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Abstract 

Amorphous 0.9 µm thick SiAlN coatings with an Mo interlayer have been deposited on pure Ti, Ti6Al4V, 

and Timetal 834 alloy substrates by magnetron sputtering.  After 50 h of exposure at 800°C for 10 

thermal cycles in air, the SiAlN coatings on pure Ti form a thin oxide scale, whereas the SiAlN coatings 

on Ti6Al4V are close to being depleted, and a 0.6 µm thick remnant SiAlN coating without any signs of 

oxidation was observed on Timetal 834. The depletion of the SiAlN coatings induced by interfacial 

reaction with different substrates determines the degradation rate of the SiAlN coating, which can be 

retarded by Al and Sn in the Timetal 834 alloy.  
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1. Introduction 

Ti alloys are widely applied in gas turbine aeroengines and hybrid-electric airplanes due to their low 

density and high specific strength [1-5]. In fuel-efficient innovations for aeroengines or hybrid-electric 

airplanes, Ti alloys have found applications in components exposed to relatively high temperature and 

chemically aggressive demanding environments, e.g. as a fan blade (Ti6Al4V), compressor (Ti6242 or 

Timetal 834),  or turbine blade (low pressure, TiAl alloys) [6-8]. However, Ti alloys have inadequate 

oxidation resistance at high temperatures, which restricts their applications for fuel-efficient 

innovations [4, 9]. Therefore, the application of Ti alloys relies on coatings technologies allowing for 

improved oxidation resistance of the alloys in such harsh environments [4]. Thermally stable and 

amorphous SiAlN (Si3N4/AlN, Si3N4 is a matrix) coatings with a Mo interlayer on Ti substrates have 

displayed excellent oxidation resistance in an air environment at high temperatures in our 
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previous work [10]. The SiAlN coating exhibited good thermal stability at high temperature as the 

outermost protective layer in this coating design, and the Mo interlayer provided good interfacial 

performance due to its diffusion into the underlying Ti substrate. However, the one-micrometer thick 

SiAlN layer is continuously consumed by the underlying Ti upon thermal exposure due to chemical 

incompatibility.  Increasing the thickness of the as-deposited SiAlN layer seems to be the most obvious 

solution to this, but, the inherently slow deposition rate of SiAlN (e.g. ~ 1 µm per two hours) by 

magnetron sputtering, in comparison with the thermal spray technique, and the fact that relatively 

thick coatings often cause high residual stresses within the coating, restricts the maximum practical 

thickness of the SiAlN coating in this design [11, 12]. Therefore, the desirable approach would be to 

mitigate the interfacial reaction between Ti and SiAlN, and thereby the depletion of SiAlN, by 

introducing non-reactive alloying elements in Ti substrate.  

In this study, we have deposited a series of identical 0.9 µm thick SiAlN coatings with a Mo interlayer 

on pure Ti, Ti6Al4V, and Timetal 834 alloys substrates by magnetron sputtering.   After identical 

thermal exposure, the SiAlN coatings on the different substrates degrade at different speeds due to 

different interfacial reactions. And the effects of the alloying elements, Al and V in Ti6Al4V, Al, Sn, Zr, 

and Nb in Timetal 834 on the interfacial reactions have been examined.  

2. Experiments and methods 

The SiAlN coatings with Mo interlayers were deposited on one side of pure Ti, Ti6Al4V (wt %) alloy, 

and Timetal 834 (Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si-0.06C, wt %) alloy substrates using a UDP 350 

magnetron sputtering system (Teer Coatings Ltd), equipped with 3 off 300mm x 100mm unbalanced 

magnetrons vertically installed through the chamber walls.  Before deposition, the Ti and Ti alloy 

substrates were ground, polished, and ultrasonically cleaned. The polished plates were then mounted 

on a centrally rotating unheated substrate holder inside the sputtering chamber. The substrates were 

sputter cleaned at a DC bias of -600 V for 15 minutes. After cleaning, the Mo deposition was carried 

out in an Ar only environment with  the Mo target powered by a pulsed DC power supply at a power 

of 500 W and 100 kHz pulse frequency, 50% duty. Following that, the deposition of SiAlN was carried 

out in an Ar and N2 atmosphere, and the Si and Al targets were powered at 700 W and 300 W, 

respectively. During all deposition stages , a bias of -30 V was applied to the substrate holder and the 

substrate holder was rotated at a speed of 5 rpm, full details were reported in our previous work [10].    

The SiAlN/Mo coated Ti, Ti6Al4V, and Timetal 834 coupons were tested by thermal cycling at 800°C 

for 5 h in air in a CMTM furnace with a heating rate of 100°C / minute and followed by forced air cooling 

for 10 minutes (sample stage out of the heating zone), then returned for the next cycle. The cross-



 

sectional observation of the thermal cycled SiAlN/Mo coated Ti or Ti alloys was carried out by scanning 

electron microscopy (SEM). To investigate the microstructure and composition of the as-deposited 

and thermal cycled samples, thin lamellae were prepared by FIB via a lift-out technique and then 

studied by transmission electron microscopy (TEM, FEI, Talos F200) fitted with a Super - X- EDS system. 

3. Results and Discussion 

Fig.1 a shows a cross-sectional SEM micrograph of the as-deposited SiAlN (~930 nm thick) coating with 

a Mo interlayer on a pure Ti substrate. The SiAlN coating shows a smooth, dense, and homogeneous 

microstructure without any signs of defects, as shown in Fig.1 b – b2. The Mo interlayer provides good 

adhesion between the nitride coating and the substrate. Identical SiAlN coatings with Mo interlayers 

were also deposited on Ti6Al4V and Timetal 834 alloys. The SiAlN coatings were amorphous and 

consisted of amorphous Si3N4 and AlN phases, where amorphous AlN phases are dispersed in the Si3N4 

matrix, as reported in our previous work [10].  

 

Fig. 1 Cross-sectional microstructural and compositional analysis of as-deposited SiAlN/Mo coating 

on Ti. (a) SEM micrograph, (b), (b1) and (b2) STEM micrograph and corresponding EDS maps. 

The identical SiAlN/Mo coatings deposited on Ti, Ti6Al4V, and Timetal 834 substrates were also 

thermally cycled at 800°C in air to compare the effects of different substrate materials on the coatings’ 

degradation. Figs. 2 a, b and c show cross-sectional SEM images of SiAlN/Mo coatings on Ti, Ti6Al4V, 

and Timetal 834 alloys, respectively, after oxidation at 800°C in air for 20 h (4 cycles). All the coated 

samples provide good oxidation protection in comparison with bare Ti or its alloys. However, the SiAlN 

coatings on different substrates degrade at different rates. SiAlN coating on Ti has been fully depleted 

and a thin oxide scale (~ 0.9 µm thick) has formed on top, while a ~ 250 nm thick leftover SiAlN layer 

was observed on Ti6Al4V and a ~ 850 nm thick remnant SiAlN layer was observed on Timetal 834, as 
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shown in Fig. 2. Extending the thermal cycling duration from 20 h to 50 h (10 cycles), showed that the 

oxide scale on the SiAlN/Mo coated pure Ti thickens to ~5.0 µm, the SiAlN coating on Ti6Al4V is close 

to depletion, while the SiAlN coating on Timetal 834 remains considerably thicker (~0.6 µm), as shown 

in Fig.3 a to c and a1 to c1, respectively.  It is evident that different Ti-based substrates have a 

significant impact on the degradation of the SiAlN coatings. Noticeably, interdiffusion and the 

interfacial reaction between SiAlN/Mo and the underlying Ti or Ti alloys have been observed in Fig. 2 

and 3, and such interfacial diffusion/reaction is the key element to determinate the degradation rate 

of SiAlN coatings.  

 

Fig. 2 Cross-sectional SEM images of SiAlN/Mo coating on different Ti alloys after oxidation at 800°C 

in the air for 20 h (4 cycles). (a) Pure Ti, (b) Ti6Al4V alloy, (c) Timetal 834.   
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Fig.3 Cross-sectional SEM image of SiAlN/Mo coating on different Ti alloys after oxidation at 800°C in 

air for 50 h (10 cycles). (a) and (a1) Pure Ti, (b)  and (b1) Ti6Al4V alloy, (c) and (c1) Timetal 834; a1 to 

c1 showing relative low magnification. 

In order to examine the interfacial diffusion and reaction in finer detail, thin lamellae of cross-sections 

of the SiAlN/Mo coated Ti6Al4V and Timetal 834 alloys after oxidation at 800°C for 20 h (4 cycles) were 

prepared by FIB and studied by TEM. Fig.4 shows the cross-sectional micrographs and EDS maps of 

the Ti6Al4V coated alloy after oxidation at 800°C for 20 h (4 cycles). No obvious oxide scale forms on 

the remnant SiAlN coating and the coating has been depleted to  ~ 250 nm thick, confirmed by the 

HAADF micrograph and EDS maps in Fig.4 a and b. During thermal exposure, the Ti-Mo interdiffusion 

zone can form rapidly due to the relatively high diffusivity of Mo in Ti (2.38 × 10-14 cm2/sec, at 800°C) 

and the complete solubility between Mo and Ti [13, 14]. Simultaneously, Ti from the Ti-Mo zone or 

the Ti6Al4V (wt %) alloy can react with Si3N4 and AlN (matrix Si3N4 with minor amounts of AlN phase, 

below mainly consider Si3N4), mainly forming TiN0.26 and Ti5Si3, as shown in equation 1 below, also 

marked in Fig.4 a and well reported in our previous work [10]. The 4 wt% (3.6 at%) V can also react 

with Si3N4, based on the Gibbs reaction energy calculated by Thermocalc, as shown in equation 2.   Also, 

the 6 wt% (10.19 at%) Al in the Ti6Al4V alloy had been reported to react with Si3N4 and the reaction 

products are AlN and Si, as described in equation 3 [15, 16]. However, both AlN and Si can further 

react with Ti forming TiN0.26 and Ti(Al) (Al is distributed in the underlying Ti as a solid solution) [10], 

and Ti5Si3, as shown in equations 4 and 5, respectively. Noticeably, there is an Al rich layer underneath 

the interfacial reaction zone (Fig.4 a and b, Al map) and thereby it can be expected that the Al has a 

retarding effect on the interfacial reaction between SiAlN and the underlying substrate.  

For the Timetal 834 case, no obvious oxide scale forms on the remnant SiAlN coating after 20 h (4 

cycles) oxidation, and the remaining SiAlN coating is ~ 850 nm thick, confirmed in Fig.5.  The SiAlN 

coating on Timetal 834 depletes more slowly than that on Ti6Al4V after an identical thermal exposure. 

The Ti and 5.8 wt% (10.26 at%) Al in Timetal 834 can react with Si3N4 (SiAlN), as discussed above and 

described in equations 1, 3, 4 and 5. Also, the alloying elements of 3.5 wt% (1.83 at%)  Zr [17] and  0.7 

wt% (0.35 at%) Nb in Timetal 834 can react with Si3N4, as shown in equations 6 and 7, respectively. 

Noticeably, the 4 wt% (1.6 at%) Sn cannot react with Si3N4 due to the lack of proper corresponding 

reaction products [18, 19]. Sn has also been observed to form a Sn rich layer underneath the interfacial 

reaction zone, as shown in Fig. 6. Thus, it can be expected that Sn has a sluggish effect on the interfacial 

reaction between SiAlN and the underlying Timetal 834 substrate. 

Thermodynamically, with the exception of Sn, the elements present in Ti or Ti alloys, i.e., Ti, Al, V, Zr, 

and Nb, can react with the Si3N4 from the SiAlN coating, continuously causing the interfacial depletion 



 

of the remnant SiAlN. And the outermost surface of the remnant SiAlN coating will not oxidise until it 

is fully consumed, due to its high activation energy and extremely low parabolic rate constant of 

oxidation[10] [17].  All the potential reactions between alloying elements and SiAlN have been 

calculated by Thermocalc (in this work only a list of some of the reaction equations is provided), and 

it is difficult to investigate each reaction rate considering the complexity of such a large number of 

reactions. Among the interfacial reactions, the reaction products between Al and Si3N4 can further 

react with the abundant Ti, described in equations 3, 4, and 5, and thereby the most thermodynamic 

favourable reaction are reactions 4 and 5. It can be expected that the Al from Ti6Al4V or Timetal 834 

would have a relatively slower reaction rate with Si3N4 than that of Ti from the Ti alloys. Moreover, 

the activities of Ti in pure Ti, Ti6Al4V and Timetal 834 alloys were calculated, and Timetal 834 has the 

lowest value, followed by Ti6Al4V and pure Ti, as shown in Fig.6. Thus, the SiAlN/Mo coating on pure 

Ti has a relatively fast interfacial reaction rate, compared to that on Ti6Al4V, causing the complete 

depletion of the SiAlN coating and resulting in the formation of oxide scale. The non-reactive 4 wt% 

(1.6 at%) Sn along with sluggish 5.8 wt% (10.26 at%) Al in Timetal 834 alloy and the lowest Ti activity 

enable Timetal 834 alloy to have the slowest interfacial reaction between SiAlN and theunderlying 

substrates among pure Ti, Ti6Al4V, and Timetal 834 alloys.  

20.38𝑇𝑇𝑇𝑇 + 𝑆𝑆𝑇𝑇3𝑁𝑁4 = 𝑇𝑇𝑇𝑇5𝑆𝑆𝑇𝑇3 + 15.38𝑇𝑇𝑇𝑇𝑁𝑁0.26 ΔG(1073.15K) = -1.09x106J/mol (1) 

5𝑉𝑉 + 𝑆𝑆𝑇𝑇3𝑁𝑁4 = 𝑉𝑉5𝑆𝑆𝑇𝑇3 + 2𝑁𝑁2 ΔG(1073.15K) = -6.21x104 J/mol  (2) 

4𝐴𝐴𝐴𝐴 + 𝑆𝑆𝑇𝑇3𝑁𝑁4 = 4𝐴𝐴𝐴𝐴𝑁𝑁 + 3 𝑆𝑆𝑇𝑇 ΔG(1073.15K) = -3.92x105 J/mol  (3) 

𝑇𝑇𝑇𝑇 + 𝐴𝐴𝐴𝐴𝑁𝑁 ⟶ 𝑇𝑇𝑇𝑇1−𝑥𝑥𝐴𝐴𝐴𝐴𝑥𝑥 + 𝑇𝑇𝑇𝑇𝑁𝑁0.26          ΔG(1073.15K,X=0.15, 0.15 max solid solution) = -2.93x103J/mol   (4) 

5𝑇𝑇𝑇𝑇 + 3𝑆𝑆𝑇𝑇 = 𝑇𝑇𝑇𝑇5𝑆𝑆𝑇𝑇3  ΔG(1073.15K) = -8.16x105J/mol  (5) 

6𝑍𝑍𝑍𝑍 + 𝑆𝑆𝑇𝑇3𝑁𝑁4 = 3𝑍𝑍𝑍𝑍2𝑆𝑆𝑇𝑇 + 2𝑁𝑁2                                                       ΔG(1073.15K) = - 2.09x105 J/mol                   (6) 

5𝑁𝑁𝑁𝑁 + 𝑆𝑆𝑇𝑇3𝑁𝑁4 = 𝑁𝑁𝑁𝑁5𝑆𝑆𝑇𝑇3  + 2𝑁𝑁2                                                    ΔG(1073.15K) = - 1.03x105 J/mol                   (7) 



 

 

  

Fig.4 Cross-sectional micrographs and EDS maps of SiAlN/Mo coating on Ti6Al4V alloy after oxidation 

at 800°C for 20 h (4 cycles). (a) and (b) HAADF micrography and corresponding EDS maps; (c) HRTEM 

image, acquired from the rectangle box in (a), the corresponding FFT showing the amorphous status 

of the remnant SiAlN coating.  
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Fig. 5 Cross-sectional HAADF micrograph and EDS maps of SiAlN/Mo coating on Timetal 834 alloy 

after oxidation at 800°C for 20 h (4 cycles). 
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Fig.6 Cross-sectional HAADF micrograph and compositional analysis of SiAlN/Mo coating on Timetal 

834 alloy after oxidation at 800°C for 20 h (4 cycles). (a), (b) and (c) HAADF micrograph and 
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corresponding EDS maps of Sn and Al; (d) EDS line analysis of Sn and Al, acquired from the line in (a). 

 

Fig.7 Activity of Ti in Ti6Al4V and Timetal 834 as function of temperature; Ti in pure Ti regarding as 1. 

4. Conclusion  

In conclusion, amorphous 0.9 µm thick SiAlN coatings with Mo interlayers have been deposited on 

pure Ti, Ti6Al4V, and Timetal 834 alloys by magnetron sputtering. The coated Ti or Ti alloys were 

exposed at 800°C for up to 10 thermal cycles in air. After 50 h (10 cycles), the depleted SiAlN coating 

on Ti forms a ~5.0 µm thick oxide scale, and the SiAlN coating on Ti6Al4V is close to being depleted, 

while a 0.6 µm thick remnant SiAlN coating without any oxidation has been observed on Timetal 834. 

The interfacial reactions between SiAlN coatings and different substrates cause the depletion of the 

SiAlN coating, thereby determining the degradation rate of the SiAlN coating, which can be retarded 

by the presence of Al and Sn in Ti alloys.  
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