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Improving the Adhesion of a Hard Oxide Layer on Ti6Al4V
by a Three-Step Thermal Oxidation Process
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whereby the composition and hardness of
the oxide layers are dependent on the thermal
oxidation process parameters.[10–13] Such
parameters are the oxidation duration, the
temperature, the composition of the oxidizing atmosphere, and the partial pressure or
the oxidant activity. An increase in duration
or temperature leads to thicker oxide
layers[14–17] but goes along with an increased
porosity,[16] an increased surface roughness,[12,13,18,19] and a decreased layer adherence.[10,20,21] The latter are major problems
in tribological applications, e.g., in implanted
joints where wear debris and spalled of parts
can cause inﬂammation.[22]
Due to the high oxygen solubility of up to
33.3 at. % in α-titanium,[23] the oxide layer
formation at elevated temperatures is
accompanied by oxygen diffusion into the
substrate, leading to an oxygen diffusion zone.[2]
Figure 1 shows a schematic oxygen concentration-depth proﬁle
obtained after thermal oxidation of commercially pure titanium, as
modeled by Unnam et al.[24] Starting at the oxide–substrate interface, the oxygen concentration decreases gradually in the oxygen
diffusion zone until it reaches a constant concentration close to
0 at. %.[24] The hardness in the oxygen diffusion zone also decreases
gradually from the oxide–substrate interface toward the softer substrate because the oxygen concentration in Ti6Al4V is correlated
with the material hardness.[25] According to Güleryüz et al.,[2] such
graded surfaces with good adhesion characteristics have the potential to improve the wear behavior of Ti6Al4V.
Different thermal oxidation processes have been deployed to optimize the tribological properties. The simplest concept is a singlestep air oxidation, often conducted in a temperature range from
600 to 850  C.[12,14,16,26–33] Oxygen diffusion zones, and thus zones
of a gradual hardness decrease, obtained by this process have depths
generally much less than 100 μm.[12,14,26–28] Reaching for thicker
oxygen diffusion zones by single-step air oxidation is difﬁcult
because increasing the process temperature or the oxidation duration results in porous and less adherent oxide layers.[13,15,16,27]
Oxygen diffusion zone depths of more than 100 μm
can be achieved by adding a vacuum heat treatment step to
the process.[34–37] During this vacuum heat treatment,
often performed at 850  C,[25,34–36] oxygen which is released by
the reduction of TiO2 diffuses into the substrate until the oxide layer
is completely dissolved. According to Zhang et al.,[35] two reactions
are possible for this solid-state reduction of the oxide layer

Thermal oxidation is a promising technique to improve the tribological properties
of Ti6Al4V. Herein, a single-step process consisting of oxidation in air, a two-step
process with an additional solid-state oxide layer reduction step under vacuum,
and a three-step process with an appended ﬁnal oxidation step in air are applied
to Ti6Al4V. The oxide layer adhesion after the three-step process is improved
compared with the single-step process. This improved adhesion is not due to a
different nature of the oxide layers because oxide layers obtained during the
single-step and three-step process show a similar morphology and composition.
Instead, it is ascribed to the presence of an optimized oxygen diffusion zone with
two distinct regions: a gradual decrease in oxygen concentration from the
maximum possible oxygen concentration at the oxide–substrate interface until a
depth of 20 μm followed by a near-linear decrease until a depth of about 85 μm.
Both regions are also visible in the correlated microhardness-depth proﬁle.

1. Introduction
Ti6Al4V is the most widely used titanium alloy with applications
ranging from aerospace engineering to health technology.[1]
While titanium alloys show excellent mechanical properties, good
corrosion resistance, and biocompatibility, their tribological properties are described as poor.[2–4] To overcome this drawback, numerous surface modiﬁcation techniques have been investigated.[4–8] A
promising approach to improve the tribological properties of
Ti6Al4V is thermal oxidation. Thermal oxidation is deﬁned as
the growth of an oxide layer on a substrate during heat exposure
in an oxidizing atmosphere.[9] The oxide layer forming on
Ti6Al4V mainly consists of TiO2, in the form of rutile or anatase,
and has an increased hardness compared with the substrate,
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2. Materials and Methods

Figure 1. Schematic oxygen concentration-depth proﬁle of a commercially
pure titanium specimen after thermal oxidation. According to Unnam
et al.[24]

TiO2 ðsÞ ! Tia Ob ðsÞ þ x ⋅ O ðdissolved in Ti and oxideÞ

(2)

Ti6Al4V treated with such a two-step process, also referred to
as oxygen boost diffusion,[34,38] shows an increased surface hardness and a better wear resistance in fretting mode but lacks a
protective oxide layer, which is essential when it comes to corrosion resistance and biocompatibility.[39] To obtain an oxide layer
in combination with a pronounced oxygen diffusion zone,
Rastkar et al.[40] proposed a three-step process consisting of
the steps: oxidation in air, oxide layer reduction in vacuum,
and an additional oxidation in air. For zirconium alloys, such
a process was implemented to improve the oxide layer adhesion.[41,42] Bacroix et al.[39] applied this three-step process also
to Ti6Al4V, focusing on the effect of different oxidation temperatures during the ﬁrst oxidation step on tribological properties. A
diffusion zone of approximately 600 μm could be reached and
parameters leading to an improved wear resistance were
identiﬁed.
This work aims to demonstrate that the three-step process can
also be used to improve the oxide layer adhesion already at far
smaller diffusion depths due to the formation of two distinct
regions in the diffusion zone: a gradual oxygen concentration
decreases from its maximum at the oxide–substrate interface
followed by a near-linear decrease deeper toward the substrate.
As the nature of oxide layers obtained during the three-step process has not been explicitly characterized to the authors’ knowledge, this work includes a comparative study of the surfaces after
the single-step, two-step, and three-step process to consider a
potential inﬂuence of the nature of the obtained oxide layer
on its adhesion.
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In this study, 2 mm-thick, annealed Ti6Al4V sheet material
according to AMS 4911 was used. Specimens of 10 mm  20 mm
size were cut from sheet material, ground with P500 and P1200
abrasive paper, and cleaned ultrasonically in ethanol.
Figure 2 shows a backscattered scanning electron microscopy
image of the cross-sectional microstructure in the initial state.
The brighter appearing β–phase is homogeneously distributed
in the specimen. Grains of the β–phase are narrow and exhibit
directionality as the specimens are from a rolled sheet.
Table 1 shows the thermal oxidation treatment process parameters of the single-step, two-step, and three-step process. During
each process step, the specimens were placed in a preheated
chamber furnace followed by air cooling after the respective thermal oxidation treatment duration. To realize the low vacuum
atmosphere during the second process step, specimens were
encapsulated in evacuated quartz glass tubes. This limits the
available amount of oxygen for further oxidation of the encapsulated specimens and promotes the solid-state oxide layer
reduction.
The thermal oxidation-treated specimens were either analyzed
in the as-treated state or after metallographic cross-sectional
preparation. For a surface analysis via scanning electron microscopy (SEM), a Zeiss 1540 ESB Cross Beam with an Evenhart–
Thornley and an inlens secondary electron (SE) detector as well
as a semiconductor and an inlens backscattered electron (BSE)
detector was used. Elemental analysis was performed with a
Thermo Noran System Six energy-dispersive X-ray spectroscopy
(EDS) system with a silicon drift detector. In addition, an X-ray
diffraction analysis (XRD) was conducted on a Bruker D8
Discovery. A diffraction angle range from 20 to 80 was analyzed with a step size of 0.01 and a count time of 0.5 s under

Figure 2. Microstructure of a Ti6Al4V specimen in the initial state after
grinding.
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Table 1. Process parameters used during the single-step, two-step, and three-step thermal oxidation process.
Three-step process
Two-step process
Single-step process
Process step

Oxidation in air

Oxide reduction

Duration in h

16

6

16

Temperature in  C

680

850

680

Air at atmospheric pressure
(1  105 Pa)

Low vacuum (4  103 Pa) in sealed
glass tube (10 cm3)

Air at atmospheric pressure
(1  105 Pa)

Atmosphere

Cu KαI radiation. Glow discharge optical emission spectroscopy
(GDOES) was used to obtain elemental concentration-depth proﬁles. Measurements were performed on a Spectruma GDA alpha
with a suitable calibration to quantify oxygen. An effective initial
oxygen concentration of 20 at. % at the oxide–substrate interface,
as proposed by Unnam et al.[24] and conﬁrmed in preliminary
tests, was chosen to distinguish between oxide layer and substrate if an oxide layer was present. The roughness parameters
Ra and Rz were determined according to ISO 4288 with a
MarSurf PS 10 proﬁlometer. Twelve roughness measurements
per specimen were used to calculate an average. The morphology
and thickness of the oxide layers were analyzed via SEM of the
prepared cross sections. Eight different backscattered electron
images per cross section were considered to average the oxide
layer thickness of every specimen. Each image, evaluated at more
than 100 positions, represented an oxide layer length of approximately 50 μm with a resolution of 0.05 μm. Depth-controlled
Martens hardness measurements were performed on a
Fischerscope H100 using a Vickers indenter and an indentation
depth of 0.2 μm. Up to 400 measurement points were used to
derive microhardness-depth proﬁles down to a depth of
100 μm in the substrate. The layer adhesion was assessed
through Rockwell indentation tests speciﬁed in EN ISO 26 443
(diamond indenter, 60 kg load, 10 s duration).

3. Experimental Results
Optical inspection with the naked eye reveals a dark brownish
surface on specimens after the single-step and three-step process
(Figure 3). In contrast to that, the surface after the two-step process has a bright, mat, metallic appearance with some impurities.
SEM images at high magniﬁcation of specimens exposed to
the single-step process (Figure 4a–c) show agglomerations of
oxide grains with a ﬁne, elongated rod shape (arrow 1,

Oxidation in air

Figure 4a) and larger polyhedron-type grains (arrow 2) on the
surface of the oxide layer. A third type of oxide grains without
a clearly deﬁned shape can be identiﬁed in-between the latter.
After the two-step process, the ﬁne, rod-shaped grains are no longer present. Instead, the surface consists of densely agglomerated polyhedron-type grains only. Some of those grains have a
terraced structure (arrow 3, Figure 4b). The oxide layer obtained
after the three-step process is similar to the one after the singlestep process.
At a lower magniﬁcation (μm-scale, Figure 4d–f ), the oxide
layer obtained after the single-step process shows an uneven surface with elevated clusters of ﬁne oxide grains (arrow 4,
Figure 4d). Such clusters can still be identiﬁed after the two-step
process (Figure 4e), even though the surface appears smoother.
After the three-step process, elevated clusters of oxide grains
appear again.
Table 2 shows the roughness parameters Ra and Rz measured
after every process. The roughness measurements reﬂect the different extend of oxide grain cluster formation. Compared with
the untreated specimen state (after grinding), the roughness is
increased after the single-step process. The subsequent oxide
layer reduction step leads to a decline of Ra and Rz. The surface
after the three-step process has the highest roughness.
According to the XRD measurement shown in Figure 5, the
oxide layer obtained via the single-step process mainly consists of
TiO2 rutile (ICDD 00–021–1276) and a small amount of α–Al2O3
(ICDD 01–070–5679). Peaks indicating α–Ti (ICDD 00–044–
1294) are present as well and can be related to the substrate
underneath the oxide layer. After the two-step process, neither
TiO2 nor α–Al2O3 can be identiﬁed in the XRD pattern.
Instead, characteristic peaks of the surface and subsurface region
are α–Ti and Ti3Al (ICDD 00–052–0859). The XRD pattern of a
specimen after the three-step process is similar to the single-step
result.

Figure 3. Specimens after the single-step, two-step, and three-step process.
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Figure 4. SE SEM images of surfaces obtained after the a,d) single-step, b,e) two-step, and c,f ) three-step process on the nanometer and the micrometer
scale.
Table 2. Mean roughness parameters Ra and Rz and standard deviation of
the initial specimen and a specimen after the single-step, two-step, and
three-step process.
Untreated

Single-step

Two-step

Three-step

Ra in μm

0.049  0.004

0.223  0.005

0.157  0.021

0.293  0.029

Rz in μm

0.401  0.029

1.658  0.068

1.215  0.132

2.146  0.182

Figure 6 shows the EDS analysis of a specimen after the
single-step process. According to this analysis, the elongated
rod-shaped oxide grains and the polyhedron-type oxide grains
contain titanium (arrows 1 and 2, Figure 6). The oxide grains
without a speciﬁed geometry are rich in aluminum (arrow 3,
Figure 6). Aluminum-containing oxide grains are only present
in the ﬁrst 500 nm of the oxide layer (arrow 4, Figure 6). They
do not entirely cover the oxide layer but are located in between
titanium-containing oxide grains.
After the oxide layer reduction at the end of the two-step
process, small grains, no larger than 500 nm, with a relatively
high aluminum content have formed at the surface (arrow 1,
Figure 7).
Figure 8 shows that the oxide layer obtained after the threestep process is similar to the one after the single-step process.
Aluminum-containing oxide grains (arrow 1, Figure 8) are present in between titanium-containing oxide grains at the top of the
oxide layer.
Figure 9 shows an overview of the effects of the three different
processes on the surface microstructure. The SEM cross-sectional images of the oxide layer obtained after the single-step process show that an agglomeration of oxide grains can lead to a
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Figure 5. Characteristic XRD pattern of specimens after the single-step,
two-step, and three-step process with identiﬁed peaks according to the
ICCD database.

compact oxide layer in some regions, while open pores occur
preferably close to the oxide–substrate interface (arrow 1,
Figure 9a). In the substrate, elongated, brighter appearing grains
of β–Ti (Figure 9d) similar to the initial state (Figure 2) can be
identiﬁed.
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Figure 6. Top-view and cross-sectional SE SEM images of an oxide layer after the a,d) single-step process, with quantitative EDS mappings of b,e)
aluminum and c,f ) titanium.

Figure 7. a) BSE SEM cross-sectional image of the surface after the two-step process, with quantitative EDS mappings of b) aluminum and c) titanium.

After the two-step process, no oxide layer is present
(Figure 9b). Directly at the surface, the aluminum-rich grains,
identiﬁed during the EDS analysis, appear as darker phases
(arrow 3, Figure 9b). In some specimens, closed, round pores
occur at a distance of approximately 1 μm from the surface (arrow
2, Figure 9b). In a similar depth, aluminum-rich darker phases
tend to form zones with a lamellar structure (arrow 4, Figure 9b).
No brighter appearing β–Ti phase is visible near the surface
(arrow 5, Figure 9e). Compared with the single-step process,
grain coarsening is observed in the substrate.
The oxide layer formed during the three-step process is
similar to the one after the single-step process and possesses

Adv. Eng. Mater. 2022, 24, 2100864
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pores close to the oxide–substrate interface (Figure 9c). The
subsurface and substrate microstructure after the three-step process (Figure 9f )) are similar to the ones after the two-step
process.
Figure 10 shows the EDS mapping of the region with lamellar
structure (arrow 4, Figure 9b). The lamella consists of phases rich
in aluminum and titanium.
The average oxide layer thickness, derived from cross-sectional images, is shown in Figure 11. It is 2.6 μm after the single-step process and 3.3 μm after the three-step process. The
thickness deviates within a range of 1.5 μm after the single-step
process and 2 μm after the three-step process.
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Figure 8. a) SE SEM cross-section image of an oxide layer after the three-step process, with quantitative EDS mappings of b) aluminum and c) titanium.

Figure 12 shows the oxygen concentration-depth proﬁles
derived from GDOES measurements together with the microhardness depth-proﬁles in the oxygen diffusion zone starting
at the oxide–substrate or the air–substrate interface.
In case of the single-step process, the oxygen concentration
gradually decreases from the effective initial concentration of
20 at. % at the oxide–substrate interface until it reaches the constant concentration of 0 at. % at a depth of 20 μm.
For the two-step process, the initial concentration at the air–
substrate interface is below 10 at. %. Higher oxygen concentrations measured in the ﬁrst 0.5 μm in this case are caused by a
GDOES measurement artifact. The constant substrate concentration of 0 at. % is not reached before a depth of 85 μm. Compared
with the concentration proﬁle after the single-step process, the
gradient is lower during the ﬁrst 15 μm but remains approximately constant, which leads to a near-linear behavior.
In the three-step process, the ﬁnal oxidation step mainly
affects a region of 20 μm close to the surface. The oxygen concentration gradually decreases from the effective initial concentration of 20 at. % at the oxide–substrate interface toward 5 at. %
at approximately 20 μm. After that, the course is similar to the
one after the two-step process, i.e., a near-linear decrease.
The microhardness-depth proﬁles behave as the oxygen concentration-depth proﬁles. Starting with an initial hardness of
9 GPa at the oxide–substrate interface, the hardness decreases
strongly within the ﬁrst 20 μm after the single-step process until
it reaches the constant substrate hardness of 3.5 GPa.
The two-step process results in a reduced initial hardness of
6 GPa compared with the single-step process. After that, the
hardness decreases in a near-linear manner to the substrate value
of 3.5 GPa over a long distance of 85 μm.
The three-step process again leads to a high initial
hardness of 9 GPa, which gradually decreases until a depth of
approximately 20 μm down to 5.5 GPa. Then, the course is
like the one obtained during the two-step process, i.e., a nearlinear decrease down to the substrate hardness over a distance
of 85 μm.
Based on all three oxygen concentration- and hardness-depth
proﬁles, the relationship between oxygen concentration coxygen
and microhardness HM in Ti6Al4V is best described by a parabolic relationship (Figure 13)
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HM ¼ HM 0 þ b ⋅

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c oxygen

(3)

The initial substrate Martens hardness (0.2 μm depth
controlled) HM0 is 2.9 GPa at an oxygen concentration which
is 0–0.2 wt. % according to AMS 4911. The coefﬁcient b is
1.2 GPa. The applicability of such an empirical parabolic
relationship between oxygen concentration and microhardness
has been conﬁrmed recently by Vaché and Monceau.[43]
Figure 14 shows the results of the Rockwell indentation tests.
The specimen in the initial state does not show any surface damage other than the indenter imprint (Figure 14a). Instead, the
oxide layer obtained during the single-step process
(Figure 14b) is completely delaminated and of class 3 according
to EN ISO 26 443. Cracks of a few micrometers are observed in
the subsurface region. After the two-step process (Figure 14c),
cracks of approximately 200 μm length are visible around the
indenter imprint. The oxide layer obtained during the three-step
process (Figure 14d) is partially delaminated and of layer adhesion class 2. Segments of the oxide layer remain attached to the
underlying substrate. This segmentation of the oxide layer is
related to cracks in the subsurface region, similar to those
observed after the two-step process.

4. Discussion
All three thermal oxidation processes are successfully
implemented for Ti6Al4V. The presence of an oxide layer is
detected by the visual surface appearance, SEM cross-section
images, and XRD. The observations are shown in Table 3.
4.1. Constitution of Surface Grains
A quantitative EDS mapping, as performed by Dong et al.[17] and
Zhou et al.,[36] in this work is combined with an XRD analysis to
assign a characteristic phase even to grains of a few nanometers.
The oxide layer after the single-step and three-step process consists of TiO2 rutile grains, which, at the surface, can occur as
elongated rods or polyhedrons. In the top 500 nm of the oxide
layer, α–Al2O3 forms but does not entirely cover the oxide layer.
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Figure 9. BSE SEM cross-sectional analysis of the surface and subsurface region of thermal oxidation treated specimens after the a,d) single-step,
b,e) two-step, and c,f ) three-step process.

The formation of a TiO2 rutile oxide layer with an α–Al2O3 top
layer during air oxidation has been explained previously.[15]
After the two-step process, Ti3Al grains are identiﬁed directly
at the surface. As Al2O3 forms at the oxide–gas interface during
the single-step process,[15,31] a local Al enrichment occurs at the
surface after the oxide layer reduction step. The formation of
Ti3Al is therefore plausible according to the Ti–Al–O phase
diagram.[44]
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4.2. Surface Morphology and Roughness
The formation of elevated oxide grain clusters, which contribute
to a roughness increase during oxidation in air, is observed elsewhere.[10,13,15,31,45] Such oxide grain clusters (Figure 4d) are the
reason for the large interquartile range observed during the oxide
layer thickness evaluation (Figure 11) since they protrude up to
about 2 μm from the rest of the surface. A mechanism of oxide
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Figure 10. a) BSE SEM cross-sectional image of a region with lamellar structure (arrow 4, Figure 9 b)) occurring after the two-step process, with
quantitative EDS mappings of b) aluminum and c) titanium.

is because the roughness and the oxygen concentration at the
surface are increased before the ﬁnal oxidation step, which
causes a faster oxide layer growth.
4.4. Subsurface Microstructure

Figure 11. Oxide layer thickness after the single-step and three-step
process, showing the mean, median, and interquartile range (IQR).

layer formation, proposed by Du et al.[15] and discussed by Zhang
et al.,[31] cannot explain the formation of the observed clusters.
This mechanism consists of the following steps: TiO2 nuclei formation and subsequent surface coverage, TiO2 rutile formation
at the gas–oxide and oxide–substrate interface, and formation of
nodular Al2O3 at the gas–oxide interface with a subsequent
coverage. Based on the SEM-EDS cross-sectional analysis, the
observed oxide grain clusters are not such Al2O3 nodes.
Casadebaigt et al.[46] reported that a Ti6Al4V specimen showed
preferential oxide growth on β–laths, leading to oxide grain clusters similar to the ones observed, which provides a different
explanation. After the two-step process, a terraced surface morphology is observed as Hertel et al.[47] did in the case of commercially pure titanium. The observed morphology is therefore not
related to the formation of Ti3Al but inﬂuenced by the process
parameters during the oxide layer reduction step.
4.3. Oxide Layer Growth Velocity
Despite similar process parameters during the oxide growing
step, the three-step process leads to a thicker oxide layer. This
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In the case of the single-step process, a change in microstructure,
such as a decrease of β-phase near the oxide–substrate interface,[35] is barely visible. During the two-step process, a β-phase
depleted zone of approximately 5 μm is visible. In this zone, also
referred to as α-case, lamella consisting of Ti α–phase and Ti3Al
α2–phase occur, as well as regions with Ti α–phase only. This is
in agreement with Bagot et al.[48] The β-phase depleted zone is
followed by an α– and β–phase transition area, as described by
Zhang et al.,[35] until a region with stable α– and β–phase content
is reached. Pores present in some specimens after the two-step
process can be related to the Kirkendall effect.[49] The microstructures in the subsurface regions after the two-step and three-step
process are similar.
4.5. Oxygen Diffusion Zone
The oxygen diffusion zone after the single-step process is 20 μm
deep. The oxygen concentration-depth proﬁle shows a gradual
decrease because it results from a process controlled by oxygen diffusion[50] and therefore is a solution of the Fick’s law.[51] Thus, the
diffusion coefﬁcient of oxygen in Ti6Al4V DC can be calculated
from the oxygen concentration-depth proﬁle C(x) by solving
"
#
CðxÞ  C S
x
¼ 1  erf pﬃﬃﬃﬃﬃﬃﬃﬃ
(4)
CI  CS
2 DC t
where CI is the oxygen concentration at the interface between oxide
layer and diffusion zone, CS is the initial oxygen concentration in
the substrate, and t is the time of thermal oxidation, i.e., 16 h for the
single-step process at 680  C, yielding DC ¼ 1.15  0.01  1016
m2 s1. The diffusion coefﬁcient DH derived from the corresponding microhardness-depth proﬁle H(x) can be calculated with the
modiﬁed error function model as proposed by Vaché and
Monceau[43]
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Figure 12. Oxygen concentration-depth and microhardness-depth proﬁles after the single-step, two-step, and three-step process starting from either the
oxide–substrate (single- and three-step) or the substrate–air interface (two-step) as indicated in the excerpt.

Figure 13. Correlation of Martens hardness and oxygen concentration in Ti6Al4V.

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"
#ﬃ
u
HðxÞ  HS u
x
¼ t1  erf pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
HI  HS
2 DH t

(5)

where HI is the hardness at the interface between oxide layer and
diffusion zone and HS is the initial hardness substrate, yielding
DH ¼ 2.0  0.1  1016 m2 s1. This is in good agreement
Adv. Eng. Mater. 2022, 24, 2100864
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with the literature values determined for Ti6Al4V in a similar
temperature range.[52,53]
After the two-step process, the diffusion depth is enhanced
to 85 μm. The reduced oxygen concentration at the gas–
substrate interface compared with the single-step process indicates that the oxide layer completely dissolved before the end
of the second process step and thus could no longer serve as
oxygen reservoir.[35] During the three-step process, the oxygen
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Figure 14. a) SE SEM images after Rockwell indentation testing of specimen surfaces in the initial state without an oxide layer, b) after the single-step
process, c) the two-step process with no oxide layer present, and d) the three-step process.

Table 3. Impact of thermal oxidation process design on characteristic surface properties.

Presence of an oxide layer
Surface appearance
Constitution of surface grains
Surface morphology
Roughness
Layer growth velocity
Subsurface microstructure

Oxygen diffusion zone

Single-step

Two-step

Three-step

Yes

No

Yes

Brown

Mat metallic

Brown

TiO2 (rods or polyhedrons), α-Al2O3

α2-Ti3Al

TiO2 (rods or polyhedrons), α-Al2O3

Nodular oxide grain clusters

Terrace structure

Nodular oxide grain clusters

High

Medium

Highest

Slower

Not applicable

Faster

α þ β phase

!β depleted zone (α-Ti and
α-Ti/α2-Ti3Al lamella) !
transition area ! α þ β phase

!β depleted zone (α-Ti and
α-Ti/α2-Ti3Al lamella) ! transition
area ! α þ β phase

20 μm

85 μm

85 μm

Class 3 (complete delamination)

Not applicable

Class 2 (partial delamination
with layer segmentation)

Fair
(hard oxide layer but danger
of spallation)

Poor
(no protecting oxide layer)

Best
(hard oxide layer with
better adhesion)

Hardness proﬁles(schematic) correlating
to the oxygen concentration proﬁles
according to Equation (3)

Oxide layer adhesion
Expected tribological behavior

concentration at the oxide–substrate interface is enhanced,
while the overall diffusion depth of the two-step process is
maintained. In approximation, the oxygen concentrationdepth proﬁle achieved with the three-step process is a
superposition of the proﬁles obtained with the single-step
and two-step process and consists of a region with a pronounced gradual decrease near the oxide–substrate interface
followed by a near-linear decrease.
4.6. Hardness Proﬁles
Because the hardness proﬁles correlate with the oxygen concentration-depth proﬁles, the three-step process not only allows to
optimize the oxide layer thickness, the oxygen diffusion depth,
and the oxygen concentration-depth proﬁle, but also the
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Figure 15. Schematic inﬂuence of the ﬁrst, second, and third step of the
three-step process on the obtained oxide layer thickness and oxygen
diffusion zone depth.

microhardness-depth proﬁle
applications (Figure 15).

with

regard

to

tribological
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4.7. Oxide Layer Adhesion
The oxide layer adhesion after the three-step process is improved
compared with the single-step process, and the mechanism of
delamination is different. While the oxide layer obtained
during the single-step process spalls of instantaneously upon
indentation, this is not the case for the three-step process. As
the observed segmentation of the oxide layer is related to cracks
present in the subsurface region, a bonding between the oxide
layer and the substrate during the indentation process is present.
The formation of cracks in the subsurface region of specimens
after thermal oxidation is attributed to an increased hardness due
to oxygen diffusion, accompanied by embrittlement.

5. Conclusion
Ti6Al4V was treated with three different thermal oxidation processes. An oxide layer grows on the substrate during a single-step
process through oxidation in air (680  C, 6 h). In a two-step process, this oxide layer vanishes during an appended solid-state
reduction step under vacuum (850  C, 16 h, sealed glass tube).
In a three-step process, an additional oxide layer growing step
in air is added (680  C, 6 h).
1) The oxygen concentration- and the correlated hardnessdepth proﬁles after the three-step process are a superposition
of the proﬁles obtained after the ﬁrst and second process step.
The maximum possible oxygen concentration is reached at the
oxide–substrate interface followed by a gradual decrease until
a depth of 20 μm and a near-linear decrease until 85 μm.
2) The oxide layer adhesion after the three-step process is
improved compared with simple oxidation in air.
3) Despite minor differences in oxide layer thickness and
roughness, the outer most oxide layers obtained during the single-step and three-step process are similar. Therefore, the
improved adhesion after the three-step process can be related
to the optimized oxygen concentration-depth proﬁle underneath
the oxide layer.
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