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Abstract

The effects of isothermal oxidation parameters on the oxidation kinetics and morphology of the oxides layers obtained on
Ti—6Al1-4V alloy (Ti64) at 650, 750 and 850 °C for 50 h in dry air were studied. Morphology of the oxide scales was exam-
ined by scanning electron microscopy (SEM) and the energy-dispersive X-ray analysis (EDX). The phases in the scales were
characterized by X-ray diffraction. The rate of oxidation at the different temperatures was described by a parabolic equation,
and the oxidation activation energy value was 191.7 kJ/mol. The parabolic rate constants were 8.80x 10~, 7.48 x 107 and
7.68 %1077 g%/(cm™* h) at 650 °C, 750 °C and 850 °C, respectively. The morphologies through the cross section of the oxide
layers were analyzed by SEM, spot and line EDX. The analysis of the oxide scale revealed mainly TiO, and small amount
of Al,O;. The oxide layers were discontinuous and non-protective layers at 750 °C and 850 °C.
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Introduction

The maximum service temperature of Ti-6Al-4V (Ti64) is
limited partly because of the growth of an oxide layer at
temperatures above 480 °C and the concurrent transition of
the oxide to more active, non-protective state (Brice et al.
2016; Fargas et al. 2017). Also, to keep its mechanical sta-
bility which plays a key role on the behavior of Ti64 for
different applications. The oxide scale is protective during
the early stage of oxidation, but after a lengthy period of oxi-
dation, it loses its protective scale and increases the oxygen
diffusion through the oxide (Fargas et al. 2017). The Ti64
accounts for nearly 60% of the produced Ti-alloys and uses
in a wide range of applications (Brice et al. 2016). Ti64
alloy has a two-phase structure (a+ ) which contains 6%Al
(o-hep phase stabilizer) and 4%V (f-BCC phase stabilizer)
(Mungole et al. 2002; Dong et al. 2017a; Oh et al. 2017;
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Abdel-Salam et al. 2019; Abe et al. 2020). Airframes, aero
gas turbine engines and compressors, pressure containers,
gas and chemical pumps, cryogenic parts, and marine com-
ponents, as well as high- and low-pressure steam turbine
blades, are examples of Ti64 alloy applications (Dong et al.
1997; Li et al. 2017; Caballero et al. 2019; Dai et al. 2018;
Valdés-Saucedo et al. 2021; Nesli et al. 2021). However,
oxidation is still the central problem that limited wider appli-
cations of these alloys. Oxygen and nitrogen are strong alpha
stabilizers in Ti64 alloys. Oxygen enriched hard layer of
alpha phase is generated beneath the surface by the oxidation
process. The depth of alpha case layer in Ti64 ingots may
reach up to 250 pm. Formation of this alpha case is a serious
metallurgical problem (Kazantseva et al. 2017). Although Ti
has a high corrosion resistance at room temperature, this is
not the case when exposed to high temperatures due to the
formation of thin and passive TiO, protective scale (Ma et al.
2020). The TiO, scale, which has been shown to be highly
permeable to oxygen, loses its protective characteristics at
temperatures above 500 °C, allowing oxygen to penetrate
into the bulk metal. This diffused oxygen acts as a stabilizer
of the alpha phase (Caballero et al. 2019; Dai et al. 2018).
The natively formed oxide layer exhibits a non-uni-
form oxygen concentration throughout the thickness
which consider a serious problem. The oxide scale first
forms and then grows and starts to crack upon exposure
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to compressive stress and ends by a material failure. As
a result of thick oxide scales formation, the service tem-
perature of most commercially available Ti alloys has a
significant limiting factor (Brice et al. 2016). Addition-
ally, it is known that oxygen has high solid solubility in
a-titanium (about 14.5 wt.%). Therefore, exposure of Ti64
to temperatures above 480 °C in an oxygen containing
environment results in simultaneous formation of an oxide
scale, which consists of a multilayered structure of TiO,
and Al,O;, and the oxygen enriched layer beneath this
scale (Fargas et al. 2017).

Although various investigations into the oxidation
behavior of Ti64 from an application viewpoint have been
undertaken, there have been few attempts to correlate the
oxidation mechanism at temperatures above 850 °C (Dong
et al. 2017a, b; Casadebaigt et al. 2020). A multilayered
oxide scale with alternating layers of Al,O; and TiO,
formed on Ti64 upon oxidation in air at 750 °C. Another
study examined the oxidation behavior in air of Ti64 at
600-700 °C and found that the onset of the duplex nature
began at 650 °C and became more pronounced as time
and temperature went on (Dong et al. 2017a). The activa-
tion energy was calculated as 88 kJ/mol in the tempera-
ture range of 777-1077 °C (Mungole et al. 2002). In the
temperature range of 600-800 °C, the activation energy
values were 276 kJ/mole and 191 kJ/mole for the parabolic
and linear oxidation stages, respectively (Kazantseva et al.
2017). In another research, the activation energy of Ti64
in dry air in the temperature range of 850-1000 °C was
147 kJ/mol (Bandeira et al. 2020).

In the production of Ti alloys, oxides can have both
positive and negative effects on the performance properties
of Ti product. Surface oxidation is carried out to improve
wear resistance, erosion resistance, fatigue resistance, and
corrosion resistance. The solution of technological prob-
lems associated with oxidation process is urgent. Thus,
the research carried out in this work is devoted to a topi-
cal scientific problem in order to provide reasonable pro-
cess parameters for improving the oxidation resistances
of Ti64 alloy at 650, 750 and 850 °C in dry air for 50 h.
The activation energy was estimated in the investigated
temperature range. The surface morphology and analysis
of the cross section of the oxide layer were also studied at
the investigated temperatures. The constituting phases of
the oxide layer were investigated. The obtained results are
expected to provide the necessary process parameters to
minimize the negative effects of oxidizing the large-sized
Ti ingots.

Experimental work
Material

Forged bars of Ti64 alloy were received from BAOJI XUHE
Titanium Metal Co., LTD. These bars were processed by melt-
ing in 500 kg vacuum induction furnace to obtain billets with
the chemical composition shown in Table 1, followed by forg-
ing and machining into 10-mm-diameter rods.

Prior to oxidation, samples of 1 cm thickness and 1 cm
diameter were ground by emery papers from grit size
100-1000 and then polished by alumina paste 0.3 um. The
etching solution used for investigated alloy was 7% HF, 8%
HNO;, and the rest was distilled water. The morphology of the
samples was observed by SEM (FEI inspect S-Netherlands)
and EDX (Bruker AXS-flash detector Germany).

Oxidation

The oxidation process was carried out at temperatures of 650,
750 and 850 °C for duration that ranged between 5 and 50 h
in dry air at a rate of 2 lit/min. A vertical tube furnace (model
EVA 12/300B- CARBOLITE GERO) was used for this pur-
pose. A computer program ‘“version programmer 3216 P5”
was used to control the oxidation process. Mass changes of
the samples were monitored along the oxidation period at time
intervals of 5 h by a high accuracy electrical balance (MET-
TLER—TOLEDO Model MS 204 S/01).

The phases of the oxide layer were investigated by X-ray
diffractometer analyzer, model (X’Pert PRO PAN analytical
diffractometer) with Cu Ko radiation source A=0.15406 nm,
45 kV and 40 mA. The detector was moving through an angle
from 10 to 100°. The oxidized samples were studied by line
EDX to demonstrate the elemental distribution across the
oxide layer at 50 h for the investigated temperatures.

Results and discussions
Alloy microstructure

Figure 1 and Table 2 show the SEM microstructure and EDX
of forged Ti64 alloy before oxidation. The microstructure con-
stituents are two phases (a and f) as shown in Fig. 1. The
dark regions in Fig. 1c present the primary a phase, while the
thin bright regions are  phase that exists between a plates. It
was reported that the elemental Al and V diffuse into a and f

Table 1 The chemical
composition of as-received Ti64

Elements, wt. % Al \%

Fe (0] C N Nb Others Ti

alloy Ti64 6.1 4

0.1 0.03 0.02 0.01 0.01 <04 Bal.
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Fig.1 SEM microstructure and EDX patterns of the forged Ti64
before oxidation

Table 2 Spot EDX analysis of

e Elements, wt.%
the alloy before oxidation

Spot no.

Al \% Ti

Spot 1 519 4.68 Bal
Spot 2 5.63 0.57 Bal

phases, respectively, during cooling (Oh et al. 2017; Bandeira
et al. 2020).

Oxidation kinetics

Figure 2 provides the weight gain per unit area vs. oxidation
time for Ti64 at 650 °C, 750 °C and 850 °C. The weight gain
curves in Fig. 2 show that the examined alloy has noticed to
give different oxidation behaviors at different temperatures
and times. At temperature 650 °C, the weight change per unit
area was stable and slowly increases with increasing time. At
temperature 750 °C, a slight increase in the weight gain up to
20 h can be detected and then the weight change was relatively
stable with increasing time. However, at 850 °C the weight
gain increased remarkably with time. In general, the high-
temperature oxidation kinetics can be described by Eq. (1):

(AW/AA)" = K, t ()

where AW is the weight gain per unit area, K, is the rate con-
stant and ¢ is the oxidation time, and r is the rate exponent.
The value of n is approximately 2, so the oxidation kinetics
of Ti64 is parabolic. The oxidation rate constant k, can be
determined by plotting (AW/A)?* against , and the results are
displayed in Table 3.

The activation energy of Ti64 alloy could be obtained by
drawing log K, against 1/T as shown in Fig. 3. According to
the Arrhenius equation, the straight line satisfies the formula
in Eq. (2) (Casadebaigt et al. 2018).

—Q/RT
Kp =Kp eQ/RT) )

Therefore, the activation energy of the oxidation of Ti64
alloy in the temperature range between 650 and 850 °C for
50 h in dry air is 191.7 kJ/mole which compares with 191
and192 kJ/mol found elsewhere for the oxidation reaction
(Aniofek et al. 2015; Guleryuz et al. 2009).
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Fig.2 The variation of weight
gain (AW/A) against the
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Table3 The rate constant kp of Ti64 alloy oxidized at 650 °C,
750 °C and 850 °C

Temperature °C 650 °C 750 °C 850 °C

kp, g2 cm™h™! 8.80%107° 7.48%1078 7.68x1077

Phase identifications

The X-ray diffraction patterns of the oxidized specimens
at 650 °C, 750 °C and 850 °C for 50 h are given in Fig. 4.
The oxidized surfaces of the Ti64 alloy principally consist

Fig.3 The Arrhenius plot of
the parabolic rate constant for
the oxidation of Ti64 alloy

in the temperature range of 0.0008
650-850 °C for oxidation times -12

10 15 20 25 30 35 40 45 50 5§

time, h

of TiO, and Al,O;. Peaks of Ti-a phase are visible due to
the thin thickness of the oxide layer. There are no peaks for
titanium nitrides due to lower content or lower crystallinity.

Surface morphology after oxidation
Surface morphology at 650 °C

The surface morphologies and EDX results of the oxide
layer are given in Fig. 5 at 5 h, 25 h and 50 h for 650 °C. It
can be observed that the surfaces are crack-free with uniform
roughness, which increases with the increase in oxidation

1/T

0.0009 0.001 0.0011 0.0012

of up to 50 h in dry air
13 +

Log K
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Fig.4 The XRD patterns of the
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temperature. The EDX analysis for Spots 3, 4 and 5 is tabu-
lated in Table 4. It can be noted that increasing the time
thickens the oxide layer by increasing the oxygen content.
Figure 6 shows the SEM morphology of the cross section
of the oxide layer at 650 °C and the elemental distribution
by line EDX through it. In the outside layer, O, Al and Ti
increase thus forming Al,O5 and TiO,, while V increases at
the oxide/alloy interface as provided from Fig. 6. Nitrogen
appears in some areas at 50 h as listed in Table 4 which
might be due to the formation of titanium nitrides; also the
intensity of O and Al increased compared to at 25 h and V is
almost the same. Spot 6 was at the air/oxide interface, while
Spot 7 at the oxide/alloy interface, and their analysis is listed
in Table 5. Oxide layers with significantly higher thickness
are obtained at 650 °C for 50 h. The average thickness of the
oxide layer for a forged Ti64 isothermally oxidized at 650 °C
for 50 h was about 7 pm.

Surface morphology at 750 °C

The surface morphologies and spot EDX of the oxidized
Ti64 at 750 °C for 5 h, 25 h and 50 h are given in Fig. 7, and
the corresponding EDX analysis of Spots 8, 9 and 10 is listed
in Table 6. Nitrogen appears also after 50 h in a relatively
higher content than at 650 °C, which may be due to forma-
tion of titanium nitrides which accomplished with a decrease

50 60 70 80 90 100

Angle

in O, Al and V content than at 25 h. The elemental distribu-
tion across the oxide layer is shown in Fig. 8, and Spots 11
and 12 are illustrated in Table 7. It is clear that the oxide lay-
ers are separated at the oxide/alloy surface as shown in Fig. 8
and start to contain a new layer of the oxides. The separated
oxide layers were about 20 pm, while the new layer was
around 2 pm at 850 °C and 50 h as shown in Fig. 8b.

Surface morphology at 850 °C

The surface morphologies and spot EDX analysis of the oxi-
dized Ti64 at 850 °C for 5 h, 25 h and 50 h are presented in
Fig. 9. The EDX results for Spots 13, 14 and 15 are listed
in Table 8. Nitrogen at 50 h appears with a lower decrease
in O, Al and V than at 25 h for 850 °C. This might be due
to the formation of a titanium nitrides. The elemental dis-
tribution across the oxide layer is given in Fig. 10, and spot
EDX results of Spots 16 and 17 are illustrated in Table 9.
The oxide layers were separated at the oxide/alloy surface
as shown in Fig. 10 and began to contain a new layer of the
oxides. The phenomena of non-uniform oxide layer coverage
may be related to the layer growth process, which includes
the development of thin oxide scale in the first stage, fol-
lowed by its aggregation and expansion, and finally the for-
mation of an oxide layer on the entire surface (Aniolek et al.
2018). Oxide layers with significantly higher thickness were
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Fig.5 The SEM morphologies of Ti64 alloy at 650 °C in dry air fora 5 h, b 25 h and 50 h
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Table 4 Spot ED_X analysis Time, h Spot no. Elements, wt.%
of the surface oxide layer at
650 °C (0] N Al v Ti
5 Spot 3 36.2 0 33 1.1 Bal.
25 Spot 4 353 0 4.3 2.1 Bal.
50 Spot 5 459 34 7.6 2.0 Bal.
Table 5 Spot.EDX analysi‘s of Spot no. Elements, wt.%
the cross section of the oxide
layer for 50 h at 650 °C (0} Al V Ti
Spot6  40.6 10.7 1.4 Bal.
Spot7 155 2.5 3.5 Bal

Intensity
E3

E
e

Fig.6 The cross section of oxide layer at 650 °C for 50 h in dry air a
SEM and b line EDX

obtained at 850 °C for 50 h. The average thickness of a sepa-
rated oxide layer for a forged Ti64 isothermally oxidized at
850 °C for 50 h was 120 pm, while the new layer is about
10 pm. Increasing the oxidation temperature increased the
oxidation rate.

General discussion

The XRD patterns identify the existence of TiO, and
Al,O5 in all the investigated oxidation temperatures as
shown in Fig. 4 which also shows the existence of Ti
peaks from the Ti64 alloy. This is confirmed from EDX
patterns from the surface morphologies and cross sec-
tion elemental line EDX for 650 °C, 750 °C and 850 °C.
At 650 °C, the growth of the oxide layer from 5 to 50 h
all over the alloy surface is shown in Figs. 5 and 6 with
about 7 um oxide thickness. It is notable that XRD pat-
terns did not show titanium nitrides due to their low con-
tent. Increasing the Al element peak intensity from Spots
3 to 5 increases the oxidation time. However, for 750 °C
and 850 °C, the oxide layer was completely separated
and began to grow another one as shown from Figs. 7,
8, 9 and 10. The Al element intensity of the peak was
almost equal for 5 h and 25 h and decreased for 50 h
for 750 °C in Fig. 7. This may be due to the separation
of the oxide layers after 25 h. At 850 °C, multilayers
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Fig. 7 The oxide surfaces at 750 °C fora 5 h, b 25 h and 50 h

Table 6 Spot F‘DX analysis of Time, h Spot no. Elements, wt.%

the surface oxide layer for 5 h

at 750 °C (@) N Al \" Ti
5 Spot 8 32.8 0 13.1 3.1 Bal.
25 Spot 9 42.1 0 11.1 3.1 Bal.
50 Spot 10 36.4 8.0 7.1 0.6 Bal.
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Fig.8 The cross section of the oxide layer at 750 °C for 50 h a SEM
and b line EDX

Table 7 Spot EDX analysis of
the cross section of the oxide
layer for 50 h at 750 °C (0] Al V Ti

Spot no. Elements, wt.%

Spot 11
Spot 12

354 102 2.8 Bal
10.8 10.1 3.9 Bal

with cracks are presented in Fig. 10. The intensity of
Al element peaks from EDX pattern decreases at 25 h
which might be due to the separation of the oxide layers
before 25 h and began to increase again at 50 h, as given
in Fig. 9. The oxidation layer at 850 °C is thicker than
the others. The main important effect on the oxidation
stability is the oxygen diffusion because it stabilized
the alpha phase (Valdés-Saucedo et al. 2021). In all the
investigated oxidation temperatures, Al* ions went to the
surface and contain Al,O5 as clusters not as continuous
layers proved by SEM morphologies, spot and line EDX.

Conclusion

The isothermal oxidation of forged Ti64 alloy was investi-
gated at 650 °C, 750 °C and 850 °C for 50 h in dry air. The
parabolic rate constants were 8.80 x 107, 7.48 x 107 and
7.68 %1077 g%/(cm* h) at 650 °C, 750 °C and 850 °C, respec-
tively. The obtained oxidation activation energy value was
191.7 kJ/mol. The phases present in the scales were complex
and composed mainly of TiO, and Al,O5. The continuity
of the scale and the size of oxide particles were decreasing
with temperature. The oxide layers are discontinuous and
non-protective layers at 750 °C and 850 °C.
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Fig.9 The oxide surfaces at 850 °C fora 5 h, b 25 h and 50 h

Table 8 Spot EDX analysis
of the surface oxide layer at
850 °C o N Al \Y% Ti

Time, h Spot no. Elements, wt.%

5 Spot 13 24.7 0 29 23 Bal.
25 Spot 14 48.8 0 13.1 2.1 Bal.
50 Spot 15 43.6 4.9 10.7 1.1 Bal.
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Fig. 10 The cross section of the oxide layer at 850 °C for 50 h a SEM
and b line EDX

Table 9 Spot EDX analysis of

. . Spot no. Elements, wt.%
the cross section of the oxide
layer for 50 h at 850 °C (0] Al V. Ti
Spot16 415 19 19 Bal

Spot17 1.9 6.0 25 Bal
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