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The environmental response of Nb-coated Ti and Ti-6AI-4V alloy was studied at 750 ~ in an 
atmosphere of pS2 ~ 10 -1 Pa and pO2 ~ 10 -18 Pa. By acting as a diffusion barrier and 
through the formation of a Nbl_xS scale the Nb coating deposited enhanced the corrosion 
resistance of both Ti and Ti-6AI-4V alloy. The corrosion products generated on uncoated 
titanium in the same environment and temperature were characterized by a double layered 
oxide scale of TiO2 beneath which a TiS2 layer was formed. For the Ti-6AI-4V alloy, cz-AI203 
was precipitated in the external portion of the outer-layer of TiO2 whilst a layer containing 
AI2S3, TiS2 and vanadium sulphide (possibly V2S3) was idenitified underlying the inner TiO2 
layer. After prolonged exposure (168 h), the Nb coating deposited on Ti and Ti-6AI-4V alloy 
was consumed. A scale following the sequence of TiO2/TiO2 + NbO2+ Nb2Os/Nbl_xS/TiO2/ 
TiS2/(substrate) was observed on the surface of the Nb-coated Ti, whilst a scale with 
sequence of TiO2/V2S3/TiO2 + NbO2 + N b2Os/N bl -xS/TiO2/AI2S3 + TiS2/(substrate) 
characterized the corrosion products formed on the Nb-coated Ti-6AI-4V alloy. 

1. Introduction 
Ti and Ti-alloys are widely used in the aero-industries 
and in demanding high temperature applications. 
However, the environmental degradation of Ti and 
Ti-alloys at elevated temperatures poses a major tech- 
nological problem threatening to limit the exploita- 
tion of these materials [1-33. Ti is potentially a highly 
reactive metal capable of forming thermodynamically 

stable oxides, nitrides, carbides and sulphides when 
exposed to oxygen, air, carbonaceous and sulphur- 
containing gases. Of particular significance is its abil- 
ity also to dissolve large quantities of gaseous species, 
a process accompanied by severe embrittlement. More 
recently, Du and Datta et al. [4, 5] investigated the 
high temperature corrosion behaviour of Ti and 
Ti-6A1-4V alloys at 750~ in air, H2/H20 and 
H2/H20/H2S environments and recorded rapid 
degradation rates and complex scaling patterns. 

Much research has been devoted to developing oxi- 
dation resistant Ti alloys. Additions of Cr, e.g. at 5 or 
10 wt% level have been observed to increase the ob- 
served weight gains, although interestingly both these 
alloys exhibited reduced scale thickness, the overall 
increase in weight being associated with greater 
amounts of dissolved oxygen [6]. Such an effect is 
related to the microstructure of the Ti-Cr alloys, Cr 
being a IS-stabilizing element [7]. However, it has been 
reported that at high Cr concentrations ( > 10 wt%), 

Cr has a beneficial effect on the oxidation resistance of 
titanium, particularly at low temperatures [8]. It is 
well established that additions of AI to conventional 
Fe, Ni and Co-based alloys produce a stable and 
protective ~-A12Oa scale. However, in Ti-A1 alloys, Ti 
and A1 form oxides of very similar stability [9, 10], but 
only AI forms a slowly growing oxide (A1203), whilst 
all Ti oxides have relatively high growth rates [11]. As 
a result, even TiA1 with ~ 50 at% A1 does not form 
a protective A1203 scale [12]. Datta [13] pointed out 
that although the new high temperature titanium 
alloys - IMI829 and IMI834 - have been developed 
with temperature capabilities up to 650 ~ they lack 
the microstructural and thermal stability required to 
withstand exposure at this temperature for long dura- 
tions. There is, therefore, a need to address the ques- 
tion of how to protect such alloys against environ- 
mental degradation at elevated temperatures and in 
complex environments. 

A significant amount of work has been carried out 
at Newcastle [14-18] and other laboratories [19-24] 
towards developing alloys/coatings capable of resist- 
ing high temperature degradation in sulphur/oxygen 
environments. It has been found that several Group 
IV-VI metals (i.e. V, Nb, Ta, Me and W) which form 
sulphides with high melting points, implying low ionic 
diffusion rates, suffer low or very low rates of de- 
gradation in H2/H20/H2S atmospheres at elevated 
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temperature. Particularly, the sulphidation rate of Nb 
is similar to the oxidation rate of Cr (Kp ~ 10 -~3 
gZ c m - 4 s -  1) [16]. Also, some progress has been made 
by the Newcastle Research Group in understanding 
the scaling behaviour of CoCrA1YX-type alloys, 
where X is V, Nb, Mo and W at 5-10 wt % levels, 
after isothermal exposure at 750~ to a predomi- 
nantly sulphidizing environment (pS2 "-~ 10-~ Pa and 
p O  2 ~ 10-18 Pa) for exposure periods of up to 240 h. 
Here analysis of the kinetic data and morphological 
features indicated that such alloys had superior sul- 
phidation resistance relative to that of the CoCrA1Y- 
based alloy without "X" additions [17, 18]. 

In the present research programme, the effects of 
a Nb coating laid down by physical vapour deposition 
(PVD) on the sulphidation/oxidation behaviour of Ti 
and Ti-6A1-4V alloy were studied at 750~ in an 
atmosphere of H2/HzO/HzS (pS2 "~ 10 -1 Pa and 
pO2 ~ 10-1 s Pa). 

2. Experimental procedure 
The commercial substrate materials Ti and 
Ti-6A1-4V (IMI Titanium 318) were supplied in rod 
form. The specimens were machined from rods into 
coupons having sizes of 12.5mm diameter with 
1.5 mm thickness. A 1-mm diameter hole was drilled 
near the edge of the samples to "facilitate easy suspen- 
sion. Prior to coating deposition all coupons were 
polished using SiC paper up to t200 grit followed by 
ultrasonic cleaning and degreasing in acetone for 
30 rain. The required Nb coating was deposited in 
a PVD arc evaporation unit (Multi-Arc), where a vac- 
uum arc was employed for the generation of both the 
coating flux and ionization necessary for the depos- 
ition [25, 26]. The deposition parameters for Nb coat- 
ing on Ti and Ti-6AI-4V alloy are given in Table I. 
Following deposition the Nb-coated and uncoated 
specimens were ultrasonically cleaned again in 
acetone for 30 min in order to remove any dirt and 
grease caused during the handling process. 

The sulphidation/oxidation kinetics of the Nb- 
coated and uncoated Ti and Ti-6AI-:4V alloy speci- 
mens were recorded by using a discontinuous 
gravimetric method after exposure to a pre-mixed 
H2/H20/H2S gas mixture which was designed to yield 
an atmosphere of ( p S  2 ~ 10 -1 Pa and pO2 "-~ 10-!  s 
Pa) at the reaction temperature 750 ~ Details of the 
experimental rig have been already reported [t8, 
27-29]. The corrosion products generated on both 
Nb-coated and uncoated specimens were character- 
ized by scanning electron microscopy (SEM), energy 
dispersive X-ray analysis (EDX) and X-ray diffraction 
(XRD). EDX quantitative analysis was performed at 
an accelerating voltage (20 kV) using a spot size of 

100 nm. The results were quantified using a ZAF FL8 
routine and oxygen results were determined by differ- 
ence. The presence of various phases in the multi- 
layered scales developed on both coated and uncoated 
Ti and Ti-6AI-4Y alloy after various exposures was 
identified by XRD analysis following sequential re- 
moval of layers using a series of polishing operations 
starting from the surface. 

3. Experimental results 
3.1 .  C o r r o s i o n  k i n e t i c s  
Weight gain data plotted against exposure time are 
given in Fig. 1 for the exposed Nb-coated and un- 
coated titanium and Ti-6AI-4V alloy after sulphida- 
tion/oxidation at 750 ~ for up to 240 h. It is apparent 
that the sulphidation/oxidation of Ti followed a linear 
rate law with a linear rate constant of 5.7 x 10 -8 
gcm -2 s-  1, whilst that of Ti-6A1-4V alloy obeyed 
a quasi-parabolic kinetic (the reaction index ~ 1.5) 
with the corrosion rate decreasing with lengthening 
exposure time. Parabolic kinetics were observed for 
the Nb-coated Ti up to 72h exposure with 
K p ~ 3 . 4 x 1 0 - 1 1 g 2 c m - 4 s  -1 and subsequently its 
behaviour slightly deviated from the parabolic pat- 
tern, which reflected a reduced protectiveness of the 
Nb coating. The enhancement of sulphidation/oxida- 
tion resistance of Ti-6A1-4V alloy by the use of Nb 
coating was significant th roughout  the whole expo- 
sure period (240 h) and a parabolic rate constant of 
Kp ,-~ 2.4 x 10 -11 g 2 c m - 4 s - t  was calculated. 

From the foregoing kinetics data, it can be con- 
cluded that the Nb coating used greatly increased 
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Figure 1 Weight gains against exposure time for Nb-coated and 
uncoated Ti and Ti-6A1-4V alloy exposed in an Hz/H20/H2S 
(pSz ~ 10 1 Pa and pOe ~ 10-t8 Pa) environment at 750 ~ (~) 
Ti; ( + )Ti-6At-4V; (11) Ti + Nb; ( x )Ti-6AI--4V + Nb. 

TABLE I Deposition parameters for Nb coating on Ti and Ti-6A1-4V alloy 

Cathode Voltage No. of Amp Amphour Ar gas Coating 
material (V) evaporators (A) (A h) pressure thickness 

(Pa) (gin) 

Nb 50 2 50 75 2 6 

2641 



the sulphidation/oxidation resistance of Ti and 
Ti-6A1 4V alloy in such an aggressive atmosphere. 

3.2. Corrosion products 
3.2, 1. Uncoated 77 and Ti-6AI-4V alloy 
After Ti and Ti-6A1-4V alloy were exposed to the test 
environment (pS2 ~ 10 t Pa and pO2 ~ 10-18 Pa) at 
750 ~ the corrosion products formed consisted basi- 
cally of three subscale layers which are illustrated in 
Figs 2 and 3 respectively. For Ti, both the outer-layer 
and the mid-layer comprised TiO2 (rutile) which was 
confirmed by XRD and no compositional nor struc- 
tural differences were distinguishable between these 
two subscale layers. It is believed that the outer-layer 
was formed by the outward diffusion of titanium 
whilst the mid-layer was produced by the inward 
diffusion of oxygen. An inner-layer of TiS2 was found 
to exist beneath the rutile scale. Also, a copious 
amount of titanium hydride in acicular pattern, identi- 
fied as TiHz by XRD, was observed in the substrate, 
as shown by the micrograph in Fig. 2. Obviously, 
when Ti was exposed to the hydrogen-dominant 
H2/H20/H2S environment at the test temperature, 
hydrogen became readily soluble in the substrate and 
precipitated as a needle-like hydride. 

In the case of Ti-6A1-4V alloy, A1 enrichment was 
evident in the external portion of the outer-layer, i.e. 
a mixture of A1203 and TiO2 was generated. How- 
ever, a pure TiO2 layer formed beneath this mixed 
layer. A mixture of sulphides of A1, Ti and V was 
recognized between the oxide scale and substrate 

here A12S3 and TiS2 were identified. Significantly, 
vanadium oxide was found at the interface between 
the outer and inner TiO2 layers. Clearly, some 
vanadium which had diffused outward gathered at 

Figure 3 Electron image and Digimaps showing typical mor- 
phological and compositionai profiles through the scale on 
Ti 6A1-4V alloy after 72h exposure in an H2/HeO/H2S 
(pS2 ~ 10-~ Pa and pO 2 ~ 10- i s  Pa) environment at 750 ~ 

this interface (Fig. 3). However it was difficult to ident- 
ify the presence of vanadium sulphide by XRD, owing 
perhaps to the small volume fraction present. No 
titanium hydride in the substrate was evident in this 
alloy even after 240 h exposure. 

Figure 2 Electron image and Digimaps showing typical mor- 
phological and compositional profiles through the scale on Ti after 
72h exposure in an H2/H20/H2S (pS2 ~ 10-1 Pa and 
pO;  ~ 10-18 Pa) environment at 750~ 
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3.2,2. Nb-coated Ti and Ti-6AI-4V ahoy 
The Nb coating deposited modified the corrosion 
mechanism controlling the process of sulphida- 
tion/oxidation of Ti and Ti-6A1-4V alloy in the envi- 
ronment (pS2 ~ 10 -1 Pa and pOe ~ 10 -18 Pa) at 
750 ~ Fig. 4 shows line scanning compositional pro- 
files through the scale formed on the Nb coated Ti 
after 5 h sulphidation/oxidation. It was found by XRD 
analysis (not shown here) that Nbl-xS scale was 
formed on the top of Nb coating and then Ti diffused 
outward and produced TiOz on the Nbl-xS scale. 
From Fig. 5 it can be noted that the TiO2 layer did not 
completely cover the previously formed Nbl -xS scale. 
XRD analysis indicated that a large amount of Nb 
coating was still present on the substrate. Fig. 4 fur- 
ther indicates that sulphur species diffused through 
the Nb coating and reacted with Ti to form TiS2. The 
presence of TiS2 was also confirmed by XRD. 

Fig. 6 shows a scanning electron micrograph of the 
Nb coated Ti after 240 h sulphidation/oxidation. The 



Figure 6 Scanning electron micrograph showing typical cross-sec- 
tioned scale on Nb-coated Ti after 240h exposure in an 
H2/H20/H2S (pS2 ~ 10 1Pa and pO2 ~ 10 -18 Pa) environment 
at 750 ~ 

Figure 4 Electron morphological image and compositional profiles 
through the scale on Nb-coated Ti after 5 h exposure in an 
Hz/HzO/H2S (pS2 ~ 10 -1 Pa and pO2 ~ 10 -18 Pa) environment 
at 750 ~ 

Figure 5 Scanning electron micrograph showing typical surface 
morphology of Nb-coated Ti after 5 h exposure in an H2/HaO/H2S 
(pS2 ~ 10 -1 Pa and pO2 ~ 10 -18 Pa) enviroment at 750~ 

quantitative EDX results at different locations 
(marked A, B, C, D, E and F in Fig. 6) through the 
scale are listed in Table II. Error values quoted in 
Table II are the standard deviation of the analysis of 
individual elements. The XRD profiles for the Nb- 

coated Ti after 168 h exposure are depicted in Fig. 7. 
Trace 1 represents the surface of XRD without any 
polishing whilst trace 2 reveals the XRD results ob- 
tained after a series of polishing which removed most 
of the outer TiO2 layer. The corresponding phases 
identified are given in Table III. Combining the EDX 
(Fig. 6) and XRD (Fig. 7) results it caia be said that in 
the outermost area (point A), a TiO2 layer was formed 
beneath which (point B) a mixture of TiO2 and 
NbO2 + Nb2Os developed. At the interface of the 
outer TiO2 layer and TiOz + NbO2 + Nb205 mixed 
layer, some voids are observed which occurred at the 
TiO2 side. At point C, a layer of mainly Nbl-xS (also 
containing some TiO2) developed. The innermost 
layer (Point E) consisted mainly of TiS2 with a small 
amount of TiO2. Interestingly a TiO2 layer was also 
formed between the Nbl _xS and TiS2 layer (Point D). 
At Point F, 99%Ti was recorded. 

A more complicated picture was revealed for the 
Nb-coated Ti-6A1-4V alloy with respect to Nb- 
coated Ti. Fig. 8 contains a SEM micrograph and the 
Digimaps typical of the Nb-coated Ti-6AI-4V alloy 
after 240 h exposure. The XRD patterns for the 168 h 
exposed sample are also illustrated in Fig. 9 in which 
traces 1 and 2 represent XRD results without and with 
polishing respectively. Like the Nb-coated Ti, the 
outermost layer comprised TiO2 underlying which 
a TiO2 + NbO2 + NbaOs mixed layer developed. 
There was no evidence for the presence of A120 3 in 
this layer as was observed for the uncoated 
Ti 6Al-4V. However, a discontinuous layer of 
vanadium sulphide (V2S3 confirmed by quantitative 
EDX data) was present between the outermost TiO2 
layer and the mixed layer of TiO2 + NbO2 + Nb2Os. 
In addition some voids were formed at the TiOa side. 
The next layer consisted of Nbl-xS below which 
another TiO2 layer was identified. The innermost 
layer consisted of AI2S3 and TiS2. 

It should be pointed out that there was little evid- 
ence to demonstrate the existence of Nb coating after 
168 h sulphidation/oxidation and the Nb coatingwas 
found to be completely consumed. 

2643 



TABLE II The quantitative EDX results for the Nb-coated Ti after 240 h exposure 

Elemental composition (wt%) 

Point Ti Error (%) Nb Error (%) S Error (%) O Phase present 

A 61.75 0.22 - 
B 44.8 0.2 19.13 0.19 - 
C 18.28 0.14 49.63 0.31 22.15 
D 53.89 0.21 6.93 0.2 9.43 
E 60.25 0.22 - 24.85 
F 99.9 0.23 - 

38.25 a TiOz 
35.68" TiO2, NbO2, Nb205 

0.14 9.94" Nb~-xS, (TiO2) 
0.13 29.76" TiO2, (Nbl _:,S) 
0.12 13.68" TiSa, (TiOz) 

- Ti 

Note ( ) represent uncertain phases. 
a Oxygen contents were determined by difference. 
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Figure 7 XRD profiles of Nb-coated Ti after 168 h exposure in an 
H2/H~O/H2S (pSz ~ 10 -1 Pa and pO2 ~ 10 is Pa) environment 
at 750 ~ (a) Theta = 20-50 degree; (b) Theta = 50-100 degree. 

TABLE I I I  Phases detected and JCPDS numbers 

Marks Phase JCPDS number 

a TiO2 21-1276 
b Nbl -xS 22-1200 
c TiS2 15-0835 
d NbO2 19-0859 
e Nb20 5 28-0317 
f AIzS3 24-0014 
g Ti 5-0682 

4 .  D i s c u s s i o n  

T h e  N b  c o a t i n g  d e p o s i t e d  o n  T i  a n d  T i - 6 A I - 4 V  al loy,  

f irst ly,  a c t e d  effect ively  as a d i f fu s ion  b a r r i e r  w h i c h  

i n h i b i t e d  t he  o u t w a r d  d i f fu s ion  o f  t i t a n i u m  species.  

Af t e r  240  h e x p o s u r e ,  a n  o u t e r - l a y e r  o f  T i O 2  w i t h  

190 p m  t h i c k n e s s  f o r m e d  fo r  t h e  u n c o a t e d  t i t a n i u m  

w h i l s t  t h e  t h i c k n e s s  o f  t he  o u t e r  T i O 2  l aye r  d e v e l o p e d  

2 6 4 4  

Figure 8 Electron image and Digimaps showing typical mor- 
phological and compositional profiles through the scale on Nb- 
coated Ti-6A1-4V alloy after 240 h exposure in an Hz/HzO/HzS 
(pS2 ~ 10 -1 Pa and pO2 ~ 10 - i s  Pa) environment at 750~ 

o n  t h e  u n c o a t e d  T i  6 A 1 - 4 V  a l loy  w as  70 gin.  H o w -  

ever ,  t h e  t h i c k n e s s  o f  t h e  T i O 2  o u t e r - l a y e r  w h i c h  for-  

m e d  o n  t h e  N b - c o a t e d  Ti  a n d  T i - 6 A 1 - 4 V  a l l oy  a f t e r  

240  h e x p o s u r e  w a s  o n l y  ~ 16 gm.  S e c o n d l y ,  t h e  
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Figure 9 XRD profiles of Nb-coated Ti-6A1-4V alloy after 168 h 
exposure in an H2/H20/HzS (pSz ~ 10-1 Pa and pOz ~ 10- is Pa) 
environment at 750~ (a )Theta  = 20-50 degree; (b )Theta  
= 50 100 degree. 

formation of the Nbl-~S scale on the surface of the 
Nb coating at the initial stages of exposure further 
enhanced its corrosien resistance. The expected low 
sulphidation rate of pure bulk niobium observed pre- 
viously (Kp~ 10-13g2cm-4s -1 [,,163) in this low 
oxygen and high sulphur potential environment was 
not fully realized in these Nb-coated materials. If the 
niobium coating used here had sulphidized at the 
reported rate with Kp ~ 10-13 g2 cm-4 s-1 [-16], then 
6 gm thickness of the Nb coating could have lasted 
about 104 h. However, in this study, after 168 h expo- 
sure, there was little evidence of the existence of Nb 
coating on either Ti or Ti-6A1-4V alloy. It is believed 
that the laminated structure of Nbl-~S [30], which 
developed at the early stages of exposure, intercalated 
with Ti species which migrated from the substrate and 
therefore, enhanced the niobium diffusion in the 
Nba_~S scale and the Nb coating was rapidly con- 
sumed. Consequently the expected long life of the Nb 
coating was substantially reduced. A similar hypothe- 
sis was postulated concerning the development of 
MoS2 in Co-Mo alloys containing up to 40 wt % Mo 
exposed to a sulphur vapour at temperatures between 
550-900 ~ [24]. 

The mechanisms for the sulphidation/oxidation of 
uncoated Ti and Ti-6A1-4V alloy at 750~ in 
H2/H20/HzS atmosphere have been elucidated in an- 
other paper [-4]. It was established that the outer-layer 
of TiO2 formed by the outward diffusion of titanium 
species, whilst the mid-layer of TiO2 developed by the 
ingress of oxygen species. Simultaneously, the TiS2 
inner-layer on Ti, and A12S3 and TiS2 layer on the 
Ti-6A1-4V alloy were considered to form together 

with the oxide layers. After the oxide/sulphide scale 
I developed, a concentration gradient of the reactants 

(O, S, Ti, A1, V) was established. Atthe oxide/sulphide 
interface, A12Sa became unstable and decomposed to 
release S and A1 which produced a reservoir of alumi- 
nium. The outward migration of aluminium from this 
reservoir resulted in the precipitation of the thermo- 
dynamically favoured product A1203 in the external 
portion of the outer-layer. In the meantime the liber- 
ated sulphur species diffused through the sulphide 
layer towards the substrate and reacted with titanium 
and aluminium to form TiS2 and AlzS3. It is believed 
that the same process was responsible for the precipi- 
tation of TiO2 in titanium. 

However, the degradation processes for the Nb- 
coated Ti and Ti-6A1-4V alloy followed a complex 
pattern. Figs 4 and 5 indicate that a Nbl -xS layer was 
formed as the Nb-coated samples were exposed to the 
high sulphur potential environment. With increasing 
exposure time, Ti species migrated outwards through 
the Nb-coating and the Nbl_xS scale to form an 
outer-layer of TiO2 above the Nbl _~S layer. Also the 
sulphur species diffused inwards, reached the coat- 
ing/substrate interface and produced TiS2 for Ti, as 
shown in Figs 4, 6 and 7, and a mixture of A12S3 and 
TiS2 for the Ti-6AI-4V alloy (Figs 8 and 9). The 
formation of the Nbl -xS layer separated the Nb coat- 
ing from the TiO2 outer-layer and resulted in a de- 
crease in niobium activity at the TiO2/Nbl _~S inter- 
face. Further instability occurred due to the decrease 
in pS2 at this interface. Consequently the Nbl-xS 
formed at the interface decomposed and released nio- 
bium and sulphur species. The niobium species so 
released encountered the incoming oxygen species 
from the environment diffusing through the TiO2 
outer-layer and developed NbOz and Nb205 at the 
TiO2/Nbl_xS interface, as revealed in Figs 6 and 8. 
A series of XRD experiments on the exposed Nb- 
coated specimens for various exposure periods con- 
firmed that niobium oxides were hardly detected dur- 
ing short exposure periods (e.g. up to 24 h) although 
the outermost TiO2 layer did not grow quickly. With 
increasing exposure time (e.g. 168 h, the intensities of 
niobium oxides in XRD profiles became evident, as 
shown in Figs 7 and 9. At the same time, the incoming 
oxygen species also reacted with the titanium species 
from the substrate to form TiOz. There is a suggestion 
that Nb205 and TiO2 form a solid solution [-31, 32]. 
Also, the freed sulphur species generated from the 
dissociation of Nbl-xS diffused inwards towards the 
sulphide/substrate interface to generate TiSz for Ti 
and A12Sa + TiS2 for the Ti-6A1-4V alloy respective- 
ly and thereby thickened the sulphide layers. How- 
ever, due to the formation of TiS2 or A12S3/TiSz, the 
Ti or A1 activities at the sulphide/coating interface 
were reduced and therefore the sulphides probably 
became unstable and dissociated to produce free sul- 
phur, titanium and aluminium species. The released 
sulphur species migrated through the sulphide layers 
and produced TiSz or A12Ss at the sulphide/substrate 
interface. It appears that the titanium and aluminium 
species reacted with the incoming oxygen species to 
form the corresponding oxides, as shown in Figs 6 and 
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Figure 10 The schematic model describing the degradation processes of the Nb-coated Ti 6A1-4V alloy. (a) Formation of Nbl-xS layers. 
(b) Formation of TiO2 and A12S3 + TiS2 layers. (c) Partial dissociation of Nbi_xS and AlzS3 + TiS2 layers and formation of 
TiOz + NbO2 + Nb205 and inner TiO2 layers. (d) Final state. 

8. The amount  of A120 3 was too small to be detected 
by XRD. 

In the case of the T i -6AI-4V alloy, a thin vanadium 
sulphide (possibly V2S3) layer was also observed at the 
interface of the outer TiO2 layer and NbO2 + Nb2Os 
+ TiO2 mixed layer. F rom thermodynamic consider- 

ations, the low dissociation partial pressure of V2S3 
( ~ 10 .25 Pa) would make it possible to form V2S3 at 
this interface by the outward diffusion of vanadium 
from the substrate. It is believed that the formation of 
the vanadium sulphide layer, acting as a diffusion 
barrier, further increased the corrosion resistance of 
the Nb-coated Ti -6AI-4V alloy. The suggested degra- 
dation processes for the Nb-coated Ti -6AI-4V alloy 
are schematically illustrated in Fig. 10. A similar cor- 
rosion model is suggested to be operative for the Nb 
coated Ti except that A12S 3 and V2S3 would not form. 

5. Conclusions 
1. In an H 2 / H 2 0 / H 2 S  test environment (pS 2 
10 1 Pa and pO2 ~ 10 -18 Pa) at 750~ the cor- 
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rosion behaviour of titanium showed a linear rate law 
whilst that of T i -6AI-4V alloy followed linear-para- 
bolic kinetics. 

2. The Nb coating produced by the arc deposition 
process increased the corrosion resistance of Ti and 
Ti -6AI-4V alloy, both showing parabolic rate laws 
with a slight departure after long-term exposure. 

3. The corrosion products generated on pure tita- 
nium were characterized by a double layered oxide 
scale of TiO2 beneath which a TiS2 layer was ob- 
served. For the Ti-6A1-4V alloy, ~-A1203 was pre- 
cipitated in the external portion of the outer-layer of 
TiO2; whilst a layer of A12S3, TiS2 and vanadium 
sulphide (possibly V2S3) was found underlying the 
inner TiO2 layer. 

4. A scale following the sequence TiO2/TiO2 
+ NbO2 + NbzOs /Nbl_xS /T iO2/T iS2 / ( subs t r a t e )  

was observed on Nb-coated Ti, whilst a scale repres- 
ented by the sequence TiO2/V2S3/TiO2 + NbO2 + 
Nb2Os/Nbl-xS/TiO2/A12S3 + TiS2/(substrate) char- 
acterized the corrosion products formed on the Nb- 
coated Ti-6A1-4V alloy. 



5. The Nb coating used acted as an effective diffu- 
sion barrier, blocking the outward diffusion of tita- 
nium species and inward migration of sulphur and 
oxygen species. The formation of Nbl -xS scale further 
enhanced the corrosion resistance of the Nb-coated 
samples. However the enhancement of corrosion res- 
istance by Nb coating decreased with increasing expo- 
sure time probably due to the intercalation ofNbl-xS 
with Ti species. 
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