55, 56]. Therefore, in our study on SiAIN
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coatings exposed to steam at 1000°C for 1 h, the volatilisation of silica would be negligible.
Also, no observable erode or volatilisation of silica morphology have been observed based on
the top surface and cross section morphology of SiAIN coating with 300 nm Mo after oxidation,

as shown in Fig. 5 a and inset.
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Fig. 13 FIB-XPS analysis on SiAIN coating with 300 nm or 750 nm Mo interlayer after oxidation
at 1000°C for 1 h. (a) Schematic diagram of SiAIN coating with 300 nm Mo after oxidation; (b)
Si 2p XPS spectra of SiAIN, acquired from the position close to SiAIN/oxide interface, blue
rectangular boxin (a). (c) Schematic diagram of SiAIN coating with 750 nm Mo after oxidation;
(d) Si 2p XPS spectra of SiAIN, acquired from the position close to outermost surface of SiAIN,
green rectangular box in (c). (e) Si 2p XPS spectra of SiAIN, acquired from the position ~400
nm to SiAIN/Mo interface, yellow rectangular box in (c); (f) Si 2p XPS spectra of SiAIN, acquired
from the position close to SiAIN/Mo interface, red rectangular box in (c).

In the SiAIN coating with a 750 nm thick Mo interlayer, the residual amount of N at the
outermost surface of the SiAIN is still 45 at%, which is close to Si3Na, Sizp-N, as shown in Fig.
13 cand d, leading to good oxidation resistance [17]. Noticeably, the XPS analysis as a function
of depth in Fig. 13 c-f indicates that a Si2-Si2p bond gradually appears in the SiAIN from the
outermost surface to SiAIN/Mo interface, indicating that the thicker Mo (750 nm) interlayer
can only retard the downward diffusion of Si instead of avoiding diffusion. Once the thermal
duration time is long enough, especially when Mo completely diffuses into the underlying Zr
alloy substrate, the outermost surface of the SiAIN coating will also exhibit the Sizp-Sizp bond
and the oxidation will happen eventually, like in case of the coating with the 300 nm Mo
interlayer. An extended oxidation duration of 2 h of SiAIN coating with 750 nm Mo interlayer
shows a thin oxide scale formation, which further validates the discussed degradation

mechanism, as shown in Fig. 14

Si + 2H,0 = Si0, + 2H, AG(1273.15K) =-3.28x10° )/mol ()
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ol Zr alloy

Fig. 14 Cross-sectional SEM images of SiIAIN/Mo coating after oxidation at 1000°C steam for
different duraction. (a) SIAIN/300 nm Mo interlayer for 0.5 h (tilting 52°, Pt layer for surface
protection during FIB milling); (b) SiAIN/750 nm Mo interlayer for 0.5 h and (c) for 2 h (tilting
52°).

As for the effect of the microstructure status (u.e. amorphous or crystalline) on the oxidation
resistance, the findings from previous studies suggest that the oxidation only happens on
crystalline SisNs transformed from an amorphous condition [14, 15, 23-25], which is not
supported by the present study. Actually, the comparisons of the oxidation behaviour
between crystalline SisN4s and amorphous SisN4 have been widely reported and concluded

that both structures exhibited excellent oxidation resistance at high temperatures in oxidising

species. The activation energy of crystalline SisNa is slightly lower than that of the amorphous
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form and the parabolic rate constant of crystalline SizsN4 is about three to four times larger
than that of amorphous SisN4 in dry oxygen, air or wet oxygen from 1000°C to 1600°C while
the paraboli rate constant of oxidation of Si has orders of magnitude higher than that of SisNa
[17, 18]. Thus, the oxidation of amorphous nitride coating is determined by elemental

composition change instead of the widely reported amorphous or crystalline structure.

5. Conclusion

A series of 1.1 um thick SiAIN amorphous coatings consisting of AIN nanoparticles dispersed
in an amorphous SisNs matrix, with 300 nm or 750 nm Mo interlayers have been deposited on
Zr alloy and studied in an oxidising environment. The following conclusions can be drawn from

this work:

1. The SiAIN amorphous coating with 300 nm Mo interlayer forms an oxide scale,
consisting of SiOx+ Al,Os3, after steam oxidation at 1000°C for 1 h, while there is no
evidence of oxide scale formation where the Mo interlayer is 750 nm thick. The
downward diffusion of Si into the underlying Zr alloy followed by the relatively faster
downward diffusion of N generates excessive Si and lean N in the outermost surface
of the SiAIN, forming Si-Si bond and depletion of N below 30% in the outermost
surface, thereby resulting in the oxidation of the amorphous coating.

2. The thicker Mo interlayer (750 nm) taking advantage of retarding the reaction
between SiAIN and underlying Zr, therefore plays a substantial role on the sluggish
downward diffusion of Si and N from the SiAIN coating. This in turn retards the
occurrence of oxidation and prolongs the oxidation protection of the underlying

substrate.
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3. This study uncovers the new insights into the coating design, suggesting that the
prerequisite to acquire an excellent oxidation protection of SisNa/MeN amorphous
films is to mitigate the downward diffusion of Si, and thereby, mitigate or even avoide
the oxidation of such amorphous films in oxidising environments at high temperature
ranges. The oxidation mechanism of amorphous nitride coatings is determined by the
elemental composition of the coating instead of the widely reported amorphous or

crystalline status.
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