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A B S T R A C T

Pure titanium and titanium alloys are essential materials for structural applications due to their high speci昀椀c
strength and corrosion resistance. However, at temperatures above 550–600 çC, an unprotective oxide layer
forms, promoting oxygen diffusion and degradation of material properties. Enhancement of titanium's oxidation
resistance lies in creating a stable and protective oxide layer on its surface which can be achieved through
controlled manufacturing, microalloying, or post processing via surface engineering treatments. In this study,
laser peening has been employed to improve the high-temperature oxidation resistance of pure titanium. Two
laser-peened and two un-peened titanium specimens were subjected to oxidation in an environment consisting of
21 % oxygen and 79 % argon at 750 çC for 100 h using thermogravimetric analysis. Characterization techniques
such as optical and electron microscopy, micro- and nano-indentation, and Raman spectroscopy were employed
to analyze the α-case and oxide scale formed during exposure to oxygen at high temperature. The results reveal
that laser peening modi昀椀ed the surface characteristics of pure titanium and improved its oxidation resistance. On
average, laser peened specimens experienced a 22.3 % reduction in mass gain following oxidation. The study
sheds light on mechanisms responsible for this phenomenon, providing valuable insights into the development of
novel surface engineering techniques for titanium and its alloys.

1. Introduction

Titanium is a lightweight metal that is well known for its unique
characteristics and wide applicability. At room temperature, titanium
forms a passive and thin oxide layer which provides exceptional resis-
tance to corrosion and promotes biocompatibility with the human body
[1]. Additionally, the metal and its alloys provide remarkable strength
to weight ratios, high fracture toughness, and favorable thermal char-
acteristics making it a choice material for many applications where
other materials are not practical [1–4]. As such, titanium and its alloys
have a signi昀椀cant presence in the aerospace, automotive, and biomed-
ical industries [1–3]. Thermal attributes also make titanium suitable for
various high temperature applications, including airframe and aircraft
engine parts, heat exchangers, and high-temperature equipment [5–8].
However, at temperatures above 550 çC, titanium will react with oxy-
gen, nitrogen, and other environmental elements, leading to surface
oxidation and embrittlement [9,10].

Titanium has been shown to react with oxygen at 1200 çC in air and

610 çC in pure oxygen to form titanium dioxide (TiO2) [11]. The for-
mation of this TiO2 oxide layer on the surface of titanium is accompa-
nied by the inward diffusion of oxygen into the substrate itself, which
leads to the formation and growth of an oxygen-enriched metal layer
known as the “α-case” layer [12–14]. This brittle layer, which forms
beneath the TiO2 oxide scale, can be detrimental to mechanical prop-
erties of the material, such as ductility, fracture toughness, and fatigue
life [15–17]. Additionally, the growth of an imperfect oxide layer pro-
motes inconsistent oxygen diffusion and the formation of a non-uniform
α-case layer. This can result in poor mechanical properties, impaired
weldability, non-uniform surface hardness, and susceptibility to corro-
sion [15,18,19]. The layer also compromises the metal's structural
integrity, making it more prone to cracking. In welding applications, this
results in the embrittlement of welds, reducing the overall weld quality
and joint strength. Non-uniformity in the thickness of the α-case layer
can lead to poor corrosion resistance in regions where the α-case layer is
thinner. This limits applications of the metal within speci昀椀c industries
where corrosion resistance is of importance, making it challenging to
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predict the metal's mechanical properties accurately and increasing the
risk of unexpected failures [18,19]. Titanium alloys that have developed
an α-case have also been shown to exhibit less elastic deformation in
their crack initiation areas [15].

Improving the high-temperature oxidation resistance of titanium and
titanium alloys can be achieved through a variety of techniques
including: chemical treatments, such as ion implantation [20–24],
physical vapor deposition of ceramic coatings [24], pack cementation
[25], pre-oxidation [14], and mechanical surface engineering treat-
ments such as laser peening (LP) [12,26,27] and shot peening (SP)
[12,27,28]. However, many coatings are not stable enough for long-
term high-temperature applications, and adding alloying elements can
change the mechanical behavior and degrade the toughness and
ductility of alloy systems [9,10]. Additionally, it is sometimes more
practical to treat specimens after they have been manufactured rather
than during. That is when post processing surface engineering treat-
ments like LP and SP, which do not alter the bulk material properties of
metals and alloys, are typically utilized. These surface engineering
techniques are typically used to enhance the mechanical and electro-
chemical properties of materials through the introduction of high
magnitude compressive residual stresses (CRSs) and subsequently a high
density of dislocations which can result in grain re昀椀nement, twinning,
and the formation of sub-grains amongst other things [29]. LP is an
alternate peening method and is used as a substitute for traditional SP in
certain applications [30,31]. The advantages of LP over conventional SP
include the generation of CRSs up to greater depths [26,29,31] and
increased 昀氀exibility over processing conditions [29].

In recent years, LP and SP have also been shown to in昀氀uence the
high-temperature oxidation of titanium and titanium alloys [12,26–28].
In one study by Kanjer et al. [28] the impact of SP on the high-
temperature oxidation behavior of pure titanium was investigated.
The impact of SP treatment duration (ranging from 10 to 30 min) has
been investigated, revealing that longer treatment durations yield
notable effects. Compared to un-treated specimens, the oxidation
resistance of SPed specimens demonstrated a signi昀椀cant improvement,
with a reduction in mass gain ranging from approximately 30 % to 45 %.
Their 昀椀ndings indicated that SP effectively enhanced the oxidation
resistance of pure titanium at 700 çC. This improvement was attributed
to two main factors: (1) the rapid formation of a nitride layer between
the α-case area and the oxide layer, and (2) microstructural modi昀椀ca-
tions, including grain re昀椀nement and twinning resulting from the severe
plastic deformation imparted by SP. In a more recent study by Kanjer
et al. [26], the in昀氀uence of LP on the high-temperature oxidation
behavior of the same metal (99.8 % pure titanium) at the same tem-
perature (700 çC) was also investigated. Their results indicated a
reduction in mass gain for LPed specimens and the formation of an ad-
hesive and dense oxide layer without spallation. They also found a
decrease in the thickness of the α-case following LP, which promoted the
growth of a stoichiometric and dense rutile layer of TiO2 that increased
nitrogen diffusion through oxidation. In a similar study by Lavisse et al.
[12], the role of nitrogen was explored following LP and SP and long-
term (3000 h) high-temperature oxidation of commercially-pure tita-
nium plates at 700 çC in an air environment. The results from this study
revealed that both surface treatments resulted in alterations to the
microstructure of titanium. Their main observation was a signi昀椀cant
increase in the density of twins in the SPed specimens, whereas the LPed
specimens exhibited a relatively lower density of twins. At 700 çC in air,
both un-treated and SPed specimens experienced spallation of the oxide
layer after approximately 1700 h of exposure. However, in the case of
LPed specimens, this phenomenon was not observed even after 3000 h of
exposure. This was attributed to the development of a denser, more
compact, and more adherent oxide scale, which reduced the extent of
α-case formation following LP as compared to SP. This outcome is highly
advantageous as it helps prevent undesirable oxygen diffusion into the
titanium, which is crucial for preserving the metal's ductility. A similar
study conducted by Optasanu et al. [27] was performed to compare the

high-temperature oxidation of Ti-Beta-21S following both LP and SP.
During oxidation in a pure oxygen environment, the mass gain initially
follows a purely parabolic trend for approximately 10 h, with no notable
distinction between un-treated and treated specimens. However, in both
treated and un-treated specimens, the oxide scale develops distinct
layers for longer durations, resulting in an almost linear increase in mass
gain. Notably, the SPed specimens exhibit a higher oxidation rate than
un-treated and LPed specimens. However, in air, defects and the higher
density of grain boundaries introduced through mechanical surface
treatments facilitated the diffusion of larger quantities of nitrogen,
which reduced the mobility of oxygen. This contributed to the improved
oxidation resistance of Ti-Beta-21S subjected to SP and LP treatments.
This observation highlights the signi昀椀cant in昀氀uence of atmospheric ni-
trogen in the high-temperature oxidation process of Ti-Beta-21S in an air
environment [27].

While previous studies have shown that LP can be effective in
improving the oxidation resistance of titanium and titanium alloys in
dry air [12,21,26,27,32,33], the impact of LP on the oxidation behavior
in atmospheres devoid of nitrogen has not been investigated thoroughly.
While the work by Kanjer et al. [21] showed the viability of LP to reduce
oxidation of pure titanium at 700 çC in a pure oxygen atmosphere
through thermogravimetric analysis (TGA), the focus of their work was
on investigating the results from dry air experiments, and no further
experimentation was conducted involving specimens oxidized in pure
oxygen. Moreover, no studies that have investigated the high-
temperature oxidation behavior of titanium in nitrogen-free atmo-
spheres have explored the impact of LP on non-sheet materials, nor has
any research examined the repeatability and consistency of the oxida-
tion kinetics – factors that could be crucial in applications pertaining to
this research. Additionally, the oxidation behavior of LPed titanium has
only been studied for LP treatments that were performed using
aluminum tape as ablative layers. This research examines how the high-
temperature oxidation behavior of pure (Grade 1) titanium specimens
was affected by LP using vinyl tape as the ablative layer.

In this study, two un-peened (UPed) and two LPed specimens were
examined before and after high-temperature oxidation. The specimens
were subjected to a temperature of 750 çC for oxidation periods lasting
100 h. Various characterization techniques such as scanning electron
microscopy (SEM), optical microscopy (OM), and microindentation
were employed to evaluate the microstructure and mechanical proper-
ties following surface treatment. Then, the oxidation kinetics were
analyzed using TGA. After high-temperature oxidation, further analysis
was conducted using OM, SEM, microindentation, nanoindentation, and
Raman spectroscopy to investigate differences in the oxidation me-
chanics between the un-treated and LPed specimens. Furthermore,
nanoindentation results were used to draw quantitative conclusions
regarding the effects of the LP treatment on oxygen diffusivity at high
temperatures and Raman spectroscopy was used to quantify the increase
in density of the formed oxide layer – both relationships not utilized in
previous work regarding the oxidation of LPed titanium.

2. Methodology

2.1. Materials

The material evaluated in this research was Grade 1 titanium ob-
tained from Goodfellow Corp. Rectangular bars with a 10 × 12 mm2

cross section with the chemical composition included in Table 1 were
used. The equiaxed microstructure of the pure titanium suggests that it
was annealed around 700 çC for up to 2 h in air [34,35]. The material
was cut using electric discharge machining (EDM) to dimensions of 10×
5 × 5 mm3 to create specimens that met the necessary size requirements
for TGA. Another set of specimens were cut with EDM to dimensions of
10 × 12 × 15 mm3 to be used in the investigation of the effects of LP
before high-temperature oxidation. Excluding specimens used for pro-
昀椀lometry, all specimens were ground to a smooth surface with P1200
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grit SiC grinding paper (before LP on LPed specimens). The larger
specimens were peened on one face, while the smaller specimens (used
for TGA) were peened on all six faces. TGA specimens had their edges
slightly chamfered before oxidation to minimize the interaction of
perpendicularly growing oxide layers.

Less than 0.01 wt% Mg, Ta, and Co.

2.2. Laser peening treatment

The LP process utilizes a high-energy pulsed laser to impact the
surface of the material. Upon impact, a plasma plume is generated at the
surface of the material, which is covered with an ablative overlay (vinyl
tape in this case) and a thin layer of water. This plasma plume is then
con昀椀ned at the surface of the material by the water overlay which di-
rects the pressure generated by the plasma plume into the material. This
pressure pulse causes plastic deformation within the material that is
counteracted by an elastic-plastic response, resulting in high-magnitude
CRSs. These CRSs imparted by LP have been detected up to depths of
~2–3 mm below metals' peened surface [29,36].

In this research, LP treatment was performed with a Continuum
Powerlite DLS pulsed laser operating at a wavelength of 1064 nm and
pulse duration (at full-width half maximum) of 8 ns. The treatment was
conducted at a laser energy of 2.5 J using a circular spot with a diameter
of ~2 mm. As calculated from these parameters, a laser power density of
10 GW/cm2 is obtained. The shots were placed such that there was a 30
% overlap between successive shots. The path of alternating horizontal
rows of shots was created by maneuvering the laser in the transverse and
longitudinal directions. Vinyl tape was used as an ablative layer, and
昀氀owing water was used as the con昀椀ning layer. A schematic of the LP
process is included in Fig. 1.

2.3. Mass gain measurements

To investigate the effect of the LP treatment on the mass gain and
oxidation related kinetics of the pure (Grade 1) Ti, specimens were
prepared for TGA in two conditions: UPed (specimens UP-A and UP-B)
and LPed (specimens LP-A and LP-B). The LPed specimens had been

LPed on all six surfaces. Two specimens of each type were prepared to
evaluate the repeatability of the results. TGA of the specimens was
performed using a TGA analyzer (TGA, LABSYS evo, Setaram In-
struments). Specimens were heated to 750 çC at a heating rate of 30 çC/
min and held at that temperature for 100 h. Between 400 çC and 700 çC,
titanium experiences cubic and parabolic oxidation rates [16], however,
the oxidation of titanium has been reported to obey a parabolic rate
equation between 600 çC and 1000 çC [37]. Testing was conducted in
this regime to facilitate comparative elucidation of the in昀氀uence of
surface modi昀椀cation on the high temperature oxidation behavior of ti-
tanium. By utilizing a temperature of 750 çC, the transition from para-
bolic to linear mass gain is visible during TGA and creates a clear
distinction between protective and non-protective oxidation character-
istics. In order to evaluate the individual role of oxygen in the diffusion
and oxide formation processes, the analysis was carried out in a
controlled atmosphere composed of argon and oxygen 昀氀owing at rates of
15.8 mL/min and 4.2 mL/min, respectively, to mimic the oxygen con-
tent in atmospheric air.

2.4. Optical and electron microscopy analysis

To observe the cross-section of specimens following treatment,
oxidized specimens were mounted in a conductive resin and cut using a
low-speed wafering saw (Isomet High Speed Pro, Buehler). Specimens
that had not been oxidized were cut using EDM. All specimen cross-
sections were ground using P220–P2400 grit SiC grinding papers, then
polished with 3–1 μm diamond suspensions and 0.05 μm colloidal silica
for SEM and OM imaging purposes. Cross-sections of un-oxidized and
oxidized specimens were etched with Kroll's reagent (95 % H2O, 3 %
HNO3, 2 % HF) for 2–5 s to reveal grain boundaries and features within
the microstructure. Optical microscopy was carried out using a Keyence
VHX-7000 digital microscope using full and partial coaxial lighting
modes. SEM was performed using a Thermo-Fisher Scienti昀椀c Apreo 2
scanning electron microscope. All SEM micrographs were obtained
using the secondary electron mode with an Everhart-Thornley detector
and a beam voltage of 20 keV and a beam current of 3.2 nA.

To observe the LPed surface and resulting microstructure before
oxidation, a pre-polished surface (ground with P220–P2400 grit SiC
grinding papers, then polished with 3–1 μm diamond suspensions and
0.05 μm colloidal silica) was prepared before LP. After LP, the surface
was imaged using the high dynamic range (HDR) mode on the Keyence
VHX-7000 digital microscope, without any additional surface prepara-
tion following the LP process.

2.5. Microhardness analysis

Microindentation tests were carried out to evaluate the increased
microhardness and effective depth of LP in un-oxidized specimens. For
oxidized specimens, microhardness was used to characterize the depth
of the α-case layer and evaluate the resulting increase in hardness.
Measurements were taken at various depths along the cross sections of
the specimens. Specimens were evaluated using an automated micro-
hardness tester (MMT-X7B, Clemex) with a diamond pyramid Vickers
indenter tip. A force of ~0.25 N (25 gf) and a dwell time of 10 s was used
to create an 8 × 15 matrix of indents at varying depths from the surface.
The distance between each row and column of indents was 30 μm. To
avoid effects from the free surface, indents were started ~40 μm from
the surface. These parameters were used for the evaluation of both un-
oxidized and oxidized specimens.

Table 1
Chemical composition of the Grade 1 titanium used in this study (wt%).
Elements Ti Al Cr Mn Ni V Fe Si Cu Sn
wt% Bal. 0.05 0.05 0.05 0.05 0.05 0.03 0.02 0.02 0.02

Fig. 1. Illustration of the laser peening process.
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2.6. Nanohardness analysis

To better understand the local characteristics of the α-case layer and
more accurately calculate diffusion coef昀椀cients, oxidized specimens
were studied using an Anton Paar NHT3 nanoindentation tester with a
diamond Berkovich indenter. The indents were performed using linear
loading with loading and unloading rates of 400 mN/min and a 10 s
dwell time at a maximum load of 200 mN. Indents at various depths
from the surface were laid out in 3 × 10 matrices with 25 μm between
each row and column. Nanoindentation was performed at 3 different
locations on the LPed and UPed specimens.

2.7. X-ray diffraction residual stress measurements

To quantify the residual stresses generated on the surface of the
material from the LP process, x-ray diffraction (XRD) residual stress
analysis has been performed. XRD was performed with Pulstec micro-
X360s residual stress analyzer. Stress calculations were made using
the cos(α) technique, utilizing the full ring of x-ray back diffraction. For
the measurements, a Young's modulus of 116 GPa and a Poisson's ratio of
0.32 were used. A Vanadium X-ray tube was chosen to analyze diffrac-
tion from the (103) plane in Titanium and utilized a diffraction angle of
140ç. The x-ray spot size was approximately 2 mm in diameter with a
penetration depth of a couple micrometers. To minimize measurement
errors resulting from large grain size, an oscillation on Ψ angle was used,
set at 10ç.

2.8. Surface roughness measurements

To visualize the surface deformation resulting from LP, pro昀椀lometry
was performed on the UPed and LPed specimens. Both specimens were
ground using P220–P2400 grit SiC grinding papers, then polished with
3–1 μm diamond suspension and 0.05 μm colloidal silica. The LPed
specimen was peened after the polishing process. Pro昀椀lometry was
performed using a KLA Tencor D-500 pro昀椀lometer. The system was set
to a 10 μm range using a scan speed of 0.10 mm/s. Data was collected at
2000 points/s and 16 data points were averaged and recorded to mini-
mize noise from over sampling.

2.9. Raman spectroscopy analysis

Before oxidation, Raman spectroscopy was used to investigate po-
tential contamination resulting from the LP process. Following high-
temperature oxidation, Raman spectroscopy was used to identify
phase constituents present in the oxide layer. The Raman spectra were
obtained using a Horiba Jobin Yvon Inc. LabRAM HR800 at a wave-
length of 532 nm with a 100 mW green laser. The grating was set to 950
grooves/mm and the laser power was set to 10 %. 6 accumulations of
data at a 10 s acquisition time were averaged to generate the spectra for
all specimens. Prior to all Raman spectroscopy analysis of the specimens,
the system was calibrated following the standard calibration procedure
for the equipment using a silicon wafer.

Fig. 2. OM images of cross-sectioned (a) UPed and (b) LPed Ti specimens after etching and prior to oxidation and (c) an HDR image of the treated surface following
LP. No polishing or etching was performed on the LPed surface following LP.
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3. Results and discussion

3.1. Analysis of specimens prior to high-temperature oxidation

3.1.1. Optical microscopy analysis (prior to oxidation)
The use of OM is a useful tool for visualizing the formation of twin

defects that result from deformation occurring during the LP process. It
is important to note that the specimens in Fig. 2(a) and (b) were ground
and polished using the same process parameters to ensure direct com-
parisons could be made. The image included in Fig. 2(c) was obtained
from the LPed surface following LP. This specimen was polished before
LP to highlight changes to the affected surface as a result of the treat-
ment. No additional surface preparation or etching was performed
following LP. Compared to UPed specimen (Fig. 2(a)), the LPed speci-
mens presented a high density of twins as shown in Fig. 2(b) and (c).
Optical observation shows frequent occurrence of twin defects on the
affected surface and the local sub-surface in Fig. 2(c) and (b), respec-
tively. In this case, there are no signs of laser ablation (Fig. 2(c)) which
can occur following LP when an ablative layer is not used. The highest
density of twins can be observed near the affected surface in reduced
frequency throughout the entire 400 μm depth in the cross section
shown. For comparison, no twins are observed in the UPed specimen
present in Fig. 2(a).

These deformation-induced twins act as a mechanism to reduce crack
formation and propagation, which is a commonly desired result of the LP
treatment. Many other studies have seen the similar formation of these
twin defects as a result of deformation from the LP process
[21,27,37,38]. As commercially-pure Ti (CP-Ti) has a hexagonal close
packed (HCP) structure, deformation occurs by slip and twinning,
however, HCP lattice structures limit slip modes available [38,39] and
promote the formation of twin defects.

3.1.2. Microhardness measurements (prior to oxidation)
Microhardness data obtained from the Grade 1 Ti specimens before

oxidation are included in Fig. 3(a–c). As twin defects contribute to
increased strength and hardness [40], the most signi昀椀cant microhard-
ness increase is found just below the LPed surface, where the density of
deformation-induced twins is the highest. At a depth of 70 μm, micro-
hardness is increased by 27.8 % when compared to the average UPed
microhardness values (Fig. 3(a)). As seen in Fig. 2(b), the highest density
of deformation-induced twins appears to be within the region 100–150
μm from the surface. In this same region, the largest increase in micro-
hardness was measured (compare Fig. 2(b) to Fig. 3(a) and (c)). The high
strain-rate resulting from LP promotes grain re昀椀nement and the gener-
ation of CRSs near the surface [31,40] which results in signi昀椀cant
hardness increases in the affected regions [32,36,38]. One mechanism
attributed to the increase in hardness is that plastic deformation (and
accompanied dislocation motion) is inhibited by twin boundaries [40].
Additionally, increased CRSs oppose deformation and also contribute to
increased hardness [41]. Since the pressure wave generated from LP
dissipates as it moves through the material [32], the increase in
microhardness in this study becomes less signi昀椀cant at a depth of ~130
μm; however, increased microhardness is observed throughout the
entire ~460 μm cross-section. Up to ~460 μm from the surface, the
average microhardness of the UPed specimen was 177.5± 7.4 HV, while
the LPed specimen maintained an average microhardness of 195.0 ±
15.6 HV. Averaged data plotted in Fig. 3(a) shows maximum values of
182 ± 7 HV and 227 ± 20 HV for UPed and LPed specimens, respec-
tively. Previous studies on metals and alloys have observed the depth at
which hardening from LP is detected, with hardness increases detected
at depths up to ~1500–2000 μm from the peened surface
[32,36,38,42,43].

The contour maps in Fig. 3(b) and (c) present the microhardness

Fig. 3. (a) Microhardness pro昀椀les from the surfaces of the UPed and LPed specimens before oxidation and (b, c) microhardness contour plots used to produce the plot
in (a).
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distribution throughout the observed cross-sections. As expected,
microhardness peaks close to the surface, but the contour plots reveal a
consistent increase in microhardness throughout the cross-section.
These visualizations help identify the deviation of microhardness data
and highlight the uniformity of the hardness increase resulting from the
LP process [36]. Comparison between the microhardness contour maps
(Fig. 3(b) and (c)) and the OM images (Fig. 2(a) and (b)) show a cor-
relation between hardness and observed twin density. Locations near the
surface present frequent twins which are accompanied by increased
microhardness values, supporting the hardening mechanism attributed
to twin defects [38,39].

3.1.3. Residual stress analysis (prior to oxidation)
As mentioned previously, the deformation produced during the LP

process generates CRSs on the surface and in the local sub-surface. To
quantify the CRSs generated, XRD residual stress analysis (using the cos
(α) method) has been performed on the LPed surface of the Ti specimen.
The provided results indicate the formation of large CRSs on the LPed
surface. The residual stress results from this experiment, and the results
of similar studies investigating the residual stresses of LPed Ti-alloys are
shown in Table 2 [32,39,44–46] – all of which are in-plane equibiaxial
stresses oriented perpendicularly to the peening direction (parallel to
the surface). It is noteworthy that both alloying elements and LP process
parameters signi昀椀cantly in昀氀uence residual stresses generated within the
Ti-alloys from LP, however, consideration of other literature's 昀椀ndings
af昀椀rms the validity of residual stress values obtained in this experiment.

In Fig. 3(a) and (c) maximum microhardness was achieved near the
LP treated surface and dissipated with depth into the metal. As hardness
increases are typically related to increases in compressive stresses, it is
likely that the CRSs follow the same trend producing the maximum
stress values near the surface before returning to a standard unstressed
state. This is what has been discovered by other researchers which uti-
lize XRD stress measurements with depth for LPed metals [43,47–49].
When the peak pressure produced by plasma during the LP treatment
exceeds the Hugoniot elastic limit (HEL) of the LPed material, dynamic
plastic deformation occurs, and CRSs are formed on the surface and sub-
surface of the material [29,50]. The pressure generated by the treatment
decreases as the pressure wave propagates through the material, and the
generated CRS follows the same decreasing trend with depth [29,50].

It should be noted that residual stresses were not characterized
following high-temperature exposure at 750 çC. At temperatures be-
tween 700 and 750 çC (annealing temperatures for this Grade 1 Ti)
recrystallization occurs which causes residual stresses to relax as dislo-
cations are rearranged and annihilated. In a similar study on the high-
temperature oxidation resistance of Ti2AlNb by He et al. [32], it was
shown that compressive residual stresses imparted by LP in this Ti-alloy
relaxed after just 4 h of heating at 720 çC. Similarly, Kanjer et al. [16]
observed grain growth and recrystallization – phenomenon associated
with residual stress relief – after only 10 h of exposure to 700 çC. This
stress relaxation has also been reported in many other metals and alloys
following high-temperature exposure when the temperature is ~0.5Tm
(where Tm is the melting temperature of the material – ~1600 çC in this
case) [51].

3.1.4. Pro昀椀lometry (prior to oxidation)
The LP treatment resulted in deformation of the affected surface,

which is pro昀椀led in Fig. 4(a), where dimples created by the laser can be
identi昀椀ed. It should be noted that the specimen used for pro昀椀lometry
was polished before LP treatment to reduce noise resulting from surface
昀椀nish, highlighting the deformation caused by the treatment. An
approximate spot size of 2 mm mapped by the pro昀椀le validates the
intended parameter for LP treatment. Fig. 4(a) shows the increase in
surface roughness due to the LP treatment. Average roughness over the
entire specimen increased from 0.027 ± 0.035 μm to 0.849 ± 0.985 μm,
similar to results obtained by Joshi et al. [52], where average roughness
was increased from 0.095 μm to 0.903 μm following LP at 8 GW/cm2.
This occurrence is expected as LP treatment induces deformation on the
affected surface.

3.1.5. Raman spectrometry analysis (prior to oxidation)
Fig. 5 displays the Raman spectra obtained for the specimens prior to

oxidation. The result is a low-intensity spectra that is nearly identical for
both specimens. Few observable, but weak, peaks were observed in both
recorded spectra, and the similarity of the UPed and LPed spectra sug-
gests the LP treatment did not produce pronounced changes in the
detected vibrational mode of molecules contained in the analyzed
specimen. The two spikes in intensity (at ~140 cm−1 and ~212 cm−1)
could be attributed to the detection of a passive oxide formed at room
temperature. The observed peak near 140 cm−1 could be attributed to
the presence of both anatase and rutile phases [53,54] and the weak
peak at approximately 212 cm−1 could correspond to the detection of
brookite [55,56]. As the same two spikes appear in both spectra, the
results suggest the absence of contamination from the LP process.
Accordingly, results obtained during and after the oxidation process are
likely a result of mechanical phenomenon, and without changes in
chemical interaction.

Table 2
Comparison of residual stress measurements following LP of similar titanium alloys.

Current study (CP-Ti) [39] (Ti2AlNb) [32] (Ti-2.5Cu) [44] (Ti-6Al-4V)
[45]

(Ti-6Al-4V) [46]

LP power density (GW/
cm2)

10 6.5 13 5 10 9

LP overlap (%) 30 80 – longitudinal
30 – transverse

50 – 25 70

UPed (MPa) 52.8 ± 71.2 −77.1 ± 18.4 ~0 – 134 50
LPed (MPa) −301.9 ± 40.2

(surface)
−377.2 ± 42.5
(surface)

−387 (max, near
surface)

−390 ± 16
(surface)

−296 (surface) −400 (max, near
surface)

Fig. 4. (a) Line pro昀椀les from the UPed and LPed specimen's surfaces and (b) the
pro昀椀lometer path used to obtain these line pro昀椀les.
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3.2. Analysis of specimens following high-temperature oxidation

3.2.1. Thermogravimetric analysis (following oxidation)
The results from TGA indicate the viability of employing LP to reduce

the mass gain of Grade 1 Ti in high-temperature oxygen containing at-
mospheres. To investigate the repeatability of the experiment, the mass
gain of two un-treated specimens (UP-A and UP-B) and two LPed spec-
imens (LP-A and LP-B) were recorded. Fig. 6(a–d) presents the oxidation
kinetic curves obtained from 100 h oxidation of the Ti specimens at a
temperature of 750 çC in an inert atmosphere consisting of 21 % oxygen
and 79 % argon. At the end of the 100 h TGA analysis, UP-A and UP-B
specimens experienced total normalized mass gains of 6.88 mg/cm2

and 7.80 mg/cm2, respectively. The LP-A and LP-B specimens experi-
enced reduced total normalized mass gains of 6.33 mg/cm2 and 5.08
mg/cm2, respectively – on average, a reduction in mass gain of 22.28 %
when compared to the un-treated (UP-A and UP-B) specimens. These
results are similar to those reported by Kanjer et al. [21] in their pure
oxygen TGA experiments, where their LPed specimens experienced a
~45% reduction in mass gain following high-temperature oxidation at a
temperature of 700 çC.

For oxidation of Ti, the general oxidation kinetics law (Eq. (1)) can
be used to 昀椀t curves resulting from TGA [16,32,57].
(

ΔW
A

)n
= kn " t (1)

Fig. 5. Raman spectra obtained from the UPed and LPed specimen's surfaces. The spectra have been offset along the y-axis for ease of viewing, and an 8-point moving
average has been applied to reduce noise.

Fig. 6. Mass gain plots of the oxidation of (a) UP-A, (b) LP-A, (c) UP-B, (d) LP-B specimens during exposure to 750 çC in an argon and oxygen atmosphere.
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where, ΔW is the weight gain, A is surface area of the specimen, kn is the
rate constant, t is time, and n is the oxidation law's degree index. The n
parameter value is the combination of three processes that happen
during oxidation time including: (1) oxide layer growth, (2) oxygen
diffusion into the metal, and (3) the formation of imperfections in the
oxide layer [21,58]. An n value of 2 correlates to parabolic law and
suggests the presence of a protective oxide layer, which reduces the
effective rate of oxygen diffusion [32,33].

In this study, initial stages of oxidation follow parabolic or semi-
parabolic curves (see light-green annotations in Fig. 6(a–d)) before
experiencing a breakaway shift towards linear mass gain (n j 1 – see
purple annotations in Fig. 6(a–d)). Fitting curves generated from the
kinetics law to the initial stages yield n values of 1.55, 1.48, 1.47, and
2.13 for specimens UP-A, UP-B, LP-A, and LP-B, respectively. These
values suggest some protective qualities of the oxide layer, with LP-B
correlating best with parabolic law (Fig. 6(d)). Deviations in the linear
and parabolic regions of the curves observed during TGA testing of the
LPed specimens, as well as differences in mass gain (21.9 % difference),
are likely attributed to inconsistencies in the specimen preparation
(grinding and polishing) and the LP process. However, regardless of this,
both LPed specimens exhibited larger regions of parabolic behavior –

suggesting partial protection [32] – and subsequently lower total mass
gain. Further observation of the curves reveals 昀氀uctuations in the rate of
mass gain, which occur more frequently in the un-treated specimens.

The TGA results for the isothermal oxidation suggest the occurrence
of three phenomena contributing to the mass gain curves as reported by
Kanjer et el. [21]. They are as follows:

1. Rapid oxygen and Ti interaction (UP-A, UP-B, LP-A: ~0–2 h; LP-B:
~0–5 h)
During this period, the initial processes of oxidation begin to

occur. First, oxygen is adsorbed at the Ti surface. This oxygen is then
absorbed into the Ti substrate through chemisorption or physical
absorption. Once saturation occurs within the material, oxide nuclei
are formed, and lateral growth of the oxide results in formation of an
oxide scale. The oxide is classi昀椀ed as n-type, causing the growth of
the oxide to occur inward respective of the metal/oxide interface
[16,17]. In Fig. 6(d), it is clear that initially the LP-B specimen
experienced more prolonged, rapid interaction with oxygen before
the formation of a compact oxide scale.

2. Protective oxide barrier (UP-A: 2–30 h; UP-B: 2–10 h; LP-A: 2–37 h;
LP-B: 5–60 h)
As the oxide layer increases in thickness and density, it begins to

mitigate oxidation of the titanium. The growth of this layer and the
barrier it presents contribute to the parabolic shape of the mass gain
curves. Signi昀椀cant enhancement of this protective layer is noticed in
the LP-B specimen – characterized by an increased n value.

3. Oxide layer irregularities (UP-A: 30–100 h; UP-B: 10–100 h; LP-A:
37–100 h; LP-B: 60–100 h)
Prolonged exposure to the high temperature eventually leads to

the formation of irregularities within the oxide layer. Cracking on the
outer surface of the oxide, and delamination of the layer reduces the
effectiveness as a barrier to further oxidation. As new irregularities
develop, oxidation occurs at a higher and more linear rate, without
parabolic in昀氀uence. These irregularities can also lead to inconsistent
mass gain rates as specimens simultaneously experience the forma-
tion of imperfections and the formation of protective oxides where
the substrate becomes exposed. This phenomenon can be observed in
Fig. 6(a–d), where apparent changes in mass gain rate occur after
breakaway (annotated as 昀氀uctuations).

The subsequent 昀椀ndings related to the cross-sections of the speci-
mens (nanoindentation, microindentation, OM analysis, and SEM anal-
ysis) presented in this study exclusively pertain to the examination of
UP-A and LP-A specimens, while results obtained from the surface of

the oxide layer (Raman analysis and SEM of oxide layer) have been
collected from UP-B and LP-B specimens.

3.2.2. Nanohardness measurements (following oxidation)
Nanoindentation hardness tests have been utilized to estimate the

depth of oxygen diffusion and the formation of an α-case. Increased
nanohardness detected in the pure Ti specimens indicates increased
oxygen composition, as oxygen atoms occupy interstitial and substitu-
tional sites [59]. The nanoindentation results shown in Fig. 7 show the
LPed specimen produced lower nanohardness values near the surface
suggesting a reduction in the amount of oxygen that has diffused into the
Ti, contributing to the reduced mass gain seen in Fig. 6(a–d). In this
experiment, similar nanohardness values were obtained deeper within
the UPed specimen, and the nanohardness of the LPed specimen reverts
to the average non-oxidized microhardness value of 177.5 ± 7.4 HV
after reaching a depth of ~230 μm (compare Fig. 7 to Fig. 3(a)). In
contrast, the UPed specimen maintains nanohardness above this level
throughout the characterized depth. These 昀椀ndings imply that the LP
treatment reduced the depth of oxygen penetration into the substrate.

Another important feature of the plot pertains to the error associated
with indentations performed nearest to the surface. These large error
bars are attributed to fracture of the α-case and inconsistent diffusion
near the surface. In locations where a non-uniform or 昀氀awed oxide layer
has formed, the rate of oxygen diffusion varies and can cause further
embrittlement of the α-case, resulting in fracture and unpredictable
hardness values. Both specimens show error bars due to this phenome-
non, however, it appears to be more signi昀椀cant in the UPed specimen.

To support the claim of reduced oxygen diffusion observed in the
LPed material, calculations can be performed to estimate diffusion co-
ef昀椀cients. According to Fick's second law, diffusion can be modeled by
the following differential equation [60]:
∂C
∂t = D ∂2C

∂x2 (2)

where D is diffusivity and C is the concentration of diffusing molecules.
This relation relates the time rate of change of the composition to a
pro昀椀le of the concentration. If concentrations of the diffused medium
are known, solving this relationship with the assumptions of constant
surface concentrations and in昀椀nitely long medium allows for estimation
of the diffusivity. Assuming oxygen concentration is directly propor-
tional to hardness, Rosa [61] developed a relationship that can be used
to solve for D:
H− H0
Hs − H0

∝1− erf
( x
2 �����Dt:

)

(3)

where H refers to hardness values along the cross section, H0 is the
hardness at an in昀椀nite depth, andHs is the surface hardness. For analysis
in this paper, the average UPed specimen microhardness will be used as
H0, and nanohardness data closest to the surface will be ignored due to
high uncertainty and the in昀氀uence of fracture. Hs and D will be solved
for simultaneously with the use of the solver feature in Excel, with the
objective of minimizing the sum of the squares between calculated and
experimental hardness values. The results yield Hs values of 1248 HV
and 1176 HV for the UPed and LPed specimens, respectively. Also, a
34.6 % reduction in the diffusivity, D, from 1.15 × 10−10 cm2/s (UPed
specimen) to 7.52× 10−11 cm2/s (LPed specimen) was calculated for the
LPed specimen. These results are plotted in Fig. 7.

3.2.3. Microhardness measurements (following oxidation)
The microhardness pro昀椀les obtained from the UPed and LPed spec-

imens following high-temperature oxidation are includes in Fig. 8.
Compared to results prior to oxidation (compare Figs. 3 and 8), the in-
crease in microhardness resulting from the α-case formation is apparent,
however, microhardness is nearly the same for oxidized (Fig. 8) and un-
oxidized (Fig. 3) specimens at depths greater than 230 μm. As expected,
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the pro昀椀le is similar to that measured during nanoindentation (Fig. 7),
where a hardness gradient in observed throughout the α-case layer with
respect to depth from the oxidized surface. Differences between the
measured microhardness (Fig. 8) and nanohardness (Fig. 7) are the
result of different measurement techniques. Nanoindentation creates

smaller, more controlled, and more highly monitored indents when
compared to microindentation [62]. This allows for precise character-
ization of hardness for a small area [62] and results in the measurement
of higher nanohardness values near the surface (Fig. 7). Micro-
indentation impressions are larger, capturing more of a material

Fig. 7. Nanoindentation hardness pro昀椀les from the surfaces of the UP-A and LP-A specimens following high-temperature oxidation. Theoretical calculated hardness
pro昀椀les are plotted as well.

Fig. 8. (a) Microhardness pro昀椀les from the surfaces of the UPed and LPed specimens following oxidation and (b, c) microhardness contour plots used to produce the
plot in (a).
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gradient per indent resulting in less speci昀椀c microhardness values
(Fig. 8). Additionally, the reduction of α-case hardness, and thus oxygen
diffusion in the LPed specimen is con昀椀rmed in Fig. 8. The contour maps
in Fig. 8(b) and (c) provide an alternative visualization for the increased
α-case microhardness noticed in the UPed specimen.

3.2.4. Optical microscopy analysis (following oxidation)
Fig. 9 presents images obtained during observation of the oxidized

specimens' cross-sections using OM. Fig. 9(a) and (b) are images of the
un-etched oxide interface regions while Fig. 9(c1) and (d1) are from the
etched oxide interface regions. The main conclusion from these images
is a reduction in overall oxide layer thickness, and a reduction in
thickness of the visually apparent α-case layer (which can be observed as
white in Fig. 9(c1) and (d1)). From optical observation of the entire
specimens, the UPed specimen's oxide layer thicknesses ranged from 30
to 45 μm, whereas in the LPed specimen, oxide thicknesses were be-
tween 24 and 39 μm. Thin and densely formed oxide layers provide a
protective layer between the atmosphere and the metal surface by
inhibiting further oxidation [16] and the results from OM indicate
improvement of this protective layer following LP. Furthermore, during
the investigation of regions where oxide layer thicknesses were consis-
tent between UPed and LPed specimens, a reduction in the observable
α-case was noticed (compare Fig. 9(a) and (b)). The depth of this layer is
visually estimated by a transition from a smooth to textured surface as
seen in Fig. 9(c1) and (d1). At a location where both UPed and LPed
specimens exhibited a 35 μm thick oxide layer, the α-case thickness
appears to be reduced from ~91 μm to ~70 μm. This is in good agree-
ment with the results of the nanoindentation and microindentation
hardness tests (Figs. 7 and 8).

Fig. 9(c1) and 9(d1) presents lower magni昀椀cation images of etched
cross sections, highlighting a signi昀椀cant change in microstructure near
the oxide interface region. Fig. 9(c2) and (d2) show the entire cross-

sections of the UP-A and LP-A TGA specimens, respectively. When
these images are compared to those of un-oxidized specimens (Fig. 2(a)
and (b)), the increase in grain size is apparent. This observation con昀椀rms
recrystallization and grain growth occurred during high-temperature
oxidation at 750 çC for 100 h. This recrystallization and grain growth
has also been observed by Kanjer et al. [16] after exposing Grade 1 Ti to
700 çC for only 10 h.

3.2.5. Scanning electron microscopy (following oxidation)
In order to examine fractures and irregularities in the oxidized

specimens, SEM was employed to enhance spatial resolution and in-
crease the depth of 昀椀eld, with the resulting micrographs displayed in
Fig. 10(a–h). Fig. 10(a) and (b) showcases cross-sections of average well-
formed oxide layers, revealing noticeable differences in thickness be-
tween the UPed and LPed specimens. In these micrographs, the LPed
specimen exhibited a reduced oxide layer thickness, from 36 μm to 28
μm, with apparent improved adhesion of the oxide scale to the substrate.
Additionally, irregularities (delamination and fracture of the TiO2 as
well as fracture of the α-case) can be identi昀椀ed in both cross sections
(Fig. 10(c–f)). Fig. 10(c) and (d) depicts the delamination of the oxide
layer, and Fig. 10(e) and (d) shows the addition of TiO2 facture. Frac-
tures and/or delamination of the oxide layer provide a less resistant path
for oxygen to reach the Ti substrate, compromising its protective char-
acteristics [16]. As such, these imperfections were frequently accom-
panied by fracture of the α-case. Severe α-case fracture was typically
correlated with a non-uniform or disturbed oxide layer formed on the
surface above the fracture, facilitating increased oxygen diffusion, and
further embrittlement of the substrate. Despite the occurrence of these
phenomena in both specimens, the frequency and severity of these
features seemed to be reduced in the LPed specimen, however the
observed difference may not be signi昀椀cant. Additionally, the oxide layer
on the LPed specimen appears less porous and of a higher quality. In

Fig. 9. OM images following high-temperature oxidation of cross-sectioned (a, c1, c2) UP-A and (b, d1, d2) LP-A specimens. (a, b) Cross-sectioned specimens before
etching and (c1–c2, d1–d2) after etching. (c2, d2) Full cross-sectioned TGA specimens.
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Fig. 10. SEM micrographs of the oxidized cross-sections of (a, c, e) UP-A and (b, d, f) LP-A specimens. Images in (g, h) are high-magni昀椀cation micrographs from the
outer surface of the oxide 昀椀lms on UP-B and LP-B specimens, respectively.
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Fig. 10(a–d), the oxide layer on the LPed specimen is visually improved,
especially towards the outermost layers (where the oxide layer 昀椀rst
formed). To further investigate the quality of the oxide layer, SEM was
also performed on the outer surface of the oxide layers. The corre-
sponding micrographs are included in Fig. 10(g) and (h) and show
substantial reduction in oxide particle size, likely contributing to
increased density and compactness of the oxide layer on the LPed
specimen. These characteristics in昀氀uence the oxidation kinetics and
enhance the protective performance of the oxide scale [32].

3.2.6. Raman spectroscopy analysis (following oxidation)
Spectra obtained from Raman spectroscopy analysis performed on

the oxide layers of the specimens is presented in Fig. 11. The obtained
spectra are well de昀椀ned and present four distinct peaks, which were not
observed before high-temperature oxidation. Compared to the results
obtained before oxidation (shown in Fig. 5), the intensity of the recorded
spectra in Fig. 11 are increased signi昀椀cantly (note the × 103 intensity
scale). In Raman spectra analysis, TiO2 has active peaks within the
100–900 cm−1 range corresponding to active Raman modes of three
phases of the oxide (rutile, anatase, and brookite) [53]. These resulting
peaks obtained from the experiment indicate that the TiO2 layer on the
surface of both specimens is predominantly composed of the rutile
phase. Signi昀椀cant peaks corresponding to rutile vibrational modes form
at approximately 143, 447, and 610 cm−1 and are associated with B1g,
Eg, and A1g vibrational modes, respectively [53]. Anatase has Eg, B1g,
and A1g Raman detectible modes with peaks at 144, 197, 399, 516, and
639 cm−1 [54], however, the spectra does not show any identi昀椀able
peaks at these locations (other than near 144 cm−1, however anatase is
typically characterized by a more sharp and intense peak) indicating a
low amount of the anatase phase. The peak at approximately 235 cm−1

could be attributed to disorder or second-order photon scattering – the
result of multi-phonon phenomenon [53,63] – which is more intense in
rutile than anatase phases [54]. The results of this study and comparison
to other rutile Raman spectra are presented in Table 3 [53,63]. As seen
in Table 3, the obtained results are in good agreement with previous
research.

It has been reported by Ekoi et al. [53], that variations in peak po-
sitions correlate to differences in TiO2 crystallite size. In their study, they
identi昀椀ed an inverse linear relationship between Eg and A1g peak posi-
tions and crystallite size. Based on these 昀椀ndings, the observed shifts in
peak positions towards a higher wavenumber in both the Eg and A1g
modes in the LPed specimen's spectra implies a reduction in oxide

particle size on the surface. These observations support the results ob-
tained through SEM analysis of the oxide 昀椀lms (Fig. 10(g) and (h)) –

with reduced oxide particle size observed on the outer oxide layer of the
LPed specimen.

The differences in peak intensities between the UP-B and LP-B
specimens displayed in Fig. 11 indicate an increase in the detected
rutile phase within the oxide layer on the LPed specimen. The rela-
tionship for the intensity of Raman scattered light is given in Eq. (4)
[64]:

I(ν)R = 24π3

45⋅32⋅c4⋅
hILN(ν0 − ν)4

μν

»

¿1− e−hν
kT

¿

£

⋅
[

45(α'
a
)2 + 7(γ'a

)2 ] (4)

where, c is the speed of light, h is Planck's constant, k is the Boltzmann
constant, IL is excitation intensity, T is absolute temperature, N is
number of scattering molecules, ν0 is laser excitation frequency, ν is
molecular vibrational frequency, μ is reduced mass of the vibrating
atoms, γá is anisotropy invariant of the polarizability tensor, and αá is
mean value invariant of the polarizability tensor. I(ν)R is the intensity
integrated over the width of the Raman band; the area under the curve in
Fig. 11. As the Raman parameters remained the same between the
specimens analyzed in this study, the proportional relationship between
integrated Raman intensity and N provides basis for quantitative anal-
ysis [64]. The higher values of intensity observed in the rutile Raman
peaks (Fig. 11) correspond to a higher quantity of rutile molecules
detected during the analysis. Assuming a proportional relationship, and
using a trapezoidal integration approximation method, Raman detected
17.3 % more molecules in the LPed specimen than the UPed specimen.
These results support the claim that the LPed specimen has formed a
denser oxide layer on its surface.

Fig. 11. Raman spectra obtained from the oxide layers of the UP-B and LP-B specimens.

Table 3
Comparison of rutile peak positions obtained in this study with results from
other literature.
UP-B LP-B Ekoi et al.

[53]
Balachandran and Eror
[63]

Assigned
modes

142.0 142.0 143.2 144 B1g
232.3 239.0 232.4 235 Multi-phonon
445.8 446.9 446.6 448 Eg
608.5 611.7 609.8 612 A1g
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3.3. Discussion

This study on the high-temperature oxidation resistance of Grade 1
Ti at 750 çC for 100 h in an oxygen atmosphere following LP has
demonstrated the favorable characteristics LP can provide. The 昀椀ndings
from the conducted experiments in this investigation can be outlined as
follows:

1. Reduced mass gain during high-temperature oxidation resulting
from LP.

2. Diffusion of oxygen into the Ti substrate is signi昀椀cantly reduced due
to LP.

3. A more uniform and dense oxide scale resulting from LP better
protects and reduces further oxidation of the Ti.

The mechanisms contributing to the bene昀椀cial changes in oxidation
behavior result from the microstructural and mechanical alterations
induced by the LP treatment. Before oxidation, it has been shown that LP
produces twin defects up to signi昀椀cant depths, provides work hardening,
and generates CRSs on the surface of the metal. Additionally, a
reasonable surface was maintained, and there was no indication of
chemical modi昀椀cation.

Previous studies [12,26] investigating the effect of LP on CP-Ti
during high-temperature oxidation in dry air have attributed the
favorable oxidation characteristics to the insertion of nitrogen in thin
layers at the metal and oxide interface. This nitrogen is able to diffuse
through the oxide layer more easily (due to its higher diffusion rate
through rutile TiO2) and creates a nitrogen enriched layer that slows
down oxygen diffusion and reaction with the Ti substrate [12,26].
However, in this study, favorable changes in the oxidation process were
able to be achieved without the presence of nitrogen. Kanjer et al. [26]
had identi昀椀ed two other mechanisms that also likely contribute to the
results obtained in this investigation. The 昀椀rst of which is related to the
defects generated during the LP process. The high density of
deformation-induced twins in the LPed specimen can promote increased
oxygen diffusion during the initial stages of oxidation. In their paper, it
was suggested that this occurrence allows for a quicker formation of
oxide scale and supports the formation of the nitrogen enriched layer.
This mechanism may also play a role without the presence of nitrogen,
as increased oxygen diffusion during early stages of oxidation could
facilitate the formation of a more protective oxide scale. Additionally,
the initial establishment of a more oxygen-saturated layer may mitigate
further diffusion of oxygen into the metal. The second mechanism is
correlated to the effect of chemical reactivity in materials that have been
mechanically treated. Gutman [65] has found that plastic deformation
and subsequent stresses induced during the treatment of metals can lead
to increased entropy, and as such, induce higher surface reaction rates.
This would result in the speedier formation of the initial oxide layer, and
more frequent reaction with oxygen. Both of these proposed mechanics
昀椀t well with the evidence displayed in this study. Fig. 6(a–d) clearly
shows the increased initial mass gain for the LPed specimens, and the
development of a more protective oxide layer than the one formed on
UPed specimens. Increased interaction between Ti and oxygen would
also have the effect of increasing the uniformity and density of the oxide
layer, which is what was observed during SEM (Fig. 10(g) and (h)) and
Raman spectrometry analyses (Fig. 11). Furthermore, a reduction in
diffused oxygen and α-case depth would be expected and is supported by
the results in Figs. 7–9.

4. Conclusion

In this study, the effects of a surface engineering treatment, namely
LP, on the high-temperature oxidation behavior of pure (Grade 1) Ti
have been investigated. High-temperature oxidation tests were carried
out at 750 çC in a controlled inert atmosphere consisting solely of 79 %
inert argon gas and 21 % oxygen. The impact of LP on the

microstructural and mechanical properties of the Grade 1 Ti has been
thoroughly investigated both before and after high-temperature oxida-
tion. The results of this study are as follows:

" LP treatment produced plastic deformation near the surface of the Ti
specimens, resulting in twin defects, increased hardness, the gener-
ation of CRSs, and increased surface roughness.

" Raman spectroscopy indicated that the LP process did not result in
any chemical contamination.

" LPed specimens experienced reduced mass gain during high-
temperature oxidation (22.3 % on average), with extended periods
of protection before breakaway phenomenon and mass gain 昀氀uctu-
ations were noticed.

" LP treatments reduced hardness in the α-case formed during high-
temperature oxidation. This suggests a reduction in diffused oxy-
gen. Additionally, utilizing a relationship between nanohardness and
diffused oxygen, a 34.6 % reduction in the diffusion coef昀椀cient is
estimated for LPed material.

" OM and SEM analyses showed a reduction in oxide and α-case layer
thicknesses, with the discovery of decreased oxide particle size on
the surface of the oxide formed on an LPed specimen.

" Raman spectroscopy produced higher intensity peaks when per-
formed on the oxide layer of LPed material and integration suggests
the detection of 17.3 % more molecules in the LPed oxide layer. This
implies increased density of the layer, and increased protection
during oxidation.
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