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Influence of Thermal Oxidation on the Creep Behavior of Ti-6A1-4V Alloy
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The formation of a stable and adherent oxide layer on the Ti-6Al-4V alloy can improve the
mechanical and corrosion resistance of this material. This work studied the creep behavior of Ti-6Al-4V
alloy after two different thermal oxidation conditions: at 650 °C for 12 h and at 800 °C for 2 h. In the
XRD analysis of the oxidized samples, it was possible to observe the formation of rutile (TiO,) and
a displacement of the peaks of a and 3 phases caused by the dissolution of oxygen. In the creep test
at 550 °C, the material oxidized at 800 °C for 2 h showed a greater creep life at 125 MPa, the crack
took longer to brake probably due to the greater thickness of the layer. At 550°C and 187.5 MPa the
material oxidized at 650 °C for 12h has a better creep life, probably due to the layer more adhered.
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1. Introduction

Titanium and its alloys are widely used as structural
components due to their high mechanical strength, low
specific mass, and good corrosion resistance. The Ti-6Al-4V
alloy is one of the most important, combining workability
and excellent mechanical properties'. For this reason, it has
been widely used in the aeronautical and aerospace industries,
particularly for applications that require mechanical resistance
at high temperatures®. Due to the high affinity of titanium
and its alloys with oxygen, when exposed to an oxygen
atmosphere at high temperatures, there is the formation of
an oxide layer consisting essentially of rutile (TiO,) on its
surface and an oxygen diffusion zone, between the oxide
layer and the substrate®. When exposed to temperatures
above 600 °C, the oxide layer becomes thicker and more
defective, causing oxygen to penetrate the substrate,
leading to material loss and diffusion zone expansion with
the formation of hard and brittle layers®. In such cases, to
generate a titanium oxide barrier layer, a heat treatment is
performed using a furnace in the air atmosphere. Thermal
oxidation treatments aimed at obtaining ceramic coatings
in situ, mainly based on rutile, can offer thick films of
highly crystalline oxide, which are accompanied by the
dissolution of oxygen underneath them®.

According to Dalili et al.®, different ranges of treatment
time and temperature have been studied in the thermal
oxidation treatment of titanium alloys. They mention
that higher temperatures with prolonged times result in
detachment of the oxide layer and lower temperatures
with shorter times result in thinner oxide layers and
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insufficiently workable for an improvement in their
tribological properties.

Other investigations have been carried out by these
authors with the aim of a better understanding of thermal
oxidation process in titanium alloys’™'. In their work,
Severino et al.® studied the hot tensile behavior of Ti-6Al-4V
alloy after thermal oxidation at 800 °C at different times.
Therefore, the present work studied the effects of thermal
oxidation and its influence on the mechanical properties
of Ti-6Al1-4V alloy creep. The results were compared to
understand the effects caused by thermal oxidation in
the material, as well as the temperature and difference
between the stresses exerted in the creep tests. Others
works related with creep and oxidation were performed
previously by Reis, et al.'' and Barboza et al.'>!*. These
works considered the oxidation caused during the creep test
at high temperatures. However, in this paper, the oxidation
was carried out previously with the objective of creating a
thermal barrier for future oxidations. The idea arose due
to a significant increase in toughness in hot tensile tests
of Ti-6Al1-4V found in Severino et al.® work.

2. Materials and Methods

To carry out the present work, Ti-6Al-4V alloy was
used in the form of cylindrical bars of 12 mm in diameter.
In the condition as received, the bar is mechanically formed,
annealed at 800 °C for 2 h and cooled in air. Cylindrical
samples of Ti-6Al-4V alloy bar with 2 mm thickness were
cut in an Isomet cutter. The samples were prepared by
sanding with SiC-based sandpaper in the sequence of 120,
240, 320, 400, 600 and 1200 mesh and polishing with a
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colloidal silica solution. A Kroll solution (5 mL of HNO,,
3 mL of HF and 100 mL of distilled water) is used to etch
the specimens. The samples thermal oxidation was carried
out in a muffle furnace with temperature control by means
of'a k-type thermocouple, under two conditions: 650 °C for
12 h (0X650) and 800 °C for 2 h (OX800), both in ambient
atmosphere.

An Olympus BX40 optical microscope coupled to a
digitalization and image analysis system was used to observe
the microstructure, oxide layer and fracture of the creep
specimen. A Philips scanning electron microscope coupled
with a chemical analysis system using Energy Dispersive
Spectroscopy (EDS) was used for the observation and
chemical analysis of the layer and observation of the fracture
surface of the specimens tested under creep. The analysis of
the present phases in Ti-6Al-4V alloy cylindrical samples
surface with and without thermal oxidation was performed
by X-ray diffractometry using a Rigaku model Multiflex
diffractometer and Cu-Ka radiation. The specimens were
scanned at 20 angles between 20° and 80° with a step
increment of 0.02°. The Joint Committee on Powder
Diffraction Standards (JCPDS) powder index files were
used to identify the XRD results.

The specimens for creep tests were made according
to the specifications, gripping systems and extensometers
available, according to the ASTM E139-11 standard'.
The specimens were subjected to thermal oxidation under
the same conditions as the cylindrical samples: 650 °C
for 12 h and 800 °C for 2 h. Creep tests were performed
on a ZwickRoell Kappa 10DS testing machine under the
following conditions:

*  Specimens without oxidation and oxidized at
800 °C for 2h:

500 °C — Constant load for initial stress of 250 MPa.
550 °C — Constant load for initial stress of 125,
187.5, 250 € 319 MPa.

600 °C — Constant load for initial stress of 250 MPa.

*  Specimens oxidized at 650 °C for 12 h:

550 °C — Constant load for initial stress of 125
and 250 MPa.

Due to the number of specimens and the long duration of
the creep test, only one test of each condition was performed.
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3. Results e Discussion

3.1. Microstructural and oxidized layer
characterization

Figure 1 shows the oxidized material and the layers
formed under the 2 conditions, oxidized for 12 h at 650° C
and oxidized for 2 h at 800° C. It can be observed in
Figure 1 that the microstructure present in the oxidized
samples of Ti-6Al-4V alloy is composed of a primary a
(the lightest color phase) and o+ (the darkest color phase),
there are no changes in the microstructure after the heat
treatments. In the Ti-6Al-4V alloy samples oxidized at
650 °C by at 12 h, the oxide layer presented a thickness
between 2.15 um and 4.07 um and became more adhered
to its surface. In the samples oxidized at 800 °C for 2 h,
the oxide layer presented a thickness between 8.68 pm and
11.51 pm and the oxide layer are not adhered to its entire
surface, having a more brittle characteristic. According
to Kumar et al.’ the large difference in the coefficient of
thermal expansion between titanium oxide and Ti-6A1-4V
alloy is responsible for the fragmentation of the substrate
oxide layer. Figure 2 illustrates the oxygen diffusion zone
of Ti-6Al-4V alloy oxidized at 650°C for 12 h and at
800 °C for 2 h. Severino et al.® found measurements of
approximately 15 um for this same condition and the oxide
layer was also non-adherent. Several works are found in the
literature where the Ti-6Al-4V alloy is oxidized at different
temperatures, between 500 and 800 °C.

Dong and Bell"® studied the oxidized Ti-6Al-4V alloy
to verify its wear behavior. They conducted the oxidation
in an atmosphere containing about 80% oxygen and 20%
nitrogen at 600 °C for 65 h. The microstructure of the
oxidized material was composed of a thin rutile oxide layer
of approximately 2 um, followed by an oxygen diffusion
zone (ODZ) of approximately 20 pm. The diffusion zone is
characterized by a lighter shade of gray just below the oxide
layer. The diffusion zone of the oxidized sample at 650 °C for
12 h was almost imperceptible and the oxide layer was well
adhered. As for the oxidation at 800 °C for 2 h, the diffusion
zone became thicker, and the oxide layer was not adhered.

Severino et al.® studied the hot tensile behavior of
Ti-6Al1-4V alloy oxidized at 800 °C for 0.5, 1, 5, 10, 20 and
40 h. The results showed a significant increase in toughness,
mainly in the oxidized condition for 2 h. Giileryiiz and

indicate the present phases.
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Figure 2. Scanning electron micrographs of oxidized samples (a) at 650 °C for 12 h and (b) at 800 °C for 2 h.

Cimenoglu'® oxidized Ti-6Al-4V alloy to study corrosion
wear performance. Oxidation conditions were 600 °C and
650 °C between 12 and 60 h under not controlled atmospheric
conditions. The results showed an oxygen diffusion zone
below the oxide layer. At low temperature, thin oxide films
were observed, increasing temperature and oxidation time
promoted the formation of thick oxide layers and deeper
penetration of oxygen into the metal. In another work'’, they
examined the effect of thermal oxidation on the dry sliding
wear resistance of Ti-6Al-4V alloy. Oxidation at 600 °C for
60 h introduced hard surface layers composed of TiO, and an
oxygen diffusion zone beneath it. Surface hardness increased
by approximately 3 times after oxidation.

Kumar et al.”® studied the thermal oxidation of Ti-6Al-
4V alloy at 500, 650 and 800 °C for 8, 16, 24 and 48 h in air.
The morphological characteristics of the surface revealed that
the formed oxide film is adherent to the substrate at 500 and
650 °C, regardless of the oxidation time, while it fragments when
the alloy is oxidized at 800 °C. The large volume ratio of rutile
to Ti and the large difference in coefficient of thermal expansion
between rutile and titanium are considered responsible for the
fragmentation of the oxide layer. It was concluded that, at lower
temperatures, the oxide layer formed is thinner and adheres
better. The increase in treatment time allows for an increase in
the size of the oxide particles and filling of the entire surface.
However, an excessive increase can result in more agglomeration
and more porosity of the oxide layer, making it less adherent.

Figure 3 shows the X-ray diffractogram of the samples
under the 3 conditions: without oxidation, oxidized at 650 °C
for 12 h and oxidized at 800 °C for 2 h. In the sample without
oxidation, only the peaks referring to the o and § phases
are observed. In fact, only the peak (110) of B phase can be
observed. In oxidized samples, in addition to the a phase,
rutile (TiO,) can be observed. The B-phase peaks cannot be
observed in the oxidized samples. Zhang et al.' justify the
absence of B phase after oxidation due to oxygen being a
stabilizer of o phase. In this work, as in others cited, only
rutile was detected by X-ray diffraction. Other oxides were
not detected by X-ray diffraction. Note a shift in the position
of a-phase peaks in the oxidized samples. This fact is due
to the diffraction of the layer with diffused oxygen just
below the titanium oxide. Oxygen in the crystalline lattice
of titanium causes a change in the lattice parameters of o
phase and consequently in the angles of the diffracted planes.

The chemical composition of the surface layer was verified
by Energy Dispersive Spectrometry (EDS) in the Scanning
Electron Microscope. Figures 4 and 5 show the composition
of the oxide layer under the 2 thermal oxidation conditions.
It is possible to observe that the layer is composed of titanium
and oxygen in the middle region and aluminum and oxygen in
the outermost range of the layer. Casadebaigt et al.? describe
that the oxide layer formed at 500-600 °C of Ti-6A1-4V alloy
fabricated by Laser and Electron Beam Melting is mainly
composed of rutile (TiO,) with presence of alumina (Al,O,).
In Figures 4 and 5, as well as in the study by Zhang et al.",
it is possible to observe, analyzing the external oxidized
layer, that an aluminum-poor region appears near the oxide/
ODZ interface, indicating that the external diffusion of Al
atoms occurs to form alumina near the gas/oxide interface.
In addition, there is a higher aluminum content and a lower
titanium content in the outer part of the oxide. Therefore,
alumina grows outwards while rutile grows mostly inwards.

According to Zhang et al.”?, the Ti-6A1-4V alloy
oxidation mechanism can be divided into four stages. In the
first step, the formation of thin rutile nuclei preferentially
occurs, since the activation energy of rutile is much lower
than that of alumina. With increasing oxidation time, rutile
cores will gradually cover the surface of the alloy. In the
second stage, rutile continues to form at the gas/oxide and
oxide/alloy interfaces through external diffusion of titanium
and internal diffusion of oxygen. Addition of vanadium can
effectively reduce aluminum activity. Therefore, the formation
of alumina at the oxide/alloy interface is avoided. In the third
stage, nodular alumina begins to appear at the gas/oxide
interface. The existence of vanadium in the alloy reduces
the solubility of the aluminum and causes it to diffuse out.
If activated titanium atoms are insufficient at the oxide/alloy
interface, aluminum atoms will be promoted to diffuse out
and react with oxygen. In this case, nodular alumina becomes
the preferred oxidation product at the gas/oxide interface.
In the fourth step the oxygen diffusivity through the oxide
layer and the subsequent scale growth rate are reduced due
to the blocking effect of alumina. Meanwhile, a new oxide
grows in the gaps between adjacent large nodular particles,
leading to the formation of a mixed oxide layer composed
of rutile and alumina.

Du etal.” observed that nodular nuclei of A1,O, developed
on the surface of the sample in the early stages of oxidation
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Figure 3. X-ray diffractogram of Ti-6Al-4V alloy (a) without thermal oxidation, (b) oxidized at 650 °C for 12 h, and (c) oxidized at 800 °C
for 2 h. The vertical dotted lines help to see the peak dislocation.
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Figure 5. Composition of the layer formed in the oxidation at 800 °C for 2 h.

along with a thin layer of TiO,. AL,O, nuclei grew laterally
with increasing oxidation time and completely covered
TiO,. Their results also showed an o - Al,O, layer at the
outer interface of the oxide layers for all oxidized samples

3.2. Creep tests results

Table 1 presents the results of the creep test at temperatures
of 500 to 600 °C and stresses of 125 to 319 MPa of Ti-
6AI-4V alloy, in the specimens without and with thermal

and that a titanium layer formed at the oxide/substrate layer
interface, while an Al,O, layer formed at the gas/oxide
interface. external. As the oxidation times were up to 100 h,
it was possible to observe the Al,O, layer and the TiO, layer
growing alternately, producing multiple layers.

oxidation. This table summarizes the main experimental
parameters, the values of the primary creep time (tp), the
secondary creep rate (&,), the final creep time (tf) and the
final strain (¢7). According to Table 1, the tests carried out
at 550 °C and 125 MPa indicated that the materials oxidized
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Table 1. Parameters and results of creep tests.

Temperature (°C)  Stress (MPa) Condition t (h) &g (1/h) t. (h) € (mm/mm) RA (%)
500 250 0X800 1.00 0.00094 58.56 0.16 61.9
ST 1.19 0.00044 67.39 0.06 68.1
0X650 6.00 0.00404 67.39 0.69 86.7
125 0X800 1.30 0.00272 78.05 0.94 90.5
ST 1.00 0.00140 59.30 0.22 71.0
0X650 1.00 0.01030 13.81 0.36 76.2
187.5 0X800 0.20 0.00320 5.88 0.06 76.9
550 ST 0.45 0.00350 4.56 0.02 75.8
0X650 0.13 0.05173 3.60 0.40 56.2
250 0X800 0.24 0.05253 3.58 0.40 57.7
ST 0.44 0.03280 0.69 0.05 65.9
319 0X800 0.08 0.03342 1.24 0.13 56.4
ST 0.09 0.07962 0.76 0.12 57.0
0X800 0.04 0.12844 0.49 0.13 87.1
600 230 ST 0.06 0.38395 0.59 0.76 75.1
at 650 °C/12 h (0X650) and at 850 °C/2 h (OX800) present 101
a higher reduction in area and creep life when compared to 09 ] s A
the material not oxidized (ST). In the tests carried out at 08 e 0X650°C 12h
550 °C and 187.5 MPa, the oxidized material also presented 07 ] 4 0X800°C 2h .
a longer creep life, in this case the material oxidized at goe-
650 °C for 12h has a better creep life, probably due to the = 4
layer more adhered. In the tests carried out at 500 °C and %0 ° .. 4
250 MPa, the oxidized material presented a lower creep life. (‘,,E 041 R At
The material oxidized and subjected to creep at 600 °C and 037 .,O:AA
250 MPa presented a shorter creep life. This temperature 0.2+ X'A.‘.‘A-'.
was too high at the stress used in the tests, with very low 0.1+ " 2:___...-"
creep life, and close between the oxidized and non-oxidized 00] smowascetifubEsnns
alloy, not allowing a consolidated conclusion of the effect 0 1 20 30 40 s0  e0 70 80
of thermal oxidation. The tests carried out at 550 °C and Time (h)

319 MPa showed higher creep life for the oxidized material
in relation to the non-oxidized material.

At 550 °C and at all stresses used in the creep tests, the
oxidized material showed a longer creep life under both
oxidation conditions (OX650 and OX800) compared to the
material not subjected to thermal oxidation (ST). In the creep
testat 550 °C and 125 MPa, the material oxidized at 800 °C/2 h
showed a longer creep life than the one oxidized at 650 °C/12 h
and without oxidation, also showing the highest reduction in
area. Comparing the secondary creep rates with the different
treatment conditions, there was no significant reduction in the
creep speed in any of the conditions, and the increase in creep
life in some conditions of the oxidized material may be related
to the alloy surface hardening, as observed in previous work?.

Figure 6 shows the results of tests carried out at 550 °C
with 125 MPa on the oxidized material and as without
treatment. In this condition, a longer time to fracture and
a lower secondary creep rate are observed for the material
oxidized at 800 °C for 2 h compared to the material oxidized
at 650 °C for 12 h, the crack took longer to brake probably
due to the greater thickness of the layer. Figure 7 shows the
results of the tests carried out at 550 °C with 319 MPa on
the material without treatment and oxidized at 800 °C for
2 h. In this case, as it is a more severe temperature and stress
condition, a significant improvement in the creep resistance
of the oxidized material can be noted. The increased creep

Figure 6. Creep curves for ST, 0X650, and OX800 conditions at
550 °C and 125 MPa stress.

0.16 = ST
e 0X800°C 2h
0.14

0.12 4

Creep strain (mm/mm)

ofa 1.0 1.2 14
Creep time (h)

Figure 7. Creep curves for non-oxidized and oxidized conditions at
800 °C for 2 h at a temperature of 550 °C and a stress of 319 MPa.

life under some conditions of the oxidized material may
be related to the alloy surface hardening®. Which may be
associated with the previous formation of a stable oxide.
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The dependence of the stress values and the secondary
creep rate can be related by the logarithmic function described
in the Power-Law creep Equation 1:

&, =Bo" (1)

Where B is a constant dependent on the material microstructure,
n is the stress exponent and ¢ is the applied stress. The
dependence of temperature on creep rate can be represented
by the Arrhenius equation shown in Equation 2. And the
values of activation energy (Qc) can be calculated by
Arrhenius Law:

& =Byo"exp(-Q. / RT) 2)

Where B is a constant dependent on the material microstructure,
R is the universal gas constant and T is the applied absolute
temperature.

The value for parameter “n” for the material oxidized
at 800 °C for 2 h and the material without oxidation were
respectively 3.29 and 4.06 and B were 3,36x10* and 4,59x10°.
The value for the “Qc” parameter was 279 kJ/mol for the
material oxidized at 800 °C for 2 h and 382 kJ/mol for the one
without oxidation. These values found are within the range
found in the literature and which indicate a predominance
of creep behavior influenced by climb of dislocations.
Barbosa et al'? found values of 4.12 for n and 319 kJ/mol
for Qc, for the Ti-6Al-4V alloy with equiaxed microstructure
and tests performed at 500 °C. Briguente et al.”® found values
of 3.59 for n and 266 kJ/mol for Qc for the same material
tested at 600 °C.

The M parameter corresponds to a measure of the influence
of the secondary creep rate (gs) on the creep rupture time
(ty) and is the well-known Monkman-Grant relationship,
where M and C are the constants. This relation is described
in Equation 3:

M
tf(é‘s) =C (3)
5_
(]
44 M = 0.929
C=0.095
€ 3
o
£
:2_
9 L
a [ ]
g 1
< '
04 [ ]
p
14
7 & 5 4 a3 2 4

In (secondary creep rate) (1/h)

Figure 8. Dependency of the creep rupture time with the steady-state
creep rate of the material oxidized at 800 °C for 2 h.
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Figure 8 shows the relationship between creep rupture
time and steady-state creep rate for all test conditions of 500,
550 and 600 °C and stresses of 125, 187.5,250 and 319 MPa,
material oxidized at 800 °C for 2 h. The proportionality
between & and t, obtained by linear regression techniques
was M = 0.929 and C = 0.095. In general, values of M
approximately equal to one are found for several materials,
indicating a proportionality between the rupture time and
the deformation rate in the secondary stage, as proposed
by Evans et al.?.

Figure 9 shows the dependence of fracture time on
stress. Using linear regression techniques, the results can be
described according to Equation 4 of the creep Power law:

lf =Af0'_mf (4)

where the parameters A and m_are normally determined by
creep tests under constant load and depend on the temperature
of the material, composition, and microstructure. For the
oxidized condition at 800 °C for 2 h, the values obtained
were 5.01x10'* and 4.25, respectively.

3.3. Fractographic analysis

Figure 10 show the fracture surfaces of the specimens after
the creep test at 550 °C and 125 MPa under oxidized and not
oxidized conditions. In the fracture region, a ductile fracture
is observed with the presence of microcavities (dimples)
and an extensive deformed region with significant material
stricture. Figure 11 shows side views of the fractured specimens
after creep tests at 550 °C and 125 MPa. The characteristics
observed in the fractures in the creep test condition at 550 °C
and 125 MPa were like those observed in test conditions with
temperatures and stresses higher than these. It is possible to
observe that the oxidized layer formed in the 3 tested conditions:
without thermal oxidation and oxidized at 650 °C for 12 h and
800 °C for 2 h. In the condition without oxidation, a smaller
layer is formed for the time that the specimen was exposed
to a temperature of 550 °C during the test. These fragmented
scales were also observed by Jamesh et al.>.

In Figure 12, optical micrographs of specimens
oxidized at 800 °C for 2 h and evaluated in creep at 550 °C

50+

45 125MPa
o

4.0
A;=5.01x 10"
m; =4.25

3.5
3.0+
2.5
204

154 187.5 MPa . 250 MPa
Te

In (fracture time) (h)

o] 319 MPa
.

T
48 5.0 5.2 5.4 56 5.8 6.0
In (stress) (MPa)

Figure 9. Dependency of creep rupture time with stress at 550 °C
for material oxidized at 800 °C for 2 h.
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(b) 50 um

Figure 10. Fracture surfaces of specimens after creep testing at 550 °C and 125 MPa (a) without oxidation, (b) oxidized at 650 °C for

12 h, and (c) oxidized at 800 °C for 2 h.
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Figure 11. Surfaces of specimens tested in creep at 550 °C and 125 MPa (a) without oxidation, (b) oxidized at 650 °C for 12 h, and (c)

oxidized at 800 °C for 2 h.

(a)

(b)

Figure 12. Longitudinal sections of specimens oxidized at 800 °C for 2 h and tested under creep at a temperature of 550 °C and stress

of (a) 125 MPa, and (b) 319 MPa.

and tensions of 125 and 319 MPa in longitudinal section
are shown. Both oxidized layers show rupture, but with
differences between them. In the creep test at lower stress
(125 MPa) the cracks are narrower, as seen in Figure 12a.
In the specimen tested at higher tension (319 MPa) there is
already a marked separation in the cracks, forming a kind
of dent along the entire length of the specimen, as shown in
Figure 12b. Figure 13a shows in detail the layer thermally

oxidized at 800 °C for 2 h and flow tested at 550 °C and
125 MPa. In this Figure, the fragilely broken oxide layer is
evident, with the presence of cleavage. Figure 13b shows
the fracture of the oxidized material at 650 °C for 12 h and
tested at 550 °C and 250 MPa. Note in this fractography
distinct characteristics in the various regions of the fractured
specimen. On the surface of the specimen, the presence of
the oxidized layer is fragilely fractured with the presence of
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Figure 13. Images of the (a) fracture surface and (b) internal region of the oxidized specimen at 650 °C for 12 h and tested in creep at
550 °C and 250 MPa. The red arrows indicate the region of cleavage and dimples.

cleavage. In the central region of the specimen section, the
presence of microcavities (dimples) is observed, characteristic
of ductile fracture. Between the oxidized region of the surface
and the central section of the specimen, a transition region
can be observed, with the presence of microcavities, but
shallower than those in the central region.

3.4. Final considerations

In general, the oxide layer formed on the surface of the
Ti-6Al1-4V alloy due to thermal oxidation showed an increase
in the final creep time. The oxide layer has retarded the crack
nucleation. After the cracks nucleate in the fragile oxide
layer of the specimens submitted to thermal oxidation, the
Ti-6Al-4V alloy is led to fracture due to the deformation and
propagation of these cracks. The thicker oxidized layer at the
oxidation temperature of 800 °C appears to have a beneficial
effect on creep life under almost all test conditions. In creep
tests at higher stresses and temperatures, it is not possible
to define a behavior trend between thermally oxidized and
untreated specimens due to the short time for fracture under
these conditions. In creep tests at the lowest stress (125 MPa)
and intermediate temperature (550 °C) the improvement in
creep life due to thermal oxidation is clear, especially for
specimens oxidized at 800 °C/2 h.

4. Conclusions

The study on the influence of thermal oxidation on the
creep behavior of Ti-6Al-4V alloy led to the conclusion that:
* In the Ti-6Al-4V alloy oxidized at 650 °C for 12
h, the layer had a thickness between 2.15 and 4.07
um and was adhered to the entire surface of the
sample. The diffusion zone of the samples was
almost imperceptible, and the oxide layer was well
adhered. In the material oxidized at 800 °C for 2h,
the layer presented a thickness between 8.68 to 11.51
um and the oxide layer was not adhered to the entire
surface, having a more brittle characteristic. The
diffusion zone became thick, and the oxide layer

was not adhered.

» It is possible to observe the presence of a mixed
oxide layer composed of rutile and alumina, with
an aluminum poor region near the oxide-oxygen
diffusion zone interface, indicating that the external

diffusion of Al atoms occurs to form alumina near
the gas/oxide interface.

*  In the X-ray diffraction analysis, only rutile was
detected, in addition to the a and § phases of Ti.
A displacement of the o and B phases peaks can
be observed in the oxidized sample, caused by
the dissolution of oxygen in the subsurface zone.

e The values of “n” of 3.29 and 4.06 and Qc of 279
kJ/mol and 382 kJ/mol for the material oxidized at
800 °C for 2 h and for the one without oxidation
respectively indicate a predominance of creep
behavior influenced by climb of dislocations.

*  The Monkman—Grant parameter (M) for all test
conditions of 500, 550 and 600 °C and stresses of
125, 187.5,250 and 319 MPa of material oxidized at
800 °C for 2 h was 0.929, indicating a proportionality
between the rupture time and the deformation rate
in the secondary stage.

* Inthe creep test at 550 °C, the material oxidized at
800 °C for 2 h showed a lower creep rate at stresses
125 and 187.5 MPa. In the creep tests at 550 °C and
319 MPa and 600 °C and 250 MPa, the material
oxidized at 800 °C for 2 h also showed a lower
rate in relation to the material without oxidation.

* In the creep test at lower stress, the cracks are
narrower, while in the test at higher tension there is
already a marked separation in the cracks, forming a
kind of tooth along the entire length of the specimen.

*  On the surface of the specimen, the presence of
an oxidized and brittlely fractured layer with the
presence of cleavage can be noted. In the central
region of the section of the specimen, the presence
of microcavities, characteristic of ductile fracture,
can be observed. Between the oxidized region of
the surface and the central section of the specimen,
there is a transition region, with the presence of
shallower microcavities than those in the central
region.
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