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Abstract
The Ti-6Al-4V alloy is extensively used in aerospace, automotive and biomate-
rial applications. In the aerospace industry, the service temperature of Ti-6Al-4V 
is currently limited to 350 °C due to its insufficient oxidation resistance. Oxidation 
at higher temperatures causes the formation of a fast-growing oxide scale and an 
oxygen-enriched subsurface layer, which is known as the “alpha-case.” Additionally, 
the effect of water vapor on the oxidation behavior is critical. In the present study, 
the oxidation behavior of Ti-6Al-4V in dry air and air containing 10 vol.% H2O at 
500, 600 and 700 °C for up to 500 h has been investigated. The main focus of this 
study is the examination of the different oxide scale morphologies along with the 
oxygen enrichment in the subsurface zone. It has been observed that spallation of 
the oxide scale is more severe in a water vapor-containing environment. In dry air, 
the oxide morphology shows the typical layered TiO2/Al2O3 structure after exposure 
at 700 °C for 300 h, while Al2O3 precipitates are present in the outermost part of 
the TiO2 scale when oxidized in wet air. This indicates that the solubility and dif-
fusivity of Al3+ ions in TiO2 are influenced by water vapor. In addition, the extent of 
oxygen enrichment in the subsurface zone (alpha-case) as a function of temperature 
and time is determined by nanoindentation profiles. It was shown that in contrast to 
the scale formation, the alpha-case thickness is not affected by the presence of water 
vapor in the atmosphere.
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Introduction

Titanium and Ti alloys are used in numerous applications of the chemical, marine, 
aerospace and biomedical industries due to their outstanding properties, such as 
high specific strength-to-weight ratio, exceptional corrosion resistance and excel-
lent biocompatibility [1]. Ti alloys are commonly chosen for fan blades and com-
pressor components for aero-engine gas turbines [2, 3]. Ti-6Al-4V is the most 
frequently used titanium alloy and is known as the “workhorse” of the titanium 
industry [4]. The oxidation behavior of Ti alloys is generally characterized by the 
development of a thin oxide scale on the surface, in addition to the inward diffu-
sion of oxygen into the bulk metal [5]. When titanium alloys are exposed to pro-
longed oxidation times, the oxide scale quickly loses its protective nature due to 
the reduced bonding strength between the oxide layer and substrate [2, 5]. Addi-
tionally, various intermediate phases at the interface and a high solid solubility of 
oxygen in α-titanium (i.e., about 33 at.%) result in an oxygen-rich, continuous and 
hard layer below the oxide scale [2, 6–8]. Titanium metal has a high affinity for 
oxygen, which is an alpha-stabilizing element that leads to a larger alpha-phase 
fraction within the oxygen-rich subsurface zone [5, 9]. Consequently, this zone is 
referred to as the “alpha-case” [7]. Furthermore, oxygen causes hardening as well 
as embrittlement of titanium by interstitial solid solution strengthening [10].

The alpha-case has a negative effect on mechanical properties, such as ductil-
ity, fracture toughness and fatigue life [11]. Thus, alpha-case mitigation is crucial 
to the life cycle of titanium alloys [12]. The alpha-case tends to occur if tita-
nium alloys are subjected to temperatures above 480  °C (~ 0.4 Tm) in oxygen-
containing environments [11, 13]. Currently, the maximum service temperature 
of Ti-6Al-4V is thus restricted to 350 °C [2]. Fundamentally understanding the 
oxidation mechanism, alpha-case formation and influence on mechanical proper-
ties could result in an even broader application space (higher temperatures) for 
these alloys or perhaps further property enhancement [5].

The high temperature behavior of Ti-6Al-4V in air has been studied by sev-
eral researchers. Du et al. [14] detected alternating Al2O3 and TiO2 layers in the 
oxide scale of Ti-6Al-4V at different treatment temperatures ranging from 650 
to 850  °C. This has been attributed to the outward diffusion of aluminum and 
inward diffusion of oxygen [14]. Guleryuz and Cimenoglu [12] determined that 
the depth of the oxygen diffusion zone (ODZ) of Ti-6Al-4V increases with tem-
perature and/or time in the oxidation temperature range of 600–800 °C for differ-
ent time intervals ranging between 0.5 and 72 h. Gaddam et al. [6] examined the 
alpha-case depth in Ti-6Al-4V which was isothermally treated at 593 and 700 °C 
up to 500 h. After 500 h of exposure time, the alpha-case depth at 593 and 700 °C 
was found to be around 3 and 200  µm, respectively. All investigations indicate 
that the alpha-case depth increases with temperature and time. Additionally, the 
microhardness is higher in the alpha-case zone compared to the bulk [6] acting as 
a good indicator for the extent of oxygen enrichment.

The effect of water vapor on oxidation resistance is also critical, because 
water vapor can influence microstructure, mechanical properties, adhesion, and 
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transport properties of oxide scales along with the mechanical properties of the 
bulk metal [15]. Motte et al. [16] compared the oxidation of Ti-6Al-4V and pure 
titanium in the temperature range of 650–950 °C in a water vapor environment. 
Observations showed that the oxide scale on Ti-6Al-4V consisted of a thin alu-
mina sublayer between rutile layers over the temperature range of 750–900  °C. 
With water vapor exposure, stress relaxation took place in the outer part of the 
scale through a recrystallization process, leading to a two-layered structure [16]. 
Wang et al. [17] conducted oxidation experiments of Ti-6Al-4V at temperatures 
between 600 and 800 °C for 4 h also in a water vapor environment. According to 
their study, growth of hard oxide layers and strain developed during the dissolu-
tion of oxygen beneath the oxide layer through the substrate led to a rise in micro-
hardness with increasing exposure temperature [17].

Although the influence of water vapor on the oxidation behavior of Ti alloys was 
investigated in the above studies [16, 17], its exact influence on the oxide growth 
mechanism(s) as well as the alpha-case formation was not finally clarified. Therefore, 
a systematic investigation on the oxidation behavior of Ti-6Al-4V in synthetic air and 
synthetic air containing 10 vol.% H2O at 500, 600 and 700 °C for up to 500 h was car-
ried out in the present study. The main focus of this research was examination of the 
oxide scale morphologies and oxygen enrichment in the subsurface zone to elucidate 
the fundamental mechanism(s).

Materials and Experimental Methods

Ti-6Al-4V ELI (max. 0.13 wt.% oxygen, according to the ASTM F-136 Standard [18]) 
metal was used within this study because of its low concentration of interstitial ele-
ments, e.g., O and N, compared to Ti-6Al-4V material, which is used in aerospace 
applications [19]. In this regard, O and N enrichment in the subsurface during oxida-
tion can be easily identified. The initial chemical composition of the Ti-6Al-4V ELI 
material is given in Table 1. Prior to quasi-isothermal oxidation tests, 15 × 10x3 mm 
coupons were prepared. The recast layer from the machining on the surface of the cou-
pons was removed by grinding down to P1200 finish using SiC abrasive papers. After 
that, coupons were cleaned with acetone in an ultrasonic bath for 10 min and dried by 
hot air.

The oxidation process of the Ti-6Al-4V coupons was carried out in synthetic 
air and synthetic air containing 10 vol.% water vapor using a 6-zone furnace, 
which is displayed in Fig. 1. This furnace contains two cylindrical silica tubes 
and each tube is separated into 6 zones. The samples were placed in small alu-
mina crucibles. The air was brought into one of the cylindrical tubes, whereas 
the water vapor was generated by a thermostat and introduced into the other 

Table 1   Measured chemical 
composition of as-received 
Ti-6Al-4V ELI (wt.%) by EDS

Element Ti Al V Fe

Chemical composition (wt.%) 84.72 6.73 5.02 0.35
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cylindrical tube. The gas velocity was 6.8 × 10–3 m/s. During oxidation, gas flow 
was kept constant at 80 ml/min.

The quasi-isothermal oxidation experiments were conducted at 500, 600 and 
700  °C for up to 500 h. After oxidation, coupons were subjected to free cool-
ing in the furnace. For all temperatures, 18 specimens were exposed for 100 h. 
To determine mass gain and standard deviation, all the samples were removed 
from the furnace and massed. After the initial step, 6 samples were removed 
for investigation and the remaining 12 samples were oxidized for an additional 
200  h, before 6 samples were oxidized for the final 200  h. Oxidized coupons 
were cleaned with acetone in an ultrasonic bath for 2 min and dried by hot air. 
The mass of the coupons was measured before and after the oxidation tests 
using an electronic balance (Mettler Toledo XP205DR) having an accuracy 
of ± 0.00001 g.

In order to examine the cross-sectional microstructure, metallographic prepa-
ration of the coupons was performed. A dense layer of gold was sputtered on top 
of the specimen, and then nickel was galvanically deposited on the surface of the 
coupons to prevent severe oxide spallation from the surface during preparation. 
After that, the coupons were hot embedded into resin by using a Struers Labo-
press-3 mounting machine and polished with diamond suspension of 3 µm and 
1 µm, respectively.

Optical microscopy (OM, Leica DMC4500) was used for the investigation of 
the surface and cross section of the specimens. An SEM (Hitachi SU5000) was 
utilized for closer examination of the oxide scale morphologies. In addition, ele-
mental mapping by electron microprobe analysis (EPMA, Jeol JXA-8100) was 
carried out to observe the element distribution in the oxide scale as well as in 
the subsurface zone. As a complementary investigation technique, nanoindenta-
tion measurements were conducted for the evaluation of the alpha-case thick-
ness. In this paper, the Oliver and Pharr approach, which is a method for deter-
mining hardness from indentation load–displacement data, was utilized with a 
Berkovich indenter and a maximum load of 20 mN [20].

Fig. 1   Experimental setup for the oxidation under dry and moist atmospheres
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Results

Net Mass Change Analysis

The net mass change per surface area (Δm/A) data as a function of oxidation time 
for samples heat-treated at 500, 600 and 700 °C in dry air and air with 10 vol.% H2O 
is presented in Fig. 2.

In dry air, oxidation caused spallation at 700 °C after 300 h; accordingly, mass 
loss appeared at 700 °C after 500 h due to a severe spallation. In wet air, spallation 
was observed at a lower temperature of 600 °C after 300 h and sooner at 700 °C 
after only 100 h. As a consequence, mass loss appeared after oxidation at 600 °C 
after 500 h and at 700 °C after 300 h in the presence of water vapor. Temperatures 
and time intervals showing spallation are marked with an asterisk (*) in Fig. 2.

Morphology of the Oxide Scale

Investigation of the Surface

The SEM images (secondary electron images) showing the surface morpholo-
gies of the Ti-6Al-4V after oxidation in both atmospheres are presented in Fig. 3. 
Although not explicitly shown within this study, oxide scales were also character-
ized by X-ray diffraction (XRD) at room temperature. Typical XRD patterns of 
the oxide scale developed after heat-treatment at 600 °C revealed that the oxide 
scale principally contained rutile-type TiO2 and α-Al2O3. In both atmospheres, 
the surface of the specimens was covered with TiO2 (rutile) and α-Al2O3 crystals. 
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Fig. 2   Net mass change in dry air and air with 10 vol.% H2O
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The oxide scales showed fine grains after exposure at 500 °C. Figure 3 also shows 
the characteristic morphologies of the surface oxide scale at 600  °C. For short 
exposure times of 100 h, the directionality from grinding was still evident in dry 
air. However, TiO2 nodules were formed in wet air due to the joining and growing 
of the crystals. Additionally, the presence of water induced oxide spallation after 
300 h which led to an inhomogeneous and mixed crystal morphology of the oxide 
phases. The investigation of the surface oxide layer provided indication of crack-
ing at 600 °C after 500 h in wet air.

Fig. 3   Crystal morphology of outer oxide layer after oxidation at a 600 °C for 100 h in dry air b 600 °C 
for 100 h in wet air c 600 °C for 300 h in dry air d 600 °C for 300 h in wet air e 600 °C for 500 h oxida-
tion in dry air f 600 °C for 500 h oxidation in wet air
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Investigation of the Cross Section

Metallographic cross sections did not indicate remarkable differences in oxide 
scale morphologies for oxidation temperatures up to 600  °C. Figure  4 presents 
the SEM images (3D backscattered electron images) showing the cross sections 
of the oxidized specimens. The thickest portion of the oxide scale, where no 
oxide scale spallation was evident, was chosen for the metallographic cross sec-
tion analysis. Figure  4a, b shows the cross sections of the samples oxidized at 
600 °C for 100 h in both atmospheres, where the outer part of the scale consists 

Fig. 4   Cross sections of oxide scales after oxidation at a 600 °C for 100 h in dry air b 600 °C for 100 h in 
wet air c 600 °C for 500 h in dry air d 600 °C for 500 h in wet air e 700 °C for 100 h in dry air f 700 °C 
for 100 h in wet air
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of adherent, uniform and dense Al2O3. In contrast, Fig.  4e, f displays the pres-
ence of an outer oxide layer mixed with TiO2 (rutile) and Al2O3 crystals rather 
than a continuous Al2O3 layer after oxidation at 700 °C for 100 h. The porosity of 
the oxide scale increased with increasing temperature and time. A multi-layered 
oxide scale was formed under dry conditions, consisting of Al2O3 at the gas/oxide 
scale interface and TiO2 at the oxide scale/substrate interface. Under wet condi-
tions, the oxide scale did not show this typical layered structure. The distinction 
between TiO2 and Al2O3 was accomplished according to EPMA measurements 
which are not shown in this section. The presence of cracks was observable at the 
oxide scale/substrate interface in both dry and humid atmospheres.

Figure 5 shows the elemental mapping of the oxide scales and subsurface zone 
of the Ti-6Al-4V alloy after oxidation at 700 °C for 300 h in a dry atmosphere. 
The number of alternating Al2O3 and TiO2 layers increased and this multi-layered 
structure became more distinct for longer exposure times. However, under humid 
conditions Al2O3 and TiO2 layers did not follow an ordered pattern with distinct 
layers as seen in Fig. 6. Instead, Al2O3 appeared as a predominant phase in the 
outer oxide layer. In addition to the main oxide formers, vanadium doping of the 
rutile was observed in the oxide scales in both atmospheres. As demonstrated in 
Figs.  5 and 6, the growth of the oxide layer on the surface of Ti-6Al-4V was 
accompanied by the uptake of oxygen in the metal underneath the oxide layer 
(ODZ) due to the inward diffusion of oxygen in both atmospheres.

Distinctive nitridation was observed after oxidation at 700 °C for 500 h in dry 
air as shown in Fig. 7. However, the latter was absent in case of water vapor and 
at lower temperatures than 700 °C in dry air. SEM/EDX elemental mapping dem-
onstrates that the reaction layer below the oxide layer consists of Al-rich and Al-
depleted regions. The Al-depleted regions were instead enriched in nitrogen.

Fig. 5   BSE image of the sample oxidized at 700 °C for 300 h in dry air and corresponding elemental 
mapping of N, Ni, Ti, V, O and Al
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Alpha‑Case Evaluation Technique

Nanoindentation Measurements

At the surface, the hardness was highest and it exponentially decreased with increas-
ing distance through the bulk (~ 4.23 GPa). Hence, the alpha-case thickness could be 
assessed as the depth where the hardness value returned to the bulk hardness level. 
The boundary of the alpha-case layer was approximated by regression analysis on 
the indentation hardness (GPa) vs. distance (µm) as given in Fig. 8. The left bound-
ary of the alpha-case layer is supposed to be the transition between oxide layer and 
substrate ( x = 0 ) and the right boundary is defined as the hardness (HNx) where it 
reaches 110% of the value of the substrate (HNo) [21].

Fig. 6   BSE image of the sample oxidized at 700 °C for 300 h in wet air and corresponding elemental 
mapping of N, Ni, Ti, V, O and Al

Fig. 7   SEM image and corresponding EDS element maps of the subsurface zone of the Ti-6Al-4V after 
oxidation at 700 °C for 500 h in synthetic air
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The approximated alpha-case thickness for the heat-treated sample at 600 °C 
for 500 h in dry air was found to be around 32 µm as shown in Fig. 8. The ODZ 
was very narrow at 500 °C up to 300 h and thereby hardness measurements were 
carried out only on the samples oxidized at 500 °C for 500 h and 600 and 700 °C 
for 100, 300 and 500 h.

It was observed that the thickness of the alpha-case layer increased with 
increasing temperature and time in both atmospheres as shown in Fig. 9. Some 
of the ODZ was consumed by transformation into oxide; however it was not taken 
into consideration in the calculations due to the spallation shown in Fig. 2.

For 600 and 700  °C, the diffusion coefficients and the activation energy for 
oxygen diffusion were assessed. The diffusion of oxygen was predicted using the 
typical diffusion length quantity 

√

Dt in the thin-film solution (Gaussian solution) 
of Fick’s second law [22]:

 where x is the alpha-case thickness in µm, D is the diffusion coefficient in m2/s and 
t is the exposure time in h. The D values were estimated by linear regression of the 
data given in Fig. 9 through calculation of the slope of the best fit line and are pre-
sented in Table 3.

In addition, the activation energy for diffusion of oxygen in the alpha-case 
layer was calculated using the Arrhenius equation [22]:
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 where D
0
 is the pre-exponential factor, Qdiffusion is the activation energy for diffusion 

of oxygen in the alpha-case layer, R is the universal gas constant (8.3143 J/(molK)) 
and T  is the temperature (K). As a result, linear regression of lnD versus 1∕T  data 
given in Fig. 10 provided the value of −Qdiffusion∕R by calculation of the negative 
slope of the best fit line. The linear fit of all the values obtained in this work (dry 
air) and in literature, using different evaluation techniques, is shown in short dashes 
in Fig. 10. Accordingly, Qdiffusion for oxygen was found to be 217 kJ/mol. From this 
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work, linear fits of values attained in dry and wet air are shown separately in Fig. 10. 
Consequently, Qdiffusion values for oxygen in dry and wet air were found to be 269 kJ/
mol and 245 kJ/mol, respectively, as shown in Table 2.

Discussion

Influence of Water Vapor on The Oxide Scale Growth

The simultaneous development of the oxide scale and diffusion of oxygen into the 
bulk material leads to a mass increase after oxidation in titanium alloys [25]. Kof-
stad [9] stated that time and/or temperature causes a transition in the laws of oxida-
tion kinetics for pure titanium. At temperatures below 400  °C, oxidation kinetics 
are logarithmic; from 400–500 °C they are cubic; from 600 to 1000 °C oxidation 
is parabolic; and above 1000 °C linear behavior is observed. In alloys, a transition 
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Fig. 10   Arrhenius plot of the diffusion of oxygen in Ti-6Al-4V [11, 12, 23, 24]

Table 2   Coefficients 
for diffusion of oxygen 
in Ti-6Al-4V at tested 
temperatures and the activation 
energy for diffusion of oxygen 
in both atmospheres

Diffusion coefficient D (m2/s) Activation energy Q 
(kJ/mol)

T (°C) Dry air Wet air Dry air Wet air

600 3.84 × 10–16 4.88 × 10–16 269 245
700 1.73 × 10–14 1.57 × 10–14
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in the oxidation kinetics could also take place at lower temperatures for prolonged 
exposure times [9]. For instance, this type of transition was reported for pure tita-
nium (at 732 and 760 °C) [26], Ti-6Al-4V alloy (at 700 °C) [12, 27], and Ti-60 alloy 
(at 700 and 750 °C) [28], where the oxidation kinetics changed from parabolic to 
linear behavior after prolonged exposure times.

In the present study, the aforementioned oxidation behaviors could not be directly 
observed due to the oxide scale spallation as seen in Fig. 2. However, a clear dif-
ference between 500 °C and higher temperatures was observed. With water vapor 
exposure the oxide scale spalled off from the substrate after shorter times. The cause 
of the more severe spallation in the presence of water vapor (Fig.  3) was related 
to the adhesion between the oxide scale and the substrate, which turned out to be 
weaker in a humid atmosphere. A similar observation was made by Kremer et al. 
[29] for the oxidation rate of Ti–Al in moist oxygen.

Figure 3a suggests a rippled oxide layer on the surface due to the agglomeration 
of the fine oxide grains along grinding lines after exposure in dry air at 600 °C for 
100 h. The oxides covered the entire alloy surface without an indication of oxide 
layer spallation. However, Fig.  3b shows agglomeration of the fine oxide grains 
along the grinding lines did not occur in the wet atmosphere. Instead, local clusters 
of fine oxide grains on the surface of the oxide layer were apparent. According to 
Fig. 3d, the oxide layer started to spall-off from the metal substrate in a water vapor 
atmosphere after 300 h of exposure time, which confirmed the weaker oxide layer 
adhesion to the substrate. As observed in Fig.  3f, a needle-like structure of TiO2 
in wet air appeared on the surface after spallation, also proving that the spallation 
occurred during the test, not only upon cooling. In addition to full delamination, 
trough-cracking of the scale can be seen in Fig. 3f.

From Fig. 4, the evolution of the scale at 600 and 700 °C can be seen. A dense 
oxide scale composed of a continuous Al2O3 scale formed at the gas/oxide interface 
after oxidation at 600 °C for 500 h. However, the oxide scale was porous with a for-
mation of mixed TiO2-Al2O3 at the gas/oxide interface after oxidation at 700 °C for 
100 h as displayed in Fig. 4.

A very observable multilayered oxide scale of Al2O3 and TiO2 layers formed on 
the Ti-6Al-4V alloy in dry air, e.g., after exposure at 700 °C for 300 h. After the 
same exposure temperature and time in wet air, Al2O3 solely precipitated in the out-
ermost part of the rutile scale, with no indication of alumina deeper in the scale. 
This difference is clearly visible from the elemental mapping included in Figs. 5 and 
6. Du et al. [14] described the growth mechanism of oxide scales formed on Ti-6Al-
4V that initiated with a thin TiO2 layer. Then, outward diffusion of Al3+ took place 
to form Al2O3 at the gas/oxide interface, whereas a reaction between oxygen and 
Ti4+ occurred at the oxide/substrate interface due to the inward diffusion of oxygen. 
Thus, a double-layered oxide scale was developed. After reaching a critical thick-
ness of the oxide scale, accumulation of growth stresses at the oxide/substrate inter-
face caused crack formation and correspondingly partial detachment of the oxide 
scale from the substrate. As a result, outward diffusion of Al3+ and Ti4+ diminished, 
while inward diffusion of oxygen dominated. When the oxygen pressure strongly 
increased, again a multi-layered scale was obtained [14]. Lower oxidation rates in 
dry air might be caused by the compact outer Al2O3 layer, which can act as a barrier 
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for the oxygen transportation into the oxide. This result is in good agreement with 
that reported by Kremer et al. [29] for Ti–Al oxidized at 900 °C in dry and moist 
atmosphere.

To further understand this behavior, it is necessary to take the defect chemistry of 
the scale into account. Pure TiO2 is considered as both an oxygen-deficient (n-type) 
and a metal-deficient (p-type) oxide. The Kröger–Vink notation of defects (Table 3) 
can be used to define formation of defects by the resulting defect equilibria [30]:

The formation and transport of titanium vacancies (Eq. 7) take place much more 
easily at high temperatures [31]. During oxidation of titanium, the oxide scale was 
mainly formed by inward diffusion of oxygen [32], whereas the outward diffusion of 
Al3+ increased in the presence of water–vapor, leading to a change in the solubility 
of Al3+ in the TiO2 lattice. These phenomena can also be explained by a modifica-
tion in the defect structure (n- to p-type) of Al-doped TiO2 due to the incorporation 
of water vapor [15]. The influence of water vapor on the oxide scale morphology 
after oxidation at 700 °C for 300 h is illustrated in Fig. 11.

The dissolution of hydrogen in the oxide affected the concentration of point 
defects in the oxide scale, which led to a change in the transport properties of the 
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scale [33]. In the presence of water vapor and in oxidizing conditions, the predomi-
nant defects in TiO2 are protons. The dissolution reaction of a water molecule is 
described by [34]:

 where one oxygen vacancy is annihilated and two protons are formed. The protons 
are attached to oxygen ions on regular sites to form two hydroxide defects (OH)⋅

o
 

[34]. Galerie et  al. [35] suggested that the hydroxyl ions are transported similarly 
as oxide ions, which means OH− jumps from a substitutional site to an adjacent 
vacancy. The difference in transportation rate was then caused by a lower charge and 
smaller radius of hydroxyl ions than oxide ions [35]. Additionally, the concentra-
tion of protons was higher than that of oxygen vacancies. Both protons and oxygen 
vacancies were replaced by titanium vacancies leading to an increase in concentra-
tion of titanium vacancies [31]:

This shows that the concentration of defects in the rutile scale formed in wet air 
is larger than that corresponding to the oxide scale formed in dry air. The observed 
formation of Al2O3 at the gas/oxide interface shown in Fig. 6 resulted from the out-
ward diffusion of Al3+ through TiO2 via titanium vacancies. A similar observation 
was made by Maris-Sida et al. [36] concerning an increase in outward diffusion of 
nickel through the α-Al2O3 scale via aluminum vacancies in the presence of water 
vapor. Additionally, as seen in Fig. 6, the accumulation of vacancies at the oxide/
metal interface led to the local formation of pores [37].

The dissolution of Al3+ into the TiO2 lattice can take place substitutionally and 
interstitially. Since Al3+ has a similar crystal ionic radii (0.57 for Al3+ and 0.64 Å 
for Ti4+), Al3+ occupies regular Ti4+ sites and substitution is the main mechanism of 
solubility [38]. It can be represented for oxygen-deficient TiO2 as [39]:
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Fig. 11   Schematic representation of the oxide scale growth after exposure at 700 °C for 300 h in a dry 
air and b air with 10 vol.% H2O
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 where for charge compensation, the Al′
Ti

 is compensated by an oxygen vacancy V ⋅⋅

O
 . 

Therefore, the concentration of oxygen vacancies in TiO2 increased. Alternatively, if 
protons are present, the following reaction can be proposed:

As Zeller et al. [15] suggested, the formation of an outer oxide layer takes place 
by outward diffusion of cations and is possibly affected by the reaction of water 
vapor with TiO2. As a result, the precipitation behavior of Al3+ might alter due to 
a change in the defect structure by dissolution of H2O in TiO2 [15]. Experimental 
results showed that after exposure at 700 °C for 300 h in dry air, a continuous outer 
layer of Al2O3 was formed, which was not the case in a wet atmosphere. Conse-
quently, due to the lattice diffusion of Al3+, Al2O3 particles precipitated in the outer 
part of the TiO2 scale. The concentration of metal vacancies in TiO2 became signifi-
cant and dominant in humid air. The dissolution of Al3+ into a metal-deficient TiO2 
lattice can be modified to:

 where the titanium vacancies were removed and the solubility of Al3+ in TiO2 
increased as shown in Fig. 12.

As shown in Fig. 7, oxidation in dry air at 700 °C for 500 h revealed a reaction 
layer at the interface between the oxide layer and the substrate. The reaction layer 
consisted of Al-rich and Al-depleted regions. Additionally, Al-depleted regions were 
enriched with nitrogen. According to Maeda et  al. [40] a reaction layer between 
the oxide layer and substrate was observed after oxidation of Ti-6Al-4V at 737 °C 
for 144 h in air. XRD results of their study indicated that Al-rich and Al-depleted 
regions correspond to Ti3Al and α´´ phase (martensitic transformation of the β-phase 
during cooling), respectively. In the present study, a similar reaction layer was also 
present after oxidation in dry air. Moreover, elemental mapping by SEM indicates 
N enrichment in Al-depleted regions. Some authors examined an absence of N 
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Fig. 12   Schematic illustration of the reaction between a metal-deficient TiO2 lattice and Al2O3 in the 
presence of water vapor
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enrichment at the interface after oxidation in water vapor. Michalik et al. [41] stud-
ied the oxidation of pure chromium in N2-1% O2 with and without different amounts 
of water vapor. The authors highlighted that the more polar and reactive H2O mol-
ecules avoid the permeation of nitrogen in the oxide scale, causing a suppression 
of internal nitridation [41]. Similar observations obtained in the present study were 
attributed to the aforementioned phenomena. It is important to note that vanadium 
was also present in the oxide scale and it might affect the defect chemistry, but no 
difference was found when comparing water vapor to dry air. Generally, vanadium 
has the ability to produce volatile species, such as V2O5. As a result, physical defects 
tend to occur in the oxide scale with the evaporation of the volatile vanadium spe-
cies [11]. Accordingly, part of the porous structure in the oxide scale detected using 
EPMA might have been caused by vanadium. V also influenced the defect chemis-
try, having various oxidation states; therefore, the presence of vanadium in the oxide 
scale should be investigated in future studies.

Influence of Water Vapor on the Alpha‑Casing Behavior

Oxygen had the highest concentration at the surface and gradually decreased with 
increasing depth. It can be generalized that water vapor does not cause an obvious 
difference in the thickness of the ODZ. Diffusion coefficient D values of two dif-
ferent temperatures (600 and 700 °C) were calculated for times up to 500 h. Con-
sequently, Qdif fusion values for oxygen in dry and wet air were calculated as 269 and 
245 kJ/mol, respectively. The Arrhenius plot shown in Fig. 10 presented that oxygen 
bulk diffusion rates at temperatures 600 and 700  °C were similar in dry and wet 
air. In the literature, comparable Qdif fusion values for oxygen in dry atmosphere were 
reported by Frangini et  al. (200  kJ/mol) [27], Guleryuz and Cimenoglu (202  kJ/
mol) [12] and Sefer et al. (215 kJ/mol) [11]. Correspondingly, the estimated Qdif fusion 
value in this study was near to the activation energy for interstitial diffusion of oxy-
gen in α-Ti (200 kJ/mol) in the temperature range of 250–900 °C [42], which means 
for wet and dry air the principal mechanism for the alpha-case formation was the 
inward diffusion of oxygen in the alpha-phase.

Conclusions

The influence of water vapor on the oxide scale growth behavior and alpha-case for-
mation during thermal oxidation of Ti-6Al-4V alloy were investigated within this 
study. The most important findings can be summarized as follows:

•	 The presence of water vapor promoted the oxide scale growth and accelerated 
the spallation of the oxide scale.

•	 While the oxide scale showed the typical layered TiO2/Al2O3 structure after 
exposure at 700 °C for 300 h in dry air, Al2O3 precipitates were present in the 
outermost part of the TiO2 scale in wet air. It is proposed that H2O increased the 
concentration of cation defects in the rutile layer and favored the outward diffu-
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sion of Al3+ and Ti4+. Due to the change in the defect structure of the rutile lat-
tice, the solubility of Al3+ in TiO2 was influenced by water vapor.

•	 The extent of oxygen enrichment in the subsurface zone (alpha-case) was not 
considerably affected by the presence of water vapor in the atmosphere. The 
Qdif fusion value for oxygen in dry and wet air was calculated as 269 and 245 kJ/
mol, respectively.
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