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A B S T R A C T

There are many applications including aeroengine design where one would like to operate Ti or its alloys at
higher temperatures, but the threat of oxidation or fire remains a longstanding challenge. Here, we have designed
a bilayer nitride coating for Ti and its alloys produced bymagnetron sputter deposition of a SiAlN coating (1.2mm
thick) along with a Mo interlayer. We have taken advantage of interdiffusion and inter-reaction at the interface
during cyclic oxidation at 800 °C to form a layered nitride coating system comprising: a SiAlN top layer, a TiN0.26

and Ti5Si3 mixed phase interlayer, and a Ti-Mo solid solution. The novel TiN0.26 interlayer exhibits adaptive con-
formability via mechanical twinning, thereby accommodating the thermal mismatch strain between the coating
and substrate. This, along with high adhesion, confers excellent thermal cycling life with no cracking, spallation
and oxidation of the coating, evident after hundreds of hours of cyclic oxidation (>40 cycles) in air at 800 °C. This
work provides a design pathway for a new family of coatings displaying excellent adhesion, adaptive conform-
ability and superior environmental protection for Ti alloys at high temperature.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license.
(http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Ti and Ti alloys are widely used in the aeroengine gas turbine (e.g. fan
blade, compressor, etc.) and automotive industries as well as for medical
implants due to their low density, high specific strength and excellent
corrosion resistance [1�8]. Increasing the gas turbine inlet temperature
can increase engine efficiency and thereby increase fossil fuel efficiency
[3]. However, Ti alloys have inadequate oxidation resistance during high
temperature exposure, which restricts their application. Degradation is
characterized by the formation of a rapidly growing, less protective scale
of rutile TiO2 or TiO2+Al2O3 mixtures and a brittle oxygen-rich sublayer
(oxygen absorbed layer with enhanced propensity of cracking) beneath
the oxide scale, especially at temperatures above 500 °C [9�13]. In order
for Ti alloys to be safely applied at higher temperature, various techni-
ques have been used to improve the oxidation resistance by bulk alloy-
ing, surface treatments and coating technologies. Of these, coating
methods have been found to be the most effective way to improve the
oxidation resistance [9,13�17].

Coatings of several types of material have been applied previously,
including aluminides, silicides, glass-ceramics and nitrides [12,18�23].
Among the numerous oxidation resistance materials, aluminide and sili-
cide coatings are widely used to provide high temperature protection
due to their propensity for forming protective oxide films at the surface.

Nevertheless, the aluminide and silicide coatings can degrade by deple-
tion of aluminium and silicon, which are consumed by oxide scale for-
mation and inward diffusion into the Ti substrate during long time
exposure at elevated temperatures [9,13,15]. Due to the chemical incom-
patibility between these types of coatings and Ti or Ti alloy substrates, a
brittle phase can form along the coating/substrate interface and, thus,
degrade the mechanical properties of the interface [15]. Glass-ceramic
(MgO-SiO2-TiO2), nitride (TiAlN) and MAX phase (Cr2AlC) coatings have
also attracted considerable interest because of their good chemical stabil-
ity and excellent high-temperature oxidation resistance [16,21,24]. How-
ever, the inherent low ductility of ceramic coatings, poor adhesion and
thermalmismatch between the coating and the substrate, especially dur-
ing in-service cyclic oxidation [25], are areas of great concern restricting
their application. All of the above factors mean that despite the number
of candidate coatings for the protection of Ti-alloys at high temperature
it is worthwhile exploring the potential of new coating systems with the
aim of achieving a combination of good adhesion, good spallation resis-
tance, controllable interdiffusion and good oxidation resistance.

Previous studies have shown that SiAlN exhibits excellent oxidation
resistance and good thermal stability at high temperature [26�28], but
the challenge is to engineer good interfacial performance. Traditional
routes for improving the adhesion between physical vapour deposited
coatings and the substrate have included optimizing the surface of the
substrate, applying a bias potential during deposition, or inserting an
interlayer and developing a multilayer concept, etc. [29�34]. Annealing
or thermal treatments, on the other hand, have been reported to degrade* Corresponding author.
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the adhesion of coatings owing to interdiffusion, which leads to the for-
mation of brittle phases and voids at the interface, thermal expansion
mismatches which may initiate surface cracks and phase transforma-
tions within the coating and/or substrate that could result in a weak
interface [35�40].

There are many reasons to think that Mo might act as a good
interlayer between Ti and SiAlN. Its coefficient of thermal expansion
is between that of Ti and SiAlN [41,42], Ti-Mo can form an infinite
solid solution, and it has a relatively high diffusivity in Ti at high tem-
perature [43,44]. Thus, employing Mo as an interlayer may alleviate
the thermal mismatch between the Ti substrate and the nitride coat-
ing, while interdiffusion of Mo into Ti may enhance the adhesion of
the coating.

In this study, we have deposited SiAlN coatings (1.2 mm thick)
with a Mo interlayer (300 nm) on Ti and Ti6Al4V alloy by magnetron
sputtering. We have taken advantage of the interdiffusion between Ti
and Mo, and inter-reaction between Ti and Si3N4 from the SiAlN coat-
ing at the interface during thermal exposure, aiming to build a new
generation of coating systems for Ti alloys at high temperature exhib-
iting strong diffusion bonding and superior oxidation resistance.
Uniquely these coatings appear to be highly conformable and thus
resistant to spalling during thermal cycling.

2. Experiments and methods

The coatings were deposited on one side of commercially pure Ti
and Ti alloy (Ti-6wt%Al-4wt%V) coupons (50 £ 50£ 3 mm3), which had
been ground, polished (surface roughness, Ra 60 nm) and ultrasonically
pre-cleaned in acetone. Deposition took place by reactive sputtering in
a Teer Coatings UDP 350 magnetron sputtering system, described in
detail elsewhere [45]. Three vertically opposed unbalanced magnetrons
(300 £ 100 mm2) were installed through the chamber walls surround-
ing a centrally mounted rotating unheated substrate holder. The 99.5%
pure Si, Al and Mo targets were fitted to the magnetrons. Prior to depo-
sition, the chamber was evacuated to a base pressure of lower than
1 £ 10�3 Pa. The substrates were sputter cleaned by Ar+ ions at a bias
voltage of �600 V DC for 15 mins prior to the deposition. The Si, Al and
Mo targets were each powered by Advanced Energy Pinnacle Plus
power supplies operating in pulsed DC mode at a powers of 700, 300
and 500 W, respectively, and a pulse frequency of 100 kHz (duty
cycle = 60%) and a bias of �30 V was applied to the substrate through-
out coating deposition. First the pure molybdenum layer was deposited
in an argon (~2.1 £ 10�3 mbar, 0.21 Pa) only atmosphere prior to the
deposition of the SiAlN coating. The argon to nitrogen gas ratio (Ar: 20
sccm, N2:60 sccm) during the reactive sputter deposition of SiAlN was
controlled using mass flow controllers (MKS Ltd.) and by monitoring
the partial pressures (~3.0 £ 10�3 mbar, 0.3 Pa) of the introduced gases.
The substrate was rotated at a speed of 5 rpm during deposition of Mo
and SiAlN. For tribological and environmental protection applications,
thin coatings of a few micrometres thickness have been commonly
used, with the coating thickness being controlled by the coating deposi-
tion rate. The deposition rate of SiAlN coating is 9 nm/minute. For prac-
tical purposes in these experiments, a maximum run time of 130 min
was adopted. Therefore, this gave a thickness of 1200 nm for SiAlN and
300 nm for Mo. Whilst thicker coatings may be desired for commercial
applications, from the perspective of developing and characterising new
coatings, this was deemed to be sufficient [26,46�48]. The SiAlN-coated
coupons (50 £ 50 £ 3 mm) were cut into smaller rectangular
(15 £ 15 £ 3 mm) pieces using a SiC abrasive cutting blade in a preci-
sion cut-off machine (Accutom 5, Struers). These were used for scratch
tests and oxidation tests after cleaning with soapy water and acetone.

For coatings having a thickness around 1mm thick or less, the nano-
scratch test shows relatively higher reproducibility and lower sensitivity
to testing parameters (loading rate, radius etc.) than the standard
scratch test. The nano-scratch test was used to evaluate coating adhe-
sion, with 5 scratches made on each sample. Prior to scratch testing the

as-deposited samples were isothermal annealed in a static air furnace at
800 °C for 0.5 h and 3 h, respectively. The coated surface was scratched
with a spheroconical diamond indenter with a tip radius of 5 mm and a
cone angle of 90° The normal load was continuously increased linearly,
from 0 to 450 mN, within a distance of 300 mm and the profiling load
was 50mN. Cyclic oxidation tests were conducted to evaluate the oxida-
tion resistance and adhesion of coatings. The tests were performed in a
furnace with an accuracy §1 °C in static air. The as-deposited samples
were directly placed inside the furnace when the temperature stabilised
at the targeted temperature of 800 °C and the test duration was 5 h.
After this, the samples were taken directly from the furnace at 800 °C,
cooled for 10 min at ambient temperature, then returned for the next
cycle, continuing up to 200 h (40 cycles).

The composition of the as-deposited SiAlN coating was analysed
by focused ion beam � X-ray photoelectron spectroscopy (FIB-XPS,
Kratos AXIS Supra). The sample was depth profiled using 5 kV Ar+
ions to sequentially sputter remove surface material. A 2 mm x 2 mm
etch crater was created with a 110 mm analysis area in the centre of
the etch crater. The cross-sections of the oxidized SiAlN coating sam-
ples were investigated by scanning electron microscopy (SEM, FEI,
Quanta 650, Magellan HR) fitted with an energy dispersive X-ray
spectroscopy (EDS) system, coupled with a focused ion beam (FIB,
FEI, Quanta 3D, Helios 660), described in detail elsewhere [45,48]. To
observe the microstructure of the as-deposited coatings and oxidized
samples in greater detail, thin lamellae of the cross-sections of the
coatings were prepared by FIB using the lift-out technique and then
examined by transmission electron microscopy (TEM, FEI, Tecnai G2;
FEI, Tecnai T30) fitted with an energy dispersive X-ray spectroscopy
(EDS) system and advanced TEM (FEI, Talos, F200A) fitted with
Super-X-EDS system. The phase distribution across the interlayer
and diffusion layer was mapped using transmission Kikuchi dif-
fraction (TKD) performed on an FEI Magellan HR scanning electron
microscope. The 3D distribution of phases and voids across the
interdiffusion zone was studied by FIB/SEM slice-and-view. A dual
beam workstation (FEI, Quanta 3D) equipped with a FIB column
employing a Ga liquid metal ion source, combined with a high
resolution field emission scanning electron microscope was used
to perform serial cross-sections through the selected volume
(10 £ 8 £ 5 mm). The milling current was 0.3 nA and the voxel
size was 80 nm, which set the distance between individual cross-
sections imaged by SEM. The stack of cross-sectional SEM micro-
graphs (2048 £ 1768) was reconstructed into 3D volume image
using Avizo 9.4 software.

3. Results

3.1. As-deposited SiAlN/Mo coating

The as-deposited SiAlN coating is smooth and about 1.2 mm thick,
there is no significant porosity or cracking and the 300 nmmolybdenum
layer deposited between the SiAlN coating and Ti substrate is fully
dense, as shown in Fig. 1a. The selective area diffraction (SAD) pattern
of the SiAlN coating shows a diffraction halo, as shown in Fig. 1a inset,
which indicates that this coating is amorphous. The top surface of the
as-deposited SiAlN coating was milled by Ar+ ions and the XPS quantifi-
cation is performed after each etch cycle, as shown in supplementary
Figure s1. The composition of the SiAlN coating is Si: ~40 at%, Al: ~8 at%,
N: ~46 at% with the remainder Ar, possibly arising from the XPS sputter-
ing gas or sputtering gas entrained during coating deposition. Elemental
distributions across the SiAlN coating are uniform (in the vertical out-
of-plane direction). Based on the binding energy, the SiAlN coating is
composed of Si3N4 and AlN phases [49,50]. The AlN phases are dispersed
in the Si3N4 matrix, as shown by HAADF image in Fig. 1b. It is also evi-
dent that both AlN and Si3N4 are amorphous based on the HRTEM and
corresponding FFT pattern in Fig. 1c and inset.
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3.2. Adhesion and oxidation resistance

The as-deposited SiAlN coatings with a Mo interlayer on Ti or
Ti6Al4V alloy were exposed to air at 800 °C for 0.5 h, 3 h, 100 h (20
cycles) and 200 h (40 cycles) after which the adhesion and oxidation
resistance of the coatings have been evaluated. The adhesion has

been evaluated as a function of thermal exposure by scratch testing
and the results are summarised in Fig. 2a. The critical load, Lc2, of the
as-deposited SiAlN coating indicated that the first sporadic isolated
adhesion failure takes place at about 75 § 5 mN while the critical
loads of the SiAlN samples annealed at 800 °C are about 170§6 mN
for 0.5 h annealing time and 230 § 8 mN for 3 h, respectively. The
critical load of the coating annealed at 800 °C for 3 h is around 3 times
higher than that of the as-deposited coating. This indicates that the
adhesion between the SiAlN coating and Ti substrate has been
improved significantly after thermal exposure.

The oxidation protection and resistance to degradation under thermal
cycling of the as-deposited coating is demonstrated in Fig. 2 (b-c) and
Fig. 3 (a-d). After exposure in air at 800 °C for 100 h (20 cycles), no coating
spallation has occurred, nor are there any obvious cracks or porosity, or
any signs of oxidation present on the Ti surface covered by the coating
(Fig. 2b). The Ti6Al4V alloy coated surface (Fig. 2c and inset, Fig. 3b-d) is
also free from spallation, cracks and oxidation after 200 h in air at 800 °C
(40 cycles). The only notable change is a slight rumpling of the surface in
the former case and pronounced rumpling in the latter case. These con-
trast markedly with an oxide film formed on bare Ti alloy. For instance,
Fig. 3b shows that there is approximately 150 mm thick oxide scale
formed on the bare Ti6Al4V alloy after cyclic oxidation at 800 °C for
200 h (40 cycles). It is noteworthy that while there is pronounced rum-
pling of the SiAlN coated alloy surface after hundreds of hours of cyclic
oxidation the coating film remains strongly adhered to the substrate. This
suggests that the coating system can adaptively deform in response to
the roughening of the substrate. It is noteworthy that this layer is
enriched with Mo (confirmed by Fig. 5 below), which remains in the
vicinity of the top coat rather than diffusing further into the Ti or Ti alloy
substrates even after thermal exposure at 800 °C for 200 h, as shown in
Fig. 2b and Fig. 2c. The detailed cross-sectional microstructure of coating
and interface after cycling oxidationwill be explained below.

These scratch and oxidation tests suggest that the adhesion between
the SiAlN coating and Ti substrate can progressively strengthen. It shows
a crack-free structure, free from spallation, with negligible interdiffusion,
and no weight gain (no observed oxide scale) after hundreds of hours of

Fig. 1. Microstructure of as-deposited SiAN/Mo coating. (a) Cross-sectional STEM images
of as-deposited SiAlN/Mo coating on Ti with diffraction pattern of the SiAlN inset; (b)
HAADF image of as-deposited SiAlN coating; (c) HRTEM image of as-deposited SiAlN
coating; the inset in (c) shows the FFT pattern.

Fig. 2. Interface strengthening and oxidation resistance. (a) Scratch test of as-deposited SiAlN coating with Mo interlayer on Ti substrate and annealed coating at 800 °C in air for
0.5 h and 3 h; (b) The cross-sectional SEM images of SiAlN coating with Mo interlayer on Ti substrate after cyclic oxidation at 800 °C for 100 h in air; (c) The cross-sectional SEM
images of SiAlN coating with Mo interlayer on Ti6Al4V substrate after cyclic oxidation at 800 °C for 200 h in air, inset showing the magnified interface.
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cyclic oxidation. This is better than any reported coatings for the protec-
tion of Ti alloy. By comparison, SiO2-Al203-glass, Cr2AlC, TiAlN, MgO-SiO2-
TiO2-glass, TiAl, Al-Si, Cr-Al, TiAlCrY, NiCrCoAl/Al, Al/NiCrAlY, coatings
deposited on pure Ti or Ti alloys were tested in static air or by cyclic
oxidation from 700 °C to 900 °C [10,12,14,15,18,19,21�23,32,51]. All
these coatings demonstrated cracking, spallation or interdiffusion or
weight gain problems. For instance; 13 mm interdiffusion thickness
and cracking for the glass composite coating after cycling to 800 °C for
100 h [12]; microcracks and spallation for the Cr2AlC coating at 800 °C for
200 h [10]; a 33 mm thick oxide thickness for TiAl3 coating at 800 °C
for 100 h [51].

3.3. Microstructure and constituents after thermal exposure

3.3.1. Coating/substrate interface
To examine the interface strengthening of the SiAlN coating

caused by annealing, cross-sections of as-deposited and annealed (at
800 °C for 0.5 h and 3 h in air) coatings have been observed by STEM
in Fig. 4. After annealing at 800 °C for 0.5 h, an 300 nm interdiffusion
layer forms at the interface between the Mo interlayer and Ti sub-
strate, and a thin diffusion layer (50 nm) between the Mo and SiAlN
coating (see Fig. 4b and a). After annealing for 3 h the interdiffusion
zone has thickened to 1150 nm and the as-deposited interlayer has
transformed into a diffusion zone (see Fig. 4c and e). This arises
because the Ti-Mo forms a solid solution allowing the Ti to react with
the adjacent Si3N4 and AlN phases during annealing (more details on
the reaction products below) [43,44,52,53]. Based on the STEM
images and EDS elemental maps, the as-deposited interfaces (Mo/Ti,
Mo/SiAlN) have transformed to diffusion and reaction zones after
annealing at 800 °C.

It can also be observed in Fig. 4c that after annealing there are small
numbers of nano-scale pores (40�80 nm in diameter, Kirkendall effect)
near to the Ti5Si3 intermetallic compounds, distributed in theMo/Ti dif-
fusion zone underlying the Mo rich layer. In order to track the

distribution of intermetallic compounds and pores, a dual-beam
focused ion beam-scanning electron microscopy (FIB-SEM) has been
used to obtain a 3D reconstruction of the Mo/Ti interface and Mo/SiAlN
interface after annealing at 800 °C for 3 h. The Ti5Si3 intermetallic com-
pounds marked as red in Fig. 4d, are non-connected and distributed in
the diffusion zone underlying the Mo rich layer (Supplementary Video
1 and 3). The nano-scale pores, represented yellow in Fig. 4d, are non-
uniformly distributed across the diffusion zone beneath the Mo rich
layer (Supplementary Video 1 and 2). Thus, the interdiffusion and
inter-reaction of Ti/Mo/SiAlN avoids the accumulation of pores and
intermetallic compounds at the coating/substrate interface.

3.3.2. Layered nitride coating
To examine the superior environmental protection and the adaptive

deformation of the coating layers, cross sections of the SiAlN coatings
after cyclic oxidation were milled by FIB and imaged by SEM, which
could provide accurate microstructure details without damaging the
coating surface. The cross section of a SiAlN coating/ Mo interlayer on
Ti after oxidation at 800 °C for 100 h is shown in Fig. 5a. It is evident
that due to interdiffusion and inter-reaction, the original coating/sub-
strate interface has transformed to a complex layered structure. To
view this in finer detail, thin lamellas of the cross-section of the coating
were prepared by FIB using the lift-out technique and then analysed by
STEM, EDS and TKD, as shown in Fig. 5b, c and d. During oxidation at
800 °C for 100 h, the Ti reacts with Si3N4 and AlN (SiAlN consisting of
Si3N4 and a minor amount of AlN), and so there is no excess Si and Al
nor depletion of N. This gives rise to a layered structure comprising
(from top to bottom): a SiAlN layer, a nanoscale TiN0.26 and Ti5Si3
mixed layer, a TiN0.26 layer, a discontinuous Ti5Si3 layer (confirmed by
TKD and below HRTEM), and a Ti-Mo solid solution layer. The reaction
products between Ti and Si3N4 are TiN0.26 (hcp, lattice parameter c/
a = 1.6207) and Ti5Si3 as shown below in equations I and 2, confirmed
by TKD and HRTEM (Fig. 5 and Fig. 8). It has been reported that the solid
solution for TiNX extends to a maximum value of x = 0.2 such that

Fig. 3. Oxidation resistance of SiAlN/Mo coating. Cross-sectional SEM image of coated (top side) and bare (left side) surfaces on (a) Ti substrate after cyclic oxidation at 800 °C for
100 h in air; (b) Ti6Al4V substrate after cyclic oxidation at 800 °C for 200 h in air; some of the oxide scale formed on bare alloy exfoliates. (c) and (d) EDS maps for the image in (b),
the inset in (c) shows the magnified interface EDS mapping.
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TiN0.26 nitride belongs to an hcp structure. The c/a value of TiN0.26 is
higher than that of TiN0.2 as the incorporation of nitrogen atoms caused
a continuous increase in c/a value [54]. Similar phases at the interface
between Ti and Si3N4 have been reported previously [52,55�57]. It is
noteworthy that the TiN0.26 layer between the substrate and SiAlN
coating may serve as a diffusion barrier to mitigate further inter-reac-
tion between Ti and SiAlN, whichmaintains the chemical and structural
compatibility of SiAlN. It can be confirmed that the remnant SiAlN coat-
ing (about 450 nm thick) is still amorphous after oxidation at 800 °C for
100 h as shown in the inset image in Fig. 6a and HRTEM image in
Fig. 6b. During the Ti/Si3N4 reaction, a discontinuous Ti5Si3 region (con-
firmed by Fig. 5c Si element mapping) is formed andmainly distributed
between the TiN0.26 layer and Ti-Mo solid solution layer. Moreover, Si
partly diffuses in the Ti-Mo solid solution and reacts with Ti, which
could explain the distribution of Ti5Si3 compounds in the Ti-Mo solid
solution [57�59]. The reaction between Ti and a trace amount of AlN
forms the TiN0.26 and Ti(Al) solid solution (Fig. 4e Al and Ti elements
distribution), see Eq. (3) [60]. It also can be confirmed that the Al is lean
in the TiN0.26 or Ti5Si3 layer and it distributes into the underlying Ti as a
solid solution after oxidation at 800 °C for 100 h, as shown by EDS in
Fig. 5c and also verified by Super-X-EDS in supplementary Figure s2.
Based on EDS mapping of elemental N in Fig. 5c, it looks like N diffuses
into the underlying Ti substrate (Ti-Mo layer) after oxidation at 800 °C
for 100 h. But compared with the relative counts of N in the SiAlN and
TiN0.26 coating areas, the counts of N are lean in the underlying Ti sub-
strate. This has also been corroborated by Super-X-EDS mapping on N
in supplementary Figure s2.

Tiþ 0:065Si3N4 ¼ 0:195Siþ TiN0:26 DG 1073:15Kð Þ

¼�1:825� 104J=mol ð1Þ

5Tiþ 3Si ¼ Ti5Si3 DG 1073:15Kð Þ ¼�8:16� 105J=mol ð2Þ

Tiþ AlN! Ti1�xAlx

þ TiN0:26DG 1073:15K; X ¼ 0:15; 0:15 max solid solutionð Þ

¼�2:93� 103J=mol ð3Þ

The inter-reaction product, TiN0.26, is mainly distributed beneath the
SiAlN coating while the discontinuous Ti5Si3 is mainly distributed
between the TiN0.26 layer and Ti-Mo solid solution layer. Thus, the as-
deposited SiAlN/Mo coating has developed into a complex layered nitride
coating through a combination of interdiffusion and inter-reaction after
extended high temperature exposure, as shown in Fig. 7.

3.3.3. Mechanical twinning
To understand why this novel coating structure is able to adapt to

the changes that take place during many thermal cycles without
debonding, the microstructure of the coating after cyclic oxidation at
800 °C for 100 h has been characterised in finer detail, as shown in
Fig. 8. A high density of planar defects are observed in the TiN0.26 layer
(Fig. 8a) after cyclic oxidation. We have confirmed that the layer is

Fig. 4. Microstructure and element distribution of scratch tested samples. Cross-sectional STEM images of SiAlN/Mo coating on Ti, (a) as-deposited SiAlN coating; (b) after annealing at
800 °C in air for 0.5 h; (c) after annealing at 800 °C in air for 3 h; (d) A 3D reconstruction of the SiAlN/Mo and Mo/ Ti interface after annealing at 800 °C in air for 3 h (Ti5Si3 is shown in red,
pores in yellow); (e) EDSmappings for the image in (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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TiN0.26 rather than TiAl by EDS (Al is lean in this layer) and HRTEM
analysis (HCP structure instead of cubic TiAl). Analysis based on the
HRTEM images in Fig. 8b-g shows that multiple deformation twins
formed in the TiN0.26, with one set on the scale of several tens of nano-
meters (Fig. 8b), and the other just a few atomic layers (Fig. 8d-g). The
twins can be indexed as {10�11}<10�1�2> twins, based on the FFT
pattern in Fig. 8e. In addition, plenty of stacking faults along {10�11}
planes accompany the second sets of twins, as shown in Fig. 8g.
The formation of deformation twinning and stacking faults in
TiN0.26 suggests that this layer is able to adaptively deform during
the thermal cycles. This enables the TiN0.26 layer to accommodate
the deformation and reduce the stress between the coating layers,
and thereby significantly reduce the susceptibility of the coating
to debonding.

4. Discussion

4.1. Interface strengthening

We have seen that the adhesion of the coating after annealing at
800 °C in air for 0.5 h and 3 h is better than that of the as-deposited
coating. The primary mechanism of adhesion can be simply divided
into two groups: 1) mechanical interlocking, and 2) chemical bonding
[30,61,62]. Very often, one of the mechanisms plays a dominant role.

During annealing or oxidation at 800 °C, atomic interdiffusion between
the Ti substrate and theMo interlayer occurs, resulting in the formation
of a solid solution, as shown in Fig. 4b, c and e. Due to the relatively
high diffusivity of Mo in Ti (2.38 £ 10�14 cm2/sec, at 800 °C) and the
complete solubility betweenMo and Ti [43,44], the Ti-Mo interdiffusion
zone can rapidly form giving an interdiffused layer as thick as 300 nm
after treating at 800 °C for only 0.5 h. The interface reaction products
TiN0.26 and Ti5Si3 intrude around the bottom of the remnant SiAlN coat-
ing, as shown in Fig. 4b, c and Fig. 6. Thus, the as-deposited Mo/Ti and
Mo/SiAlN interfaces represent chemically bonded interfaces. On other
hand, interdiffusion of elements during annealing or thermal treat-
ments can also degrade the adhesion of coatings. This is because inter-
diffusion can potentially result in the formation of brittle phases and
voids at interface, along with thermal expansion mismatches between
the coating and substrate, which promote surface crack initiation and
interfacial decohesion [35�40]. However, in our designed layered
nitride coating system, the pores do not show agglomeration nor does
a continuous brittle intermetallic form at the interface. It is evident
(Fig. 4d) that the small numbers of nano-scale pores induced by the Kir-
kendal effect are mainly non-uniformly distributed inside the Ti-Mo
solid solution, and no continuous Ti5Si3 phases is formed at the inter-
face. Therefore, the chemical bonding via interdiffusion and inter-
reaction confers our coating enhanced adhesion after short annealing
times or hundreds of hour’s cyclic oxidation.

Fig. 5. Microstructure and element distribution for cyclic oxidized samples. (a) Cross-sectional SEM image (tilting 52°) of SiAlN coating with Mo interlayer on Ti after oxidation in air at
800 °C for 100 h; (b) Cross-sectional STEM image of SiAlN/Mo coating on Ti after oxidation in air at 800 °C for 100 h; (c) EDS elemental maps of the region (b); (d) TKD phase map of cross-
sectional SiAlN/Mo coating on Ti after oxidation in air at 800 °C for 100 h (Ti-Mo solid solution layer is shown in green colour, Ti5Si3 is shown in red colour, TiN0.26 is shown in blue colour;
white box area in (a) for TKD analysis). (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of this article.)
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4.2. Adaptive conformability via mechanical twinning

During cyclic thermal oxidation, compressive stresses develop
from thermal mismatch between the SiAlN (Si3N4 = 3.2 mm/(m¢K))
coating and the Ti substrate (8.6 mm/(m¢K)) during cooling [41,57]. In
addition, after extended periods at high temperature, the growth of
the solid reaction layers (TiN0.26, Ti5Si3) between the SiAlN layer
and the Ti substrate results in a volume expansion. Therefore it is
essential to alleviate this stress/strain to maintain the coating system
integrity and avoid cracking and spallation. In our layered nitride
coating system, the deformable TiN0.26 layer helps to overcome this
problem via mechanical twinning and stacking faults (Fig. 8). Such
adaptive deformability during thermal exposure is able to mediate
and release the stress/strain, and thereby effectively reduces the
debonding susceptibility and prolongs the cyclic lifetime during oxi-
dation tests at high temperatures.

4.3. Oxidation protection mechanism

The conformal complex layered nitride coating appears to provide
excellent protection for the Ti and Ti alloy substrate at 800 °C with no
oxide observed by SEM and STEM, no cracks and no spallation, con-
firmed by Figs. 2, 3 and 5. It is well known that the protection mecha-
nism of a metallic substrate by thin coatings against oxidation at high
temperature can be affected by intrinsic oxidation resistance of the
coating, the chemical compatibility of the coating (e.g. no interdiffu-
sion with underneath substrate) and the coating-substrate integrity
(no cracks and no spallation) [26,63]. It has been reported that TmN/
Si3N4 (Tm = Zr, Al, Ti, Cr, Ta) nanocomposite nitride coatings consist-
ing of a stable amorphous Si3N4 phase and the TmN phase exhibit
good high temperature oxidation resistance [26�28,64�66] even up
to 1300 °C (heating rate at 10 °C/min and immediately cooling to RT
upon reaching 1300 °C) when (Tm = Al, Ta, Ti) [26,67]. For the SiAlN

Fig. 6. Microstructure of SiAlN coating after 100 h oxidation. (a) Cross-sectional TEM image of SiAlN coating with Mo interlayer on Ti after oxidation at 800 °C for 100 h, The inset in
(a) shows the diffraction pattern of SiAlN coating; (b) HRTEM image of the red box in (a) (top of the dashed red line indicates the remnant SiAlN coating). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Schematic diagrams of as-deposited and layered nitride coating system. (a) Schematic diagram of as-deposited SiAlN/Mo coating; (b) Schematic diagram of layered coating
system after interdiffusion and interaction (Ti5Si3 is shown in red, pores in yellow, Ti-Mo solution in green, Ti(Al) solution in orange and TiN0.26 in blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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coating, the desired morphology of AlN/Si3N4 should be AlN nanopar-
ticles dispersed in an amorphous Si3N4 matrix. It has been reported
that at Si concentrations larger than 12 at%, the SiAlN coating has the
desired nanocomposite structure [67]. In our case the SiAlN (AlN/
Si3N4 with a Si content at 40 at%) top layer belongs to the family of
TmN/Si3N4 (Tm = Zr, Al, Ti, Cr,Ta) nanocomposite nitrides. During
hundreds of hours of high temperature exposure, one would nor-
mally expect interdiffusion between SiAlN and the substrate, which
could change the chemical composition and degrade the structure of
SiAlN and degrade the oxidation resistance of the coating. Indeed,
Musil [26] has reported that the diffusion of elements from the
underlying substrate to the coating can stimulate the crystallization
of amorphous nitride coatings, and thereby decrease the
oxidation resistance during thermal exposure. To maintain the chem-
ical compatibility of coating, the interdiffusion should be avoided or
mitigated. In our case this is achieved by inserting an interlayer of
Mo, since Mo is known to be able to reduce the activity of Ti and also
slow down the interfacial reaction [68,69]. Even if the reaction
between Ti and SiAlN occurs, the reaction products, TiN0.26, are
mainly distributed between the substrate and SiAlN coating and are
capable of serving as a diffusion barrier to mitigate further inter-
reaction between Ti and SiAlN, which maintains the chemical and
structural compatibility of SiAlN. It is confirmed that no diffusion
from the underlying Ti into the SiAlN coating happens and the rem-
nant SiAlN coating (about 450 nm thick) is still amorphous after oxi-
dation at 800 °C for 100 h, as shown in Fig. 5c and Fig. 6, respectively.
This explains why our coating displays good thermal stability with
no oxide scale formed on the coating even after hundreds of hours at
800 °C in air (as confirmed by Fig. 2b, c, Fig. 3 and Fig. 5). The integrity
of the coating-substrate system also benefits from mechanical twin-
ning in the TiN0.26 interlayer which mediates and releases the stress
of coatings, and thereby greatly reduces the debonding susceptibility.
Thus, the layered nitride coating system is effective because it

develops an enhanced bonding interlayer by interdiffusion, a transi-
tion layer with adaptive deformability and controllable interdiffusion,
while the SiAlN layer provides oxidation resistance at the free sur-
face. Overall, this appears to deliver excellent protection for Ti and its
alloys for up to 200 h at 800 °C.

5. Conclusion

In conclusion, we have designed a bilayer nitride coating for Ti
and its alloys produced by magnetron sputtering a SiAlN coating
with a Mo interlayer. We have taken advantage of interdiffusion
and inter-reaction at the interface during cyclic oxidation at 800 °C
to form a complex layered nitride coating system comprising: a
SiAlN top layer, a TiN0.26 and Ti5Si3 mixed phase interlayer, and a
Ti-Mo solid solution. Importantly, the layered nitride coating sys-
tem shows enhanced adhesion after thermal exposure due to the
interdiffusion and it can adaptively conform such that upon exten-
sive thermal cycling (up to 200 h, 40 cycles in air at 800 °C) no visi-
ble cracking or spallation occurs nor is a visible oxide scale formed.
The novel TiN0.26 interlayer exhibits adaptive conformability via
mechanical twinning, thereby accommodating the thermal mis-
match strain between the coating and substrate. More broadly, the
SiAlN coating with Mo interlayer could also be exploited for other
candidate Ti-alloys and even gamma TiAl intermetallic alloys.
Moreover, due to the scalability and relative low-cost of the mag-
netron sputtering technology, this coating system has potential for
large-scale industrial production. Candidate applications include
coatings in the hot section components in gas turbines (e.g.
mitigating titanium fire), defence and automobile industries. The
innovative interface strengthening design via interdiffusion and
inter-reaction also can be potentially applied in the coatings in the
medical implants fields.

Fig. 8. Microstructure of TiN0.26 phase in the layered coating system after cyclic oxidation at 800 °C for 100 h. (a) An overview TEM image of several TiN0.26 grains; (b) A HRTEM
image with the incident electron beam along [1-210] zone axis from the framed region in (a) with an inset showing the corresponding Fast Fourier Transform (FFT), and twin bound-
ary (TB) is marked; (c) A HRTEM image with the incident beam along [1-213] zone axis; (d) A magnified image from (c) showing the TiN0.26 lattice along [1-213] zone axis; (e) The
FFT pattern of the image (d) and its corresponding indices (f) showing the existence of twin; (g) An enlarged HRTEM image from (d) with stacking fault (SF) and TB indicated by
blue and red arrows, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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