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Abstract: The oxidation and hardness of thermally exposed titanium (Ti) prepared using inductive
sintering-assisted powder metallurgy was evaluated through cyclic tests in air at 700–900 °C for 100
h (5 cycles). In general, the oxidation kinetics of the Ti samples followed the parabolic law and their
oxidation rates increased with increasing oxidation temperatures. The rutile form of titanium
dioxide (TiO2) was detected by X-ray diffraction in the oxide scales after oxidation at 700 °C and 900
°C. Furthermore, the TiO2 grain size and thickness were significantly influenced by an increase in
the oxidation temperature. Lastly, the formation of rutile as a single-phase on the surface of oxidized
Ti enhanced the hardness of the oxide scales, whereas the substrate had lower hardness values than
the oxide scales due to diffusion of Ti atoms at the surface to form the TiO2 oxide scales.
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1. Introduction
Titanium (Ti) and its alloys have been widely used in various areas such as aerospace,
healthcare, maritime equipment, sport equipment, transportation industries, and automobile
manufacturing. Their extensive use can be attributed to their excellent properties such as low density,
high specific strength, superior corrosion resistance, and exceptional biocompatibility [1–4].
Moreover, Ti and its alloys demonstrate superior mechanical strength and good oxidation resistance,
making them specifically competitive with Ni-based alloys and superalloys up to 550 °C [5].
However, above this temperature, an increase in the anionic oxygen and nitrogen diffusion results in
the degradation of the material due to the formation of thick oxide scales, followed by the dissolution
of inner oxygen and nitrogen in the metal [6].
For aerospace applications, Ti and its alloys are generally used for high-temperature
applications during service, promoting the formation of a protective layer (titanium dioxide (TiO2)),
which decreases their oxidation resistance [7]. In particular, high-temperature applications need
materials with an appropriate combination of lightness, strength, and oxidation resistance [8]. While
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serving at high temperatures, oxidation is a serious problem requiring immediate attention. During
oxidation, oxide scales grow on the metal surfaces, and the oxygen on the surface penetrates into the
metal substrate for Ti and its alloys due to the high solubility limit of oxygen in Ti [9]. The process of
oxygen penetration and oxide growth during oxidation leads to the embrittlement of the metal
surface, which results in the degradation of the mechanical properties of Ti and its alloys [10].
Furthermore, the alloying elements addition into Ti substrate are believed as an effective way to the
improve high temperature oxidation resistance of Ti. Addition alloying elements such as Al [11], Nb
[12], Si [13], etc had been utilized to improve oxidation resistance of Ti.
Meanwhile, only a few reports have been found on the oxidation behavior of Ti at temperatures
of 700 °C and 800 °C [14–16]. There has been limited attention on the cyclic oxidation and hardness
characteristics of thermally exposed Ti at elevated temperatures prepared by the inductive sintering
method. Therefore, the objective of this study is to investigate the cyclic oxidation and hardness
characteristics of Ti prepared by powder metallurgy assisted with inductive sintering at oxidation
temperatures of 700 °C, 800 °C, and 900 °C, under air atmosphere. Additionally, the microstructures
of Ti before and after oxidation were also observed.
2. Materials and Methods
Ti powder of micro particle size with a purity of 99.99 % was purchased from Aldrich (Finsbury,
London, UK). The Ti powder was put in an 80 ml steel jar with steel balls where the ball-to-powder
ratio was 5:1. The jar was placed in a high-energy ball milling (Desktop 220v High Energy Vibratory
Ball Mill, which was purchased from Across International Co, Livingston, New Jersey NJ, USA). The
ball mill was operated at 2000 rpm for 30 min and then taken out of the jar and sintered in a graphite
die, which was 0.01 m in diameter and 0.001 m in length. Thereafter, it was placed in a high-frequency
induction heat sintering furnace. The samples were sintered under a pressure of 40 MPa and
temperature of 1200 °C with a holding time of 5 min.
Prior to the oxidation test, the samples were mechanically polished using a silicon carbide paper
up to 2000 grit and then cleaned using ethanol under ultrasonic vibration for 10 min. The samples
were placed in a quartz crucible in an alumina container. The oxidation tests were performed for 100
h (5 cycles), where the oxidized specimens from the furnace were used to determine the mass gain at
every t = 20 h. Once cooled to room temperature, the weights of the samples with the quartz crucible
were measured using an analytical balance with an accuracy of 1 × 10−6 g. Further, the samples were
returned to the furnace for future oxidation tests, and the experiment processes were repeated three
times for each temperature.
Once the oxidation tests were conducted, the phase structure of the samples before and after
oxidation was analyzed using a Rigaku X-ray Diffraction (XRD) machine (Rigaku, Japan) equipped
with Cu Kα radiation. The operating current and voltage of the XRD test conditions were 30 mA and
40 kV, respectively. Moreover, the sintered and oxidized samples were cut transversely to display
the cross-section and the morphology of the oxidized surface. This was followed by mounting of the
samples using a conductive powder, which were then mechanically polished and concisely prepared
in accordance with the standard metallographic methods. The sintered Ti samples were observed
using an optical microscope (OM) (Keyence, Japan) whereas the cross-section microstructure and
morphology of the oxidized Ti samples were observed using scanning electron microscopy (SEM)
SU-3500 (Hitachi, Japan) with energy dispersive X-ray analysis (EDX). The combination of the EDX
SU-3500 (Hitachi, Japan) results and XRD pattern confirms the contents of the oxide scales formed on
the surface of the Ti samples during oxidation.
The hardness of the Ti samples before and after oxidation was determined using the
microhardness method equipped with a diamond pyramid (Vickers) indenter. The hardness
measurements were conducted using a load of 300 gf with a dwelling time of 13 s.
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3. Results and Discussion
3.1. Oxidation Kinetics
Figure 1a shows the mass gain of Ti as a function of oxidation time at 700–900 °C. The mass gain
increases during the initial 20 h (early stage) of the oxidation process and then gradually increases
with an increase in the oxidation time at 700 °C and 800 °C. When oxidation occurs at 900 °C, the
mass gain significantly increases with an increase in the oxidation time during the first 20 h of
oxidation and then periodically increases for 100 h. The rapid increase in mass gain during the early
stages of oxidation is because the surface of Ti samples is contamination free after mechanical
polishing. From Figure 1a, it is evident that the mass gain versus oxidation time curves generally fit
to the parabolic function at temperature range of 700–900 °C. The curves of the square of mass gain
of the samples during oxidation, which are close to a linear line at all oxidation temperatures, are
shown in Figure 1b. It can be noted that the oxidation kinetics obey a parabolic law at all oxidation
temperatures [16–18]. Kofstad et al. [19] also determined that the oxidation behavior of Ti was
dependent on temperature and time, and that its oxidation behavior followed a parabolic law in the
temperature range of 600 °C to 1000 °C. As the mass gain versus oxidation time curves obey the
parabolic law, the parabolic rate constant (kp) of Ti can be measured as follows [20]:
(ΔW)2 = Kp t

(1)

where ΔW is the mass change per area of the sample, kp is the parabolic rate constant, and t is the
oxidation time. The results are listed in Table 1. It can be noted that the results of kp are significantly
influenced by t. In short, the higher oxidation temperature, the higher the kp values will be.

Figure 1. Curves of (a) mass gain vs. exposure time and (b) square of the mass gain per unit area vs.
exposure time for the oxidized Ti samples at various temperatures.
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Table 1. Parabolic rate constants (kp) of the oxidized titanium (Ti) samples at various temperatures.

Sample’s Designation Oxidation Temperature (°C) kp Value (g2mm−4s−1)
Ti-700
700
4.55 × 10−13
Ti-800
800
2.26 × 10−12
Ti-900
900
1.43 × 10−11
3.2. X-ray Diffraction (XRD) Pattern
To identify the formation of constituent phases, the Ti samples that had undergone sintering and
oxidation were analyzed using XRD. The sintered Ti sample is mainly composed of α-Ti phases
accompanied by small amounts of β-Ti phases (Figure 2a). Meanwhile, after oxidation at 700 °C, all
the peaks demonstrate TiO2 phase in rutile form (Figure 2b), indicating that the α + β phases were
transformed to TiO2 phase during oxidation. This is in accordance with the study reported by Aniołek
[21], where rutile formed on the Ti surface after oxidation at 700 °C. When oxidation occurs at 900 °C,
there is no change in the phase of the oxide scales formed, but some new TiO2 peaks can be observed
(Figure 2c), indicating that the oxide scales contained more TiO2 phases after oxidation at 900 °C than
at 700 °C. Most of the investigations [22,23] have stated that the oxide scales were primarily composed
of the TiO2 phase in rutile form, which is in accordance with the present results. Figure 2 shows that
the content of TiO2 phases increased when the oxidation temperatures increased [24]. It was also
found that the intensity of TiO2 was significantly increased (Figure 2c), which indicates that the oxide
scale thickness increases when the oxidation temperature increases.
1 = α-Ti ; 2 = β-Ti; 3 = TiO2 (Rutile)
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Figure 2. XRD patterns of Ti samples at different conditions: (a) as-sintered, (b) as- oxidized at 700 °C,
and (c) as-oxidized at 900 °C.

3.3. Microstructures of Ti Samples before and after Oxidation
The optical micrograph of the sintered Ti sample is shown in Figure 3. The α and β phases were
found in the sintered Ti sample. Basically, the crystal lattice of β-Ti is body-centered cubic (bcc) that
has a lower atomic packing factor than α-Ti, which has a hexagonal close-packed (hcp) structure [25].
It was reported that the self-diffusion coefficient of the β-Ti phase was significantly higher than that
of the α-Ti phase at sintering temperatures of above 900 °C [26]. Consequently, the β phases (as
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indicated by the white arrows) might grow faster than the α phases. At a relatively high sintering
temperature, the growth of the α and β phases can occur concurrently; however, the growth portion
of the β-phase is larger than the α-phase [27] based on the optical micrograph (Figure 3).

Figure 3. Optical micrograph of the sintered Ti sample.

The SEM images of the Ti samples after oxidation at 700 °C and 900 °C along with their energydispersive X-ray spectroscopy (EDS) analysis results are shown in Figures 4 and 5, respectively. In
Figure 4, four positions have been selected to analyze the composition of Ti samples after oxidation
at 700 °C, where points 1–3 refer to the TiO2 phases formed after oxidation. This confirms that the
oxide scales formed on the surface of the Ti sample are mainly composed of TiO2 phases. For
oxidation at 900 °C, the trend followed was similar to that of the oxidized sample at 700 °C, where
the oxide scales consisted of the TiO2 phases, as shown in Figure 5. Nevertheless, higher oxidation
temperatures produced thicker oxide scales on the surface of the Ti sample after oxidation at 900 °C
(Figure 5). It can, therefore, be concluded that the oxidation temperature influences the oxidation
rates of the Ti samples, which may affect the thickness of the oxide scales formed on the surface of
the Ti samples [28]. More interestingly, the pores (indicated by yellow arrows) and cracks were also
observed in Figure 5. The formation of pores was attributed to the high diffusion rate and activity of
oxygen at oxidation temperature of 900 °C. The oxygen atoms penetrated into the Ti substrate, and
then Ti atoms diffused to the surface from the cores and cracks of the oxides scales, causing the thicker
oxide scales (Figure 5); however, as a consequence, the bonding strength between the oxide scales
and the substrate became weaker [29]. In addition, the presence of pores and cracks deteriorated the
parabolic oxidation rate of Ti sample after oxidation at 900 °C for 100 hours, as presented in Table 1.
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Figure 4. SEM image of the oxidized Ti at 700 °C for 100 hours.

Figure 5. SEM image of the oxidized Ti at 900 °C for 100 h.

Further, the oxide scales thickness as a function of the oxidation temperature is illustrated in
Figure 6. It can be noted that an increase in the oxidation temperature increases the oxide scales
thickness. In the initial stage, oxidation commences with the adsorption of oxygen from air under
furnace environment, followed by the nucleation of oxides. The potential chemical reactions that
occur at high temperatures under air atmosphere are as follows:
½ Ti (s) + O2 (g) = TiO (s)

(2)

TiO (s) + ½ O2 (g) = TiO2 (s)

(3)

As Ti has great affinity to oxygen, especially at elevated temperatures [30], it is essential to study
the oxidation of Ti. As investigated, the affinity energy of TiO resulting from Ti and oxygen is −28.27
eV. However, TiO is an unstable oxide as it has an anion vacancy. Therefore, the affinity energy of
TiO2 resulting from Ti and oxygen is determined to be −54.99 eV. In short, the TiO2 phase is more
frequently observed than the TiO phase as the monoxide quickly oxidizes to dioxide [31]. Due to
continuous chemical reactions, a TiO2 thin oxide layer finally forms on the surface of Ti after its
nucleation. When the oxidation temperature is increased to 900 °C, the formation of TiO2 oxide scales
is intensified with a higher thickness [32]. In addition, the TiO2 oxide scales can be classified into two
regions: (i) a thin outer layer that grows outward and (ii) a thicker inner region that grows inward.
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Figure 6. Average oxide layer thickness as a function of oxidation temperature.

3.4. Surface Morphology of the Oxidized Ti Samples
Figure 7 shows the surface morphology of the Ti sample after oxidation at 700 °C for 100 h.
During the initial stages of oxidation, the TiO2 scale is formed through the inward diffusion of oxygen
on the surface of the Ti samples. Smooth homogeneous TiO2 grains were observed after oxidation at
700 °C for 100 h. The TiO2 grains entirely covered the oxidized Ti sample. The particle size of the
rutile crystal varies, as shown in Figure 7. On the other hand, after oxidation at 900 °C for 100 h,
relatively dense TiO2 grains existed on the surface of the Ti sample, as shown in Figure 8. The particle
size of the TiO2 grains further expanded at higher oxidation temperatures. However, TiO2 grains
consisting of agglomerated fine grains with varying directions, which were overgrown in certain
areas (indicated by arrows), were observed after oxidation at 900 °C. Further, the surface of the TiO2
grains shows directional growth at both the oxidation temperatures (Figures 7 and 8).

Figure 7. SEM surface morphology of the oxidized Ti at 700 °C for 100 hours.
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Figure 8. SEM surface morphology of the oxidized Ti at 900 °C for 100 h.

3.5. Hardness Measurements of Ti Samples before and after Oxidation
Hardness measurements were carried out on the substrate, and oxide scales formed on the Ti
samples. The variation in hardness values of the Ti samples before and after oxidation is shown in
Figure 9. The hardness values of the Ti substrate decrease when the oxidation temperature increases,
whereas the hardness values of the oxide scales increase when the oxidation temperature increases.
The increase in oxidation temperature accelerates the diffusion rate of Ti from the substrate to the
surface. Further, this reacts with the oxygen available in the surroundings to form TiO2 oxide scales
[33]; however, pores and cracks were found in Ti sample after oxidation at 900 °C (Figure 5), resulting
in a decrease of its hardness. On the other hand, the lack of Ti concentration in the substrate results
in a decrease in its hardness at all oxidation temperatures. The results obtained are in accordance
with the previous investigation reported by Alansari and Sun [34]. Additionally, the TiO2 phase in
rutile form has high hardness, good thermal stability, high refractive index, and high Young’s
modulus value [35]. It was reported by Kofstad [36] that the oxides formed on titanium at
temperatures below 1000 °C under atmospheric oxygen pressure are multilayered rutile. This
confirms that TiO2 formed during oxidation is mainly rutile, which is harder than anatase [37];
therefore, the formation of rutile in the oxide scales increases the hardness of the Ti samples [38].
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Figure 9. Hardness values of the Ti samples before and after oxidation.
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4. Conclusions
The cyclic oxidation and hardness characteristics of thermally exposed Ti were investigated at
700-900 °C for 100 h. The Ti samples were prepared using the powder metallurgy method followed
by inductive sintering under a pressure of 40 MPa and temperature of 1200 °C with a holding time
of 5 min. The conclusions of the study are as follows:
(1) The oxidation kinetics of Ti obey the parabolic law at oxidation temperatures of 700 °C to 900
°C for 100 h. The kp values increase with an increase in the oxidation temperature and time.
(2) The α + β phases were detected after inductive sintering at a pressure of 40 MPa and
temperature of 1200 °C with a holding time of 5 min. Meanwhile, when oxidation was performed at
700–900 °C, the TiO2 phase, referring to rutile form, was detected as a single phase for all the oxidation
conditions.
(3) In general, the hardness of oxide scales was increased with increasing oxidation temperatures
at 700 °C and 800 °C but it was rather dropped at 900 °C due to the presence of pores and cracks. In
contrast, the hardness of the substrate decreased due to the diffusion of Ti atoms at the surface to
form oxide scales.
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