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A B S T R A C T

The oxidation kinetics of Ti-6Al-4V alloys fabricated by LBM and EBM, HIP-treated or not, are similar to that of a 
rolled annealed Ti-6Al-4V alloy, as regards oxide layer and oxygen diffusion layer thickness. Kinetics of oxygen 
ingress in the metal is independent of the alloy microstructure. At room temperature, the thickness of the brittle 
layer after a tensile test corresponds to the oxygen diffusion layer, with an oxygen concentration above a critical 
value that is clearly below 1 at %.   

1. Introduction

1.1. Titanium alloys

Titanium alloys are used in aeronautics and in the aerospace in
dustry because of their very high specific mechanical properties and 
their corrosion resistance at low temperature. Since the 1950s the 
quantity of titanium alloys in aircrafts has been continuously in
creasing. Moreover, the operating temperature of engines also increases 
constantly to improve efficiency and reduce fuel consumption. 
However, depending on the applications, titanium alloys are limited to 
temperatures below 600 °C, e.g. 300–400 °C for Ti-6Al-4V (wt.%) [1–4]. 
This limitation is mainly due to insufficient creep resistance at high 
temperature [5] and to oxygen embrittlement resulting from the high 
temperature oxidation. In high temperature environments, titanium 
alloys form an oxide layer (OL) [6–8]. For Ti, Zr or Hf alloys however, 
the high solubility of oxygen in the metal induces the formation of an 
oxygen diffusion zone (ODZ) [9–19], which can be more detrimental 
than the external oxide scale. This ODZ affects mechanical properties: 
tensile strength increases while ductility decreases [20–26]. Ti-6Al-4V 
alloy is one of the oldest titanium alloys, it accounts for nearly 60 % of 
titanium alloys produced [2] and is frequently used in structural air
craft and jet-engine components [27]. 

1.2. Additive manufacturing of Ti-6Al-4V 

Additive manufacturing (AM) processes are new processes giving 
the opportunity of a technological leap in the manufacturing of metal 
parts. In the fields of aeronautics and aerospace, AM processes are a 
means of reducing part weight and drastically reducing wasted matter, 
thereby inducing cost savings. Powder bed fusion processes such as 
Laser Beam Melting (LBM) and Electron Beam Melting (EBM) are pro
cesses that have been studied since their development in the 1980s. 
Both processes use a heating source to selectively melt a powder bed 
and build the final part layer by layer. LBM uses a laser beam as heating 
source, whereas EBM uses an electron beam. One of the main differ
ences between the two processes is the pre-heating step of EBM, the 
powder is maintained at approximately 700 °C to avoid sputtering. 
Another difference is the atmosphere in the chamber. LBM is done 
under argon, whereas a vacuum atmosphere is used in EBM [28]. 

These layer-by-layer processes make it possible to build parts with 
complex geometry which were impossible to build by using conven
tional processes such as forging or casting [29]. However, even when 
parameters are optimized, AM processes may induce defects such as 
lack of fusion or gas pores. Hot isostatic pressing (HIP) treatment is a 
heat treatment performed under high pressure, about several hundreds 
of bars, that enables to reduce residual porosity and improve structural 
integrity [30]. 

For the Ti-6Al-4V alloy fabricated by LBM, the high cooling rate 
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(France) using Arcam parameters and theme 5.2.24. Fabrication was 
performed under 4.10−3 mbar of He. Plasma atomised Ti-6Al-4V grade 
23 powder supplied by AP&C with a particle size of 45−106 μm was 
used. The chemical composition of the powder is presented in Table 1. 
Some samples were submitted to HIP treatment at 920 ± 10 °C and 
1020 ± 20 bars for 2 h + 24/−0 min under Ar atmosphere with 1.0 
ppm of O2, 1.5 ppm of N2 and 4.6 ppm of H2O at Bodycote, France. 
Rolled Ti-6Al-4V β-annealed of a 12-mm-thick sheet was used as the 
conventionally processed Ti-6Al-4V reference. Its chemical composition 
is presented in Table 1. 

2.2. Microstructure and surface characterisations 

Five samples of 15 × 10 × 2 mm3 were used to study the influence 
of processing and HIP treatment on microstructure. Two samples were 
fabricated by LBM, one of which was HIP-treated. Two samples were 
fabricated by EBM, one of which was HIP-treated, and the last sample 
was rolled β-annealed. The chemical composition of as-built LBM and 
as-built EBM Ti-6Al-4V alloys are presented in Table 1. The aluminium 
loss amounts to approximately 1 at.% and almost no change in C, H, O 
and N concentrations was detected for both LBM and EBM processes. 
The volatilisation of aluminium is more important for the EBM sample. 
Juechter et al. studied the evaporation phenomenon during EBM pro
cessing of Ti-6Al-4V alloys and showed that aluminium was the most 
prone to evaporate [47]. Rolled β-annealed samples show a chemical 
composition that is similar to additively manufactured samples except 
for oxygen, whose concentration is twice as high. 

Microstructure characterisation was performed with a Nikon Eclipse 
Optical Microscope (OM) after samples were ground with P2400 – SiC 
abrasive paper, polished with a SiO2 solution and etched with Kroll 
reagent for 5 s. Finer observations were obtained using a Scanning 
Electron Microscopes (SEM) FEI Quanta 450 and LEO 435 VP at 15 kV. 
The chemical composition was measured with instrumental gas analysis 
(IGA) and inductively coupled plasma-optical emission spectrometry 
(ICP-OES) at EAG, France. Phase identification was realised by X-ray 
diffraction (XRD) at room temperature with a Bruker D8-2 using Cu-Kα 
radiation in the 2Θ range from 20° to 120° with a step size of 0.02°, a 
scan step time of 8 s and spinning on samples ground with P1200 – SiC 
abrasive paper. 

In order to study the roughness induced by LBM and EBM proces
sing, as-built samples were characterized and compared to an LBM 
sample ground with P600 abrasive paper. Roughness was characterized 
by confocal microscopy. A Zeiss Axio Imager Z2m microscope equipped 
with a Zeiss LSM800 module was used. For each sample, a square area 
of 1.6 mm sides was analysed. Results were analysed with ConfoMap ST 
software, which consisted in removing the abnormal points, filling the 
holes and adding a 19 × 19 median filter. 

2.3. Oxidation experiments 

In order to study the influence of surface roughness and alloy mi
crostructure on oxidation behaviour, 39 samples were fabricated by 
LBM, 39 samples by EBM and one sample was rolled and β-annealed. 
LBM and EBM samples were 28 × 28 × 2 mm3 and the rolled β-an
nealed sample was 15 × 10 × 2 mm3. Six LBM (As-built LBM) and six 
EBM (As-built EBM) samples were kept as-built. 19 LBM (LBM P600), 
19 EBM (EBM P600) and one rolled β-annealed (rolled P600) samples 
were ground with P600 – SiC abrasive paper. 14 LBM (LBM HIP P600) 
and 14 EBM (EBM HIP P600) samples were HIP-treated and ground 
with P600 – SiC abrasive paper. Grinding was carried out so as to assess 
the influence of microstructure on oxidation behaviour, independently 
of the effect of surface roughness of as-built samples. Each sample was 
cleaned in acetone and then in ethanol in an ultrasonic bath for 1 min 
prior to oxidation. 

Samples were inserted in a pre-heated Carbolite furnace LHT 6/60 
with forced convection. An air velocity of about 1 m·s−1 was measured 

induces a non-equilibrium microstructure. The microstructure of LBM 
Ti-6Al-4V alloy is entirely composed of acicular martensitic α’ phase 
with prior-β grains elongated in the building direction [31,32]. Due to 
the pre-heating step of the EBM process, the microstructure of EBM Ti- 
6Al-4V is composed of thin lamellar α and β phase with prior-β grains 
elongated in the building direction [33–35]. The HIP treatment of Ti- 
6Al-4V is usually performed at 920 °C during 2 h at 1000 bars. For EBM 
Ti-6Al-4V alloy, HIP induces a coarsening of the microstructure, 
whereas for LBM, it induces the decomposition of the α’ martensite into 
α and β phase [30,36]. 

1.3. High temperature oxidation of additively manufactured Ti-alloys 

As seen above, most literature papers on Ti-6Al-4V alloy fabricated 
by AM focused on the influence of process parameters on micro-
structure, defects or mechanical properties. Up to now, only very few 
studies have focused on the oxidation of titanium alloys fabricated by 
additive manufacturing. Among them, Karlsson et al., Caballero et al. 
and Bermingham et al. have studied the oxidation of Ti-6Al-4V alloy 
during EBM processing and Wire and Arc Additive Manufacturing 
(WAAM) [37–39]. Three other studies from Terner et al., Som et al. and 
Wang et al., focused on the oxidation behaviour of titanium aluminides 
[40–42]. Zhou et al. published the first study on the oxidation of a 
titanium alloy (Ti-5.5Al-3.4Sn-3.0Zr-0.7Mo-0.3Si-0.4Nb-0.35Ta wt.%) 
fabricated by LBM [43]. More recently, Liang et al. published a study 
investigating the oxidation behaviour of Ti-6Al-4V alloy fabricated by 
Selective Laser Sintering (SLS) [44]. 

LBM and EBM processes induce a rough surface state presenting 
partially-melted powder particles. Following the approach developed 
by Sanviemvongsak et al. [45] for alloy 718, Casadebaigt et al. studied 
the influence of LBM- and EBM-induced roughness on the oxidation 
behaviour of Ti-6Al-4V alloy [46]. In this last paper, the effect of 
sample roughness, but also the effect of the presence of unmelted 
powder particles at the surface of the samples, were taken into account 
to quantify oxidation kinetics. This paper showed that oxidation ki-
netics of additively manufactured samples, compared to manufactured 
samples, are similar in terms of oxide layer and oxygen diffusion zone 
thicknesses. It also showed that the higher net mass change per unit 
area found for additively manufactured samples is due to the combined 
action of the samples' higher surface area and of fast oxidation kinetics 
due to the cracking of partially melted powder grains attached to the 
sample’s surface [46]. 

The present paper follows on from these previous studies and fo-
cuses on the influence of the specific surface roughness and micro-
structure of Ti-6Al-4V titanium alloy, fabricated by LBM and EBM, on 
its oxidation behaviour. These results are compared to those obtained 
on a conventionally rolled Ti-6Al-4V alloy. In addition, the influence of 
HIP treatment on microstructure and oxidation behaviour was studied. 
The consequences of oxidation on the tensile properties of LBM and 
EBM Ti-6Al-4V alloys were also assessed. 

2. Materials and experimental procedures

2.1. Materials

Ti-6Al-4V alloy samples were fabricated by Laser Beam Melting and 
Electron Beam Melting. LBM samples were fabricated using an EOS 
M280 machine equipped with an Yb-fibre laser, at FUSIA, France. 
Fabrication was made using standard EOS parameters for Ti-6Al-4V 
alloys to obtain fully dense parts. To limit thermal oxidation, LBM 
processing was carried out under Ar atmosphere with concentrations 
below 10 ppm of N2, 3.0 ppm of O2 and 1 ppm of H2O. Plasma atomised 
Ti-6Al-4V grade 23 powder supplied by AP&C, with a particle size of 
15−45 μm, was used. The chemical composition of the powder is 
presented in Table 1. EBM samples were fabricated using an Arcam 
Q20+ machine equipped with a LaB6 cathode, at the IRT Saint Exupéry 



in the cold furnace, prior to heating, with a RS-90 Mini Anemometer. 
For hanging purposes, all samples were drilled with 1.5 mm diameter 
hole in order to have the highest contact-free area. An opening was 
present in the top wall of the furnace for atmosphere renewal. 
Isothermal oxidation treatments were carried out at 500, 538 and 600 
°C, for different durations ranging from 25 to 5 000 h. Sample mass 
were measured before and after oxidation using an electronic balance 
Sartorius LA 75 3200D with an accuracy of ± 20 μg. Net mass change 
per unit area (mass gain) values were averaged on three to five mea
surements for each oxidation test. 

2.4. Oxide layer characterisation 

The oxide Layer (OL) thickness of samples oxidized at 600 °C was 
measured using ImageJ. Cross sections, ground with P2400 – SiC 
abrasive paper and polished with a SiO2 solution were prepared, and 
optical microscopies were carried out with a Nikon Eclipse OM. For 
each sample, 5–10 images were taken and analysed. The image mag
nification depended on the thickness of the OL. OL thickness was de
termined by averaging 30–150 measures. For the thinnest OL, cross 
sections were obtained using a Focused Ion Beam (FIB) at the R. 
Castaing Microanalysis Centre in Toulouse, France with a SEM/FIB 
HELIOS 600i. OL thicknesses were determined from SEM images by 
averaging 10–15 measures. 

OL nature was characterized by XRD at room temperature with a 
Bruker RX D8 GIXRD using Cu-Kα radiation in the 2Θ range from 20° to 
80° with a step size of 0.02° and a scan step time of 2 s. In addition, an 
EDS analysis was performed with a FEI Quanta 450 SEM on the cross 
section of oxidized samples ground with P2400 – SiC abrasive paper 
and polished with SiO2 solution. 

2.5. Oxygen diffusion zone characterisation by EPMA 

The Oxygen Diffusion Zone (ODZ) was characterized by Electron 
Probe Microanalyzer (EPMA) at R. Castaing Microanalysis Centre in 
Toulouse, France, with a CAMECA SX Five FE operating at 15 kV and 20 
nA. Oxygen profiles were performed with a machine error of 3 000 wt. 
ppm on oxygen concentration measurement. For each sample char
acterized, 3–6 profiles were performed. Due to the presence of a native 
OL on the surface of the freshly polished cross section, the oxygen signal 
was biased and had to be corrected. For each profile, three count values 
were measured in the bulk to determine the count value corresponding 
to the native OL. The mean count value of the bulk was brought back to 
zero because the machine error of measured points is six times higher 
than the oxygen concentration in the bulk. Then, oxygen concentrations 
in at.% and wt.% were calculated. 

2.6. Oxygen diffusion zone characterisation by SIMS 

The following samples, all oxidised at 500 °C were analysed by 
Secondary Ion Mass Spectroscopy (SIMS) : EBM samples oxidised for 

100 h and 500 h, and an LBM sample oxidised 500 h. All these samples 
were ground with P600 SiC paper before oxidation. The depth profiles 
were obtained through the external oxide scale and in the oxygen dif
fusion zone below the scale, down through where the oxygen intensity 
remains constant. 

Intensity-depth profiles were measured by SIMS using a Cameca IMS 
7f instrument. A Cs + source with a primary current of 40 nA was used 
in order to reduce the matrix effect. The raster area was 125 × 125 
μm², and the analysis area 33 × 33 μm². The intensities recorded 
corresponded to the following mass: 133Cs, 27Al133Cs, 48Ti133Cs,  
51V133Cs, 133Cs2, 1H133Cs2, 12C133Cs2, 14N133Cs2, 16O133Cs2. Oxygen 
concentration profiles were assumed to be given by the following 
normalisation: the intensity of the signal 16O133Cs2 was divided by the 
average intensity of the same signal found in the core of the sample and 
multiplied by the oxygen concentration in the core of the sample. The 
oxygen concentration in the core of the sample was measured by IGA 
and is given in Table 1. This normalisation procedure led to an oxygen 
concentration below the oxide scales lying between 20 at.% and 30 at. 
%. The position of the metal/oxide interface was chosen close to the 
inflexion point of the oxygen concentration profile, where the con
centration was close to 25 at.% which was consistent with EPMA 
measurements. 

All sputtering craters were analysed by contact profilometry with a 
Bruker Dektak 8 instrument. This measurement was used to calculate 
the depth of the SIMS analysis from the duration of the sputtering. 
Average crater depth was about 10 μm with a roughness of about 
+/-0.5 μm at the bottom of the crater. The average oxide thickness was 
about 70 nm. Depth measurement uncertainty leads to a 15 % error on 
the determination of D. 

2.7. Tensile tests 

Tensile tests were performed on a MTS2 Criterion at MIDIVAL using 
a high temperature Epsilon extensometer of 20 mm working distance to 
measure displacement. Tensile specimens had a gauge area of 30 × 5 
mm2, a thickness of 1.3 mm and were ground with P600 – SiC abrasive 
paper. In order to investigate the influence of oxidation on tensile 
properties, samples were pre-oxidized at 600 °C during 500 h in the 
Carbolite furnace LHT6/60 before running tensile tests. Rupture sur
faces were observed using LEO 435 VP SEM. ODZ thickness was de
termined by measuring the distance between two points in order to 
draw a line perpendicularly to the metal/oxide interface. For both 
oxidized samples, the average value of ODZ thickness was obtained 
from 40 to 80 measures. 

3. Results

3.1. Microstructures

Fig. 1 shows the microstructure of Ti-6Al-4V titanium alloys in five 
metallurgical states observed using OM and SEM. The rolled β-annealed 

Table 1 
Chemical composition of Ti-6Al-4V alloys used in this study (measured by Instrumental Gas Analysis (IGA) for O, N, H and C and Inductively Coupled Plasma-Optical 
Emission Spectrometry (ICP-OES) for Al, V, Fe, Cr and Ti).              

Al (%) V (%) Fe (%) Cr (%) O (ppm) N (ppm) H (ppm) C (ppm) Others (%) Ti  

LBM Powder (wt) 6.36 4.03 0.21 0.01 900 100 20 100  <  0.4 Bal 
(at) 10.7 3.60 0.17 0.01 2600 300 900 400  Bal 
EBM Powder (wt) 6.35 3.68 0.19  800 200 10 100  <  0.4 Bal 
(at) 10.7 3.29 0.15  2300 600 500 400  Bal 
Rolled β-annealed (wt) 6.41 3.93 0.16  1800 100 40 40  <  0.4 Bal 
(at) 10.8 3.51 0.13  5100 300 1800 200  Bal 
As-built LBM (wt) 5.99 ± 0.02 4.00 ± 0.02 0.2 ± 0.002  < 0.05 1000 100 30 100  Bal 
(at) 10.13 3.58 0.16  < 0.04 2900 300 1400 400  Bal 
As-built EBM (wt) 5.59 ± 0.02 4.01 ± 0.01 0.19 ± 0.003  < 0.05 800 140 10 100  Bal 
(at) 9.49 3.6 0.16  < 0.04 2300 500 500 400  Bal 



sample presents large prior-β grains without any preferential grain or
ientation, whereas as-built LBM and as-built EBM samples both have 
prior-β grains elongated along the building direction. HIP treatment 
partly “erases” prior-β grains in HIP-treated LBM samples whereas in 
HIP-treated EBM samples, the solidification structure is still clearly 
visible. SEM observations reveal that rolled β-annealed microstructure 
is composed of α and β phase, similarly to as-built EBM microstructure 
but with α-laths being about 1 μm thick, as shown in Table 2. As-built 
LBM microstructure is composed of fully acicular martensitic α’-laths, 
with a maximum thickness of 0.9 μm, as reported in Table 2. HIP 
treatment on as-built LBM samples induced the transformation of α’- 
laths into α and β phase. In addition, HIP treatment induced a large 
coarsening of α-laths in both as-built LBM and as-built EBM samples, as 
presented in Table 2. After the HIP treatment, the microstructures of 
LBM and EBM samples are similar. 

Fig. 2 shows the X-ray diffractograms obtained for the different Ti- 
6Al-4V alloys, i.e. rolled β-annealed, as-built LBM, as-built EBM, HIP- 
treated LBM and HIP-treated EBM. XRD of as-built LBM indicates the 
presence of an hexagonal phase only, corresponding to α’ martensite. 
XRD analyses of as-built EBM and HIP-treated LBM/EBM samples show 
peaks corresponding to both α and β phases. In the XRD diffractogram 
of rolled β-annealed the α peaks appear clearly but the main peak 
corresponding to the (1 1 0) planes of the β phase of Ti-6Al-4V at 39.5° 

does not appear. However, a small peak corresponding to the (2 0 0) 
planes of the β phase appears at 57°. The intensity of β peaks is rather 
low because the volume fraction of β phase is small. In addition, in the 
diffractogram of the as-built EBM sample, the (1 1 0) β peak around 
39.5° is not well separated from the (1 0 1 1) α peak around 40.5°.  
Table 3 presents the lattice parameters of each sample estimated from 
XRD. All five samples have similar α-phase lattice parameters. The β- 

Fig. 1. Optical (OM) and Scanning Electron microscopies (SEM) of rolled, LBM and EBM Ti-6Al-4V alloys.  

Table 2 
Thicknesses of α-laths of rolled, LBM and EBM Ti-6Al-4V alloys.         

Rolled β-annealed As-built LBM (α’ laths) As-built EBM LBM HIP treated EBM HIP treated  

α-laths thickness (μm) 1.0 ± 0.3  <  0.9 0.7 ± 0.2 2.1 ± 0.7 2.5 ± 0.4 

Fig. 2. Comparison of X-ray diffractions of unoxidized Ti-6Al-4V alloys (in
tensities are normalised by their highest value for each diagram). 
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Fig. 4. Characterisation of surface roughness by confocal microscopy of Ti-6Al-4V alloys before and after grinding. 

oxide interface is observed in the four samples oxidized 500 h at 538 ·c 
and 600 ·c. Lastly, small white precipitates (SEM in BSE mode) can be 
seen in Fig. 8, they correspond to the fi phase. Fig. 9 a) presents OL 
diffractograms of LBM P600 and EBM P600 oxidized 500 h at 600 ·c. 

Both results show the presence of rutile TiO2 in the OL. Fig. 9 b) dis­
plays EDS cartographies of the OL on LBM P600 and EBM P600 samples 
oxidized 500 h at 600 ·c. EDS cartographies show the presence of outer 
aluminum-rich Jayers in both oxide Jayers. Severa! authors found that 
the oxide scales forming on Ti-6Al-4V alloy were stratified with several 
rutile and alumina Jayers. This same structure was observed in this 
study on LBM and EBM processed samples [8,48-51). 

3.3. Oxygen diffusion zone and O diffusion coefficient 

Fig. 10 shows an example of experimental EPMA profile obtained 
from an LBM P600 sample oxidized 500 h at 600 ·c. To determine the 
effective diffusion coefficient of oxygen (D) in the metal, experimental 
EPMA profiles were fitted using the solution of the second Fick Jaw, Eq. 
(1), with the oxygen concentration at the metal/oxide interface, Cs, and 
D being constant. To determine the ODZ, the criteria ODZ = 4°.f[f:i 

was chosen, based on the ratio ��:�; = 0.005, presented in Eq. (2). 
This corresponds to the metal thickness value for which an oxygen 
concentration is about 0.5 at.o/o for most samples. This criteria has the 
advantage of being independent of the operator. 





Fig. 8. Optical microscopies of a) as-built LBM oxidized 500 h at 600 °C, b) as-built EBM oxidized 500 h at 600 °C. SEM observations in BSE mode of FIB cross sections 
of c) LBM P600 oxidized 500 h at 500 °C, d) EBM P600 oxidized 500 h at 500 °C, e) LBM P600 oxidized 500 h at 538 °C, f) EBM P600 oxidized 500 h at 538 °C, g) LBM 
P600 oxidized 500 h at 600 °C and h) EBM P600 oxidized 500 h at 600 °C. 

Fig. 9. a) X-ray diffraction and b) EDS of LBM and EBM Ti-6Al-4V alloys oxidized 500 h 600 °C.  







LBM P600 oxidized at 600 °C was due to its metastable microstructure. 
LBM HIP P600 and EBM HIP samples have similar microstructures. 
Despite differences in chemical composition they present similar oxi
dation kinetics. The influence of slight variations in chemical compo
sition on oxidation kinetics is therefore excluded. 

EBM P600 and EBM HIP P600 results summarized in Table 6 show 
that despite the fact that the HIP-treated sample has a microstructure 
twice as coarse and a lower density of α-lath interfaces, oxidation ki
netics as well as OL and ODZ thicknesses are similar. These results 
confirmed that the diffusion of oxygen in Ti-6Al-4V is not controlled by 
the diffusion of oxygen at the α-lath interfaces, contrary to what Su
gahara et al. explained in a previous study [65]. This finding is also in 
contradiction with Leyens et al. and Sai Srinadh et al. who found that 
the oxidation kinetics of IMI 834 and TIMETAL 1100 changed de
pending on microstructure [66,67]. 

4.3. New data for low temperature oxidation kinetics and oxygen diffusion 

Fig. 6 shows that at 600 °C, the oxidation kinetics of additively 
manufactured LBM and EBM samples is similar to that of the rolled β 
annealed Ti-6Al-4V alloy used in this study, and also to that of the 
different conventionally processed Ti-6Al-4V alloys from the literature. 
Very few literature data exist regarding temperatures below 600 °C. At 
500 °C, we found that oxidation kinetics are slightly lower than the 
extrapolation from high temperature literature data. This can be ex
plained by the formation of a less-protective OL at oxidation tempera
tures above 600 °C. Based on literature results, it is a well-known fact 
that the OL cracks and loses its cohesion with the metal at the metal/ 
oxide interface when it reaches a critical thickness [8,9,48–50]. It 
seems this critical thickness was not reached for the oxidations per
formed at 500 and 538 °C studied here. According to literature, the 
delamination of the OL is thought to be induced by the presence of 
internal stresses due to the large molar volume difference between the 
metal and the oxide [68,69]. Stringer explained that nanometric pores 
form inside the OL during its growth. These pores become larger as the 
OL layer thickens and internal stresses induce the breakdown of the OL 
[9]. This phenomena is clearly depicted in Fig. 17 with the delamina
tion appearing where pores weaken the integrity of the OL. 

Table 6 presents the ratio of ODZ thickness to OL thickness for 
samples oxidized 500 h at 600 °C and 2000 h at 500 °C. For both oxi
dation conditions, the ratio is similar for LBM P600 and EBM P600 
samples, but it strongly depends on temperature. Indeed, after an oxi
dation of 500 h at 600 °C, ODZ thickness is about 3 times higher than 
OL thickness, whereas after 2000 h of oxidation at 500 °C, ODZ thick
ness is about 50 times higher than OL thickness. For all samples, Table 6 
also shows which proportion of the mass gain is due to the oxide growth 
and which is due to the oxygen dissolution in the metal. These pro
portions were calculated using two methods. The first one is based on 
the total mass gain and on OL thickness measures with the hypothesis of 
a fully dense oxide. The second method consists in integrating EPMA 
concentration profiles with the hypothesis that the effect of volume 
expansion on alloy density, due to the oxygen ingress in the metal, is 
negligible. After 500 h of oxidation at 600 °C, the OL is thick and ac
counts for most of the mass gain (≈ 85 %). Whereas after 2000 h of 
oxidation at 500 °C, the OL is very thin and the mass gain is mainly due 
to the ODZ. At 500 °C, the oxide growth accounts for only 15 % of the 
mass gain, and most of the oxygen uptake is due to its dissolution into 
the metal. 

Most of the oxidation studies on Ti-6Al-4V alloy reported in the 
literature were performed at temperatures above 600 °C, as seen in  
Fig. 6. The Ti-6Al-2Sn-4Zr-2Mo (Ti6242) alloy is a titanium near-α 
alloy used at temperatures up to 600 °C. Gaddam et al. studied both Ti- 
6Al-4V and Ti6242 alloys and observed that, at 593 °C, the latter alloy 
had much lower oxidation kinetics – in terms of mass gain – than the 
former [15]. For 200 h at 593 °C, Ti-6Al-4V had a mass gain of about 
0.8 mg·cm−2 whereas Ti6242 had a mass gain of about 0.2 mg·cm−2. Ta
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However, in their study Gaddam et al. also showed that for 500 h at 593 
°C Ti6242 and Ti-6Al-4V alloys have the same “alpha-case” of 30 μm. It 
seems that, at 593 °C, the oxidation kinetics of Ti-6Al-4V is higher than 
the oxidation kinetics of Ti6242 only because the oxide scale grows 
faster. As mentioned previously, the higher OL thickness on Ti-6Al-4V 
at 593 °C is probably due to the presence of numerous defects in the 
oxide scale and to its delamination, which increases its formation rate. 
For oxidation tests carried out for 2000 h at 500 °C, the critical thick
ness was not reached and the formation rate of the OL is indeed rela
tively low, as shown by the thin OL thicknesses presented in Table 6. 
Moreover, by comparing EPMA-measured ODZ thickness of samples 
oxidized 2000 h at 500 °C in this study with the ODZ thickness, mea
sured by optical microscopy and EPMA, of the Ti6242 alloy, with dif
ferent oxygen concentration in the bulk, oxidized 500 h at 500 °C from 
Gaddam et al. [16], it can be seen that Ti-6Al-4V and Ti6242 alloys 
both have quite similar ODZ thicknesses. 

4.4. ODZ and embrittlement 

Fig. 13 shows that the rupture mode of Ti-6Al-4V changed from 
ductile to brittle due to the presence of oxygen. As seen in Fig. 11, for 
LBM P600 and EBM P600 oxidized 500 h at 600 °C, the oxygen con
centration at 25 μm from the metal/oxide interface is much lower than 
1 at.%. It can therefore be assumed that a small concentration of oxygen 
(< 1 at.% of oxygen) is enough to change the rupture mode. The 
quantification of the oxygen concentration responsible for the change in 
rupture mode cannot be determined precisely with EPMA. As explained 
previously, the machine error of EPMA measurement is about 0.3 wt.%, 
i.e. 0.9 at.%. Nevertheless, the modelled diffusion profile allows to es
timate the oxygen concentration at a depth of 25 μm. This value is
about 0.4 +/− 0.9 at.% taking into account the initial bulk oxygen
concentration of 0.3 at.%. This value of “less than 1 at.%” is consistent
with literature results [20,24]. In addition, Yan et al. used an atomic
probe and found that an oxygen concentration of 0.33 wt.% (≈ 0.9 at.
%) is enough to have a drastic drop in ductility and “reach total brit
tleness” in the Ti-6Al-4 alloy [70]. Similarly, Liu et al. confirmed that
an oxygen concentration of about 0.65 wt.% induced a change in rup
ture mode from ductile to brittle for an α titanium alloy resulting in a
rupture along α-lath boundaries and a cleavage through α-laths [53].

5. Conclusions

The main purpose of this study was to determine the influence of the
specific surface state and microstructure of the Ti-6Al-4V alloy fabri
cated by Laser Beam Melting and Electron Beam Melting on high 
temperature oxidation, and to compare the behaviour of these materials 
with conventionally processed Ti-6Al-4V. The present study led to the 
following conclusions: 

1) The surface of LBM and EBM Ti-6Al-4V alloys are rough. The pre
sence of partially-melted powder grains increases the surface area

Fig. 15. XRD measurements of the bulk microstructure of LBM P600 samples after oxidation treatment.  

Fig. 16. V and Al content in α and β phases of Ti-6Al-4V calculated with TCTI 1 
database in Thermo-Calc. 

Fig. 17. Breakdown of OL of LBM P600 sample oxidized 1 000 h at 600 °C.  



by a factor of 2–5. It was shown that the higher net mass change per
unit area obtained for as-built samples in this study were only due to
their higher surface area. As far as OL and ODZ thicknesses are
concerned, the oxidation kinetics of as-built LBM and EBM are si
milar to ground LBM and EBM samples respectively, and they do not
explain the differences in mass gains.

2) Oxidation kinetics of Ti-6Al-4V titanium alloys fabricated by LBM
and EBM are similar to that of conventionally processed Ti-6Al-4V
alloys at 600 °C, and to that of other conventional Ti-6Al-4V alloys
reported in the literature. Oxidation treatments performed on HIP- 
treated EBM and EBM samples show that α-lath thickness and the
number of α interfaces inside the metal does not have an influence
on oxidation kinetics nor on oxygen diffusion in the metal. The
oxidation of LBM samples shows that the α’ microstructure is not
stable during oxidation treatment at 500 and 600 °C and transforms
into a (α + β) microstructure.

3) The oxide layer is mainly composed of rutile (TiO2) with presence of
alumina (Al2O3) when the oxidation is long enough. Results also
show that there is a high density of pores inside the oxide layer and
at the metal/oxide interface, and this porosity increases as oxidation
progresses. These pores weaken the oxide layer which deteriorates
due to the presence of internal stresses once a critical thickness is
reached. At 600 °C, the oxide layer accounts for about 80 % of the
oxygen intake, whereas at 500 °C less than 20 % of the oxygen is in
the oxide scale. At 600 °C the critical oxide layer thickness is
reached before a few dozen hours, whereas, at 500 °C, it still had not
been reached after 5 000 h oxidation tests.

4) With the ingress of oxygen in the metal, the ductile rupture mode of
the Ti-6Al-4V alloy fabricated by LBM and EBM switches to a brittle
rupture mode. It was found that an oxygen concentration lower than
1 at.% was sufficient to embrittle the alloy.
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