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A B S T R A C T

In recent years, titanium alloys have been increasingly applied in the aerospace industry due to their low density, 
excellent mechanical properties, and corrosion resistance. Compared with bolting and welding, adhesive bonding 
offers advantages including reduced weight and more uniform stress distribution. In this work, a simple surface- 
activation method, namely electric-furnace heating at 200–800 ◦C for 1 h was evaluated to improve the adhesive 
bonding of ground Ti–6Al–4V sheets. Heat treatment produced a TiO2-rich surface, reduced adventitious carbon, 
and increased wettability. The optimum condition was 400 ◦C for 1 h, which yielded the highest energy release 
rate (Gc) of 1455 J/m2 in double cantilever beam (DCB) tests, with a predominantly cohesive failure mode (96 
%). This was markedly higher than that of the as-ground surface, which exhibited a Gc of 924 J/m2 and a 
cohesive failure proportion of only 46 %. At 800 ◦C, a thick Al2O3-containing layer formed and early delami
nation occurred at the brittle oxide/Ti–6Al–4V interface, driving Gc toward zero. After the treatment, the surface 
became recontaminated when the sheets were exposed to laboratory air above 48 h, resulting in hydrophobic 
recovery and a reduction in Gc. The comprehensive results indicate that an effective condition for Ti–6Al–4V is 
400–600 ◦C for ~1 h in air, followed by immediate bonding before any recontamination.

1. Introduction

In the aviation industry, the lightweight design of aircraft compo
nents has been a key research focus, motivated by economic and envi
ronmental concerns to reduce fuel costs and carbon emissions [1,2]. Due 
to their excellent specific mechanical strength and corrosion resistance, 
titanium (Ti) alloys have been widely used as structural components, 
such as landing gear and hydraulic lines [1,3]. To assemble products 
from multiple titanium alloy components, bolting, riveting, and welding 
are commonly used. In contrast, adhesive bonding can be a promising 
alternative to conventional joining methods by offering a more light
weight design, minimizing the need for additional machining for bolts 
and rivets [4,5], and mitigating thermal deformation and property 
degradation caused by welding [6,7]. Accordingly, there is growing 
interest in multi-material bonding configurations that pair Ti with car
bon fiber reinforced plastic (CFRP), aluminum (Al), or steel (i.e., 
Ti–CFRP, Ti–Al, and Ti–steel joints), as these architectures enable 
lightweight structures while leveraging the complementary properties 
of dissimilar constituents [8].

Despite these advantages, the adhesion of titanium alloys to 
polymer-based adhesives is generally low, reflecting weak interfacial 
bonding at the alloy–adhesive interface. This is primarily due to their 
chemically inert surfaces and low surface energy, which hinder effective 
chemical bonding and wetting with adhesives and lead to low bonding 
performance that must be overcome [9]. To address this challenge, 
various surface treatment strategies have been developed. Sanding with 
sandpaper and sandblasting is easy to perform and can provide 
micron-scale mechanical interlocking [10,11], but its performance im
provements are limited, and they often need to be combined with other 
processes [12,13]. Chemical or electrochemical treatments (such as acid 
etching and anodizing) can significantly enhance bonding performance 
[13–16], but they involve the use of corrosive reagents and the disposal 
of waste liquids, which pose environmental burdens [13]. Laser surface 
treatment features high precision and good repeatability. It can generate 
roughened adherend surfaces that mechanically interlock with resin 
adhesives, thereby enhancing the bonding performance of titanium al
loys [17–19]. However, the high capital cost of the equipment and the 
relatively low processing throughput limit its suitability for large-area or 
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high-throughput applications. In essence, these methods work by 
modifying surface topography (for mechanical interlocking and greater 
contact area) and by activating the surface (decontamination, higher 
surface energy/wettability, and introduction/exposure of reactive 
functional groups). Therefore, researchers are seeking more environ
mentally friendly, cost-effective, and easily implementable approaches 
to further improve the adhesive bonding performance of titanium alloys.

In contrast, titanium alloys used for implants sometimes undergo a 
deliberate surface oxidation treatment to remove adsorbed contami
nants and thereby enhance biocompatibility [20,21]. For example, 
MacDonald et al. [22] found that heat treatment of Ti–6Al–4V at 600 ◦C 
for 1 h resulted in the formation of a thicker titanium oxide layer on the 
surface, significantly improved wettability, and promoted osteoblast 
adhesion. Similarly, García-Alonso et al. [23] showed that heating 
Ti–6Al–4V at 500 ◦C and 700 ◦C for 1 h resulted in the surface being 
composed predominantly of TiO2 and a significant reduction of the C1s 
contamination peak, according to XPS analysis. They noted that heat 
treatment did not introduce new contaminants, indicating that 
high-temperature treatment effectively removes organic carbon from 
the surface. Additionally, Wang et al. [24] reported that heat oxidation 
of Ti–6Al–4V at 450 ◦C for 2 h markedly enhanced its surface hydro
philicity, as indicated by a static water contact angle of less than 10◦. 
X-ray diffraction (XRD) analysis in their study revealed the presence of 
both anatase and rutile TiO2 on the oxidized surface, which accompa
nied the improvement in wettability. These observations demonstrate 
that heat treatment can substantially improve the wettability of the 
Ti–6Al–4V surface, which is a promising indication for adhesive 
bonding.

In light of the above findings, heat treatment can be considered an 
economical and straightforward surface treatment that removes organic 
contaminants, increases surface energy (wettability), and introduces 
beneficial chemical functional groups, making it a promising option for 
the adhesive bonding of Ti–6Al–4V alloys. However, the distinct surface 
states of Ti–6Al–4V generated at different heat-treatment temperatures, 
as reflected in their chemical composition, oxide phase constitution, and 
oxide-layer thickness, may result in different adhesive bonding behav
iour. In particular, at the early stages of oxidation, the originally formed 
sub-stoichiometric TiO and Ti2O3 species (Ti2+/Ti3+) are progressively 
converted into a predominantly TiO2 (Ti4+) surface as oxidation pro
ceeds [25]. Among the various forms of TiO2, an amorphous TiO2 sur
face layer has been reported to form a “mixed interphase” with epoxy 
adhesives, providing abundant reaction sites for Ti–O–C bond formation 
and thereby significantly enhancing interfacial bonding strength [26]. 
By contrast, rutile-type crystalline TiO2, which appears at temperatures 
above about 500 ◦C, can exhibit superhydrophilic behavior but is also 
accompanied by Al diffusion within the oxide scale, which is unfavor
able for adhesive bonding [22,27]. At still higher temperatures 
(750–1000 ◦C), the Al content in the oxide scale increases sharply and 
the oxide film develops a porous and brittle morphology [27–29], which 
is generally considered detrimental to bonding.

In this study, we investigated the feasibility of thermal oxidation as a 
surface treatment for adhesive bonding of Ti–6Al–4V sheets. Treatment 
temperature was surveyed over a wide range of 200–800 ◦C, and the 
persistence of the surface-treatment effect under laboratory-air exposure 
was also evaluated. Adhesive bonding performance was quantified by 
the double cantilever beam (DCB) test for energy release rate Gc and the 
single-lap adhesive joint (SLAJ) test for shear strength τ. The influence of 
heat-treatment-induced surface modifications on bonding performance 
was elucidated through multi-scale characterization, including surface 
morphology and roughness, wettability, phase structure, and surface 
chemistry. Based on these results, we discuss the potential applicability 
of thermal oxidation as a surface treatment for adhesive bonding of ti
tanium alloys.

2. Materials and methods

2.1. Evaluation method: DCB and SLAJ tests

The DCB test and SLAJ test were selected to evaluate the adhesive 
bonding performance of Ti–6Al–4V alloy sheets (90 mm × 25 mm × 3 
mm, AMS 4911 R [30]; VSMPO-AVISMA Corporation). To ensure 
consistent surface conditions across all specimens, the adherends were 
ground using a surface grinding machine. An 80-grit silicon carbide 
grinding stone (Noritake GC80I; Noritake Co.) was operated at a speed 
of 2000 m/min, followed by final precision grinding with a feed rate of 
0.2 μm per pass. After grinding, each specimen was ultrasonically 
cleaned in ethanol for 15 min and subsequently in acetone for another 
15 min. Heat treatments were then carried out as described in Section 
2.2.

For DCB specimens (Fig. 1), two Ti–6Al–4V sheets were bonded using 
two plies of epoxy film adhesive (FM309-1 M, Solvay; 90 mm × 25 mm 
each; total thickness of approximately 0.2 mm). A release film was 
inserted between the adhesive plies at one end to create an artificial pre- 
crack of 35 mm. Loading–hold–unloading tests were conducted on a 
tensile testing machine (Table-Top EZ-LX; Shimadzu Corp.) equipped 
with a 5 kN load cell, operating under displacement control at a cross
head speed of 1.0 mm/min at room temperature.

For SLAJ specimens (Fig. 2), the bonded overlap was 25 mm × 20 
mm, and two plies of the same film adhesive used for the DCB specimens 
(25 mm × 20 mm) were applied. SLAJ tests were conducted at room 
temperature on a universal testing machine (AG-50kND; Shimadzu 
Corp.) under displacement control at a crosshead speed of 1.0 mm/min, 
and the maximum load was recorded. Shear strength τ was defined as 
the maximum load divided by the overlap area.

All assemblies were cured in an autoclave (Ashida Manufacturing 
Co.) at 180 ◦C and 0.28 MPa, according to the manufacturer's recom
mended curing conditions. For each surface treatment method, at least 
five specimens were prepared.

2.2. Surface treatment

Heat treatment was conducted using a muffle furnace (Computerized 
Furnace KDF 009G; Denken Co.) to modify the surface of Ti–6Al–4V 
specimens. The specimens were heated from room temperature to the 
target temperature at a rate of 30 ◦C/min, held at the target temperature 
for 1 h, and then cooled naturally to room temperature inside the 
furnace (furnace cooling). Guided by the temperature-dependent 
oxidation behaviour of Ti–6Al–4V described in the Introduction, the 
heat-treatment temperatures (T) were set to 200, 300, 400, 500, 600, 
and 800 ◦C to identify an optimal processing temperature window. This 
matrix covers a low-temperature regime (200–300 ◦C), below the re
ported onset of anatase crystallization (~276 ◦C [31]), where only 
limited modification of the native amorphous oxide and partial surface 
decontamination are expected; an intermediate regime (400–600 ◦C), 
where previous studies have shown significant thickening and crystal
lization of the TiO2 scale into anatase/rutile [22–24]; and a 
high-temperature point (800 ◦C), within the range where 
over-oxidation, Al2O3 enrichment, and oxide-scale spallation have been 
reported for Ti–6Al–4V [27–29], while all selected temperatures remain 
below the β-transus of Ti–6Al–4V [32].

2.3. Surface observation

The surface morphology of the heated Ti–6Al–4V specimens was 
observed using an optical microscope (OM, VHX-7100; Keyence) and a 
scanning electron microscope (SEM) (JSM-6010LA; JEOL). Elemental 
distribution on the heated surfaces was analyzed by energy-dispersive X- 
ray spectrometry (EDS) with an EDS detector in the SEM. Surface 
roughness parameters (Ra and Rz) were measured using VHX software 
based on height profile analysis.
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Wettability was evaluated by measuring the static contact angle of 
pure water using a contact angle meter (DMo-602; KYOWA Science Co.). 

The droplet volume was fixed at 1.5 μL, and measurements were taken 
2000 ms after drop deposition. All contact angle measurements were 
performed within 30 min after removal from the furnace to minimize the 
influence of surface recontamination. The phase composition and crystal 
structure of the heated specimen surfaces were characterized by 
glancing angle X-ray diffraction (GI-XRD; SmartLab, Rigaku, Japan) 
using Cu Kα radiation (wavelength λ = 1.5418 Å, 45 kV and 200 mA), 
with a scan rate of 0.4005◦/min over a diffraction angle 2θ range of 
5◦–120◦. The incident angle was set to 0.3◦. Surface chemical compo
sition and oxidation states were analyzed by XPS (Quantera SXM, 
ULVAC-PHI, Japan) using a scanning monochromatic Al Kα source 
(energy resolution <0.5 eV).

Fig. 1. Schematic illustration of the DCB specimen geometry (unit: mm).

Fig. 2. Schematic illustration of the SLAJ specimen geometry (unit: mm).

Fig. 3. Macrograph and optical microscope (OM) images of Ti–6Al–4V surfaces heated at different temperatures for 1 h. The bottom row shows the as-ground surface 
and a schematic of the roughness measurement method.
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3. Results and discussion

3.1. Surface morphology and structural analysis

Fig. 3 shows macrograph and OM images of the Ti–6Al–4V surfaces 
after heat treatment at various temperatures (200–800 ◦C) for 1 h. To 
facilitate comparison, the bottom of Fig. 3 includes both the images of 
the unheated specimen and a schematic illustration of the surface 
roughness measurement method. The corresponding surface roughness 
results are presented in Fig. 4. These values represent the average of ten 
randomly selected measurements. With increasing heat-treatment tem
perature, noticeable changes in surface color were observed. However, 
at 2000 × magnification, the arithmetic average roughness Ra remained 
around 1.0 μm, and even the average maximum peak-to-valley height Rz 
stayed within 10–15 μm, showing no appreciable change. Beginning at 
200 ◦C, the silver surface color gradually changed from light yellow to 
deeper tones with increasing temperature, becoming distinctly yellow- 
brown at 500 ◦C. At 600 ◦C, the surface turned blue, and further heat 
treatment at 800 ◦C resulted in a dark brown surface. According to the 
findings of Diamanti et al. [33], the observed surface color changes are 
primarily attributable to variations in thin-film optical interference 
caused by the increasing thickness. To validate this interpretation, 
cross-sectional SEM and EDS-mapping analyses were conducted on 
specimens heated at different temperatures. Fig. 5(a) shows represen
tative cross-sectional SEM and EDS images after heat treatment. The 
oxide-layer thickness clearly increases with temperature, from <1 μm to 
about 10 μm. This trend correlates well with the gradual surface color 
transition described earlier—from light yellow at lower temperatures to 
yellow-brown, blue, and finally dark brown at higher temperatures.

Additionally, the EDS mapping element maps at 800 ◦C, as shown in 
Fig. 5 (b), further reveal pronounced element diffusion at 800 ◦C. The 
oxide layer consists of an Al2O3-rich outer layer and a TiO2-rich inner 
layer, with trace vanadium (V)-containing oxide species distributed 
throughout. These observations indicate that high-temperature expo
sure promotes outward diffusion of Al and, to a lesser extent, V [20]. 
Although such secondary oxides (e.g., Al- and V-containing oxides) can 
influence the optical response, their contribution to color formation is 
generally minor compared with the dominant interference effect gov
erned by film thickness [34].

As reported by Melo Rodriguez et al. [34], with increasing 
heat-treatment temperature, the TiO2 film undergoes a phase trans
formation from an amorphous or anatase phase to the rutile phase. This 
change in microstructure, including crystal structure and crystallo
graphic orientation, can also lead to local variations in oxide thickness 
and porosity. This results in subtle color differences across the surface. 
GI-XRD analysis was conducted on specimens heated at different tem
peratures to examine these structural changes. As shown in Fig. 6(a), the 
GI-XRD patterns revealed distinct changes in surface phase composition 

with increasing heat-treatment temperature. In the 200–400 ◦C range, 
no clear TiO2 diffraction peaks were observed, even though GI-XRD, 
which offers improved surface sensitivity, was employed. Combined 
with EDS results, this suggests that the oxide films formed at these 
temperatures are extremely thin and possess very low crystallinity, or 
amorphous phase.

The incident X-rays can easily penetrate such thin films and are 
predominantly diffracted by the underlying α-Ti substrate, while the 
strong substrate signals may overshadow any weak response from the 
oxide layer. This observation is also consistent with previous reports 
[35,36], which noted the difficulty of detecting ultrathin oxide films 
using conventional XRD techniques.

At 500 ◦C, weak diffraction features begin to appear in the low-2θ 
region (see the magnified inset in Fig. 6), suggesting the incipient 
crystallization of surface oxides. Consistent with this finding, Wang et al. 
reported the simultaneous presence of anatase and rutile after heat 
treatment at 450 ◦C for 2 h [24]. From 600 ◦C onward, distinct rutile-
TiO2 peaks intensify, confirming the formation of a crystalline oxide 
layer. At 800 ◦C, the α-Ti peaks almost completely vanish, indicating a 
sufficiently thick oxide layer capable of blocking or overwhelming the 
diffraction from the substrate. Mass-fraction analysis of the 800 ◦C-1 h 
oxide layer, performed in PDXL2 (Rigaku, Japan) using the 
reference-intensity-ratio method, indicates that the diffraction pattern is 
dominated by rutile TiO2 (64.7 ± 0.6 wt%), with secondary Al2O3 (32.0 
± 0.6 wt%). In this study, although V2O3 reflections were not prominent 
in the 800 ◦C pattern, quantitative XRD analysis indicated 3.3 ± 0.4 
mass % V2O3. This is in line with the reports of MacDonald et al. [22] 
and Melo Rodriguez et al. [20], who observed outward diffusion of Al to 
the surface as Al2O3—an effect that becomes more pronounced with 
increasing treatment temperature; analogous behavior is also noted for 
V. At 600 ◦C, outward diffusion of Al and V was not evident in the EDS 
scans, most likely because their contents in the oxide layer were much 
lower than in the 800 ◦C specimen. By contrast, clear Al enrichment was 
captured by EDS after heat treatment at 800 ◦C, consistent with the 
phase evolution indicated by XRD.

Moreover, with increasing heat-treatment temperature, the α-Ti 
diffraction peaks gradually shift toward lower 2θ angles. Valentine et al. 
[37] reported a similar shift during in-situ heating of Ti–6Al–4V pow
ders and related it to lattice expansion. In our ex-situ, room-temperature 
measurements, the accompanying increase in unit-cell volume V (Fig. 6
(b)) likewise indicates an expansion of the α-Ti lattice, which can be 
ascribed primarily to oxygen uptake and microstructural relaxation 
during oxidation. This interpretation is further supported by the evo
lution of lattice strain shown in Fig. 6(c): the lattice strain remains 
relatively high (about 1.3–1.5 %) in the 200–400 ◦C range, but exhibits a 
marked decrease starting from 500 ◦C. Such a reduction in lattice strain 
suggests the onset of stress relaxation at elevated temperatures, which 
aligns with the findings of Guleryuz et al. [28], who reported that above 
500 ◦C the growth of a thicker and more compact oxide scale promotes 
the release of surface residual stress. In addition, oxygen diffusion into 
the substrate tends to stabilize, thereby reducing lattice distortion. 
However, no diffraction peaks corresponding to β-Ti were detected in 
any of the samples. According to the AMS 4911 R standard [30], the 
alloy typically contains a small amount of β phase in addition to the 
dominant α phase. The absence of β-Ti peaks may be due to its very low 
volume fraction falling below the detection limit of conventional XRD 
[38].

3.2. XPS results

The XPS analysis was conducted on the untreated sample (“as- 
ground”) and samples heated at 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C. The 
results are given in Fig. 7 (Shift C1s 284.60 eV).

As shown in the four spectra in Fig. 7, the O 1s, Ti 2p, and Al 2p peak 
shapes and intensities for the sample heated at 200 ◦C for 1 h (hereafter 
referred to as the 200◦C–1h sample) remain largely unchanged 

Fig. 4. Surface roughness parameters (Ra and Rz) of Ti–6Al–4V specimens 
heated at various temperatures.
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compared with those of the untreated surface, especially in contrast to 
the spectra obtained at higher temperatures. This indicates that the 
surface chemistry undergoes little alteration at this stage. However, 
deconvolution of the Ti 2p spectra from the untreated (Fig. 8(a)) and 
200◦C–1h (Fig. 8(b)) samples reveals a key change: the Ti3+ components 
(associated with suboxides such as Ti2O3), which are clearly present in 
the untreated sample, disappear after heating, leaving only Ti4+ peaks 
characteristic of TiO2. This observation aligns with the findings of 
Hierro-Oliva et al. [25], who performed in-situ XPS analysis of 
Ti–6Al–4V under low-oxygen conditions and found that initial oxide 
layers predominantly contained low-valence species (Ti2+, Ti3+), which 
gradually converted to fully oxidized TiO2 with prolonged exposure or 

mild heating. Similarly, Carley et al. [39] reported that ultrathin oxide 
layers formed at room temperature in ambient air exhibited Ti2+ and 
Ti3+ features, whereas thicker oxide films generated by thermal oxida
tion showed predominantly Ti4+. These findings suggest a thermody
namically driven oxidation pathway, whereby metastable 
Ti3+-containing suboxides are further oxidized to TiO2, resulting in the 
progressive replacement of Ti3+ by Ti4+ and the formation of a more 
stable, fully oxidized surface. In parallel, the C 1s signal decreases pro
gressively with increasing heat-treatment temperature, beginning at 
200 ◦C. This trend indicates the effective removal of adventitious carbon 
species and a cleaner surface state [23,24]. Therefore, even at relatively 
low temperatures, heat treatment can promote decontamination of the 

Fig. 5(a). Cross-sectional SEM, EDS images, and oxide layer thickness of Ti–6Al–4V heated at different temperatures.

Fig. 5(b). Cross-sectional SEM, EDS images of Ti–6Al–4V heated at 800 ◦C for 1h.
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surface, although substantial oxide growth and chemical reconstruction 
have not yet occurred.

When the temperature is raised to 400 ◦C and 600 ◦C, in contrast to 
the surfaces of the untreated and the 200◦C-1h samples, the O1s, Ti2p, 
and Al2p spectral peak intensities increase significantly, and the C1s 
peak intensity decreases markedly. In this mid-temperature range, an 

oxide layer dominated by Ti–O forms and begins to crystallize; this is in 
line with reports that amorphous/anatase titania on titanium alloys 
crystallizes and the rutile phase emerges around ~600 ◦C, depending on 
processing [20]. Between 400 ◦C and 600 ◦C, the O1s and Ti2p peak 
profiles and intensities show no obvious differences, but the Al2p peak 
intensity at 600 ◦C is slightly higher than that at 400 ◦C, and it increases 

Fig. 6. (a) GI-XRD patterns, (b) α-Ti unit-cell volume, (c) lattice strain in α-Ti of Ti–6Al–4V samples after heat treatment at various temperatures.

Fig. 7. XPS spectra of Ti–6Al–4V after heat treatment: (a) O1s; (b) Ti2p; (c) C1s; (d) Al2p (Shift C1s 284.60eV).
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further at 800 ◦C. This corresponds to the reports of temperature-driven 
Al enrichment in the outer oxide (Al2O3 contribution) [20,27].

At temperatures of 600–800 ◦C, as the Al2p signal continues to grow, 
the peak heights of Ti2p and O1s at 800 ◦C become lower than those at 
600 ◦C. This behavior is readily explained by the outermost oxide 
becoming thicker and richer in Al2O3. The increased Al–O fraction 
within the overall O1s envelope reduces the relative contribution (and 
apparent peak height) of Ti–O, despite there being a higher total oxygen 
content. This evolution accompanies the rutile-dominated oxide layer 
reported at ≥600 ◦C on Ti–6Al–4V [20,40]. In addition, with increasing 
temperature, the Ti2p peak (especially the Ti2p3/2 peak) shows a 
modest positive chemical shift and sharpening, consistent with 
increased Ti4+ content, reduced defect states, and improved crystallinity 
of the oxide film; together with the XRD results, this supports the for
mation of a rutile-dominated TiO2 layer at elevated temperatures.

3.3. Wettability

Fig. 9 illustrates the variation in contact angle of Ti–6Al–4V speci
mens heated at different temperatures for 1 h. The contact angle 
remained relatively high (~75◦) up to 300 ◦C, indicating that wettability 
improvement was limited at lower heat-treatment temperatures. At 
≥400 ◦C, however, the contact angle decreased sharply; at ≥500 ◦C it 
approached zero, which is characteristic of superhydrophilic behavior. 
A similar phenomenon was reported by Wang et al. [24], who found that 
Ti–6Al–4V heated at 450 ◦C exhibited superhydrophilicity with contact 
angles below 10◦. The oxide layer formed at this temperature consisted 
of both anatase and rutile phases. In addition, Masahashi et al. [41] 
demonstrated that rutile-phase TiO2, formed by anodic oxidation fol
lowed by high-temperature treatment, can also display near-zero con
tact angles even in the absence of UV activation. They attributed this 
behavior to the material's inherently high surface energy and nano
structured morphology.

Therefore, together with the XRD/XPS evidence, these results sug
gest that thermal treatment enhances wettability (i.e., surface energy) 
by forming a stable, low-defect TiO2 surface on Ti–6Al–4V and by 

removing adventitious contaminants. This macroscopic increase in 
wettability is typically indicative of improved interfacial adhesion per
formance; accordingly, enhanced interfacial adhesion can be expected. 
However, some researchers [42] have pointed out that when titanium 
alloy surfaces undergo high-temperature air oxidation (above 400 ◦C), 
resulting in the formation of a relatively thick and crystalline TiO2 layer, 
the adhesive strength may actually deteriorate. This is attributed to the 
potential formation of a weak interface between the adhesive and the 
dense, crystalline oxide layer, which can compromise bonding perfor
mance. These findings underscore the need to define a suitable thermal 
treatment window that balances surface activation with interfacial 
integrity for reliable adhesive bonding.

3.4. DCB test results

Load–displacement data from the DCB tests were used to calculate 
the crack stabilization Gc within the recommended crack length range 
(≤60 mm) according to ISO 25217. The average Gc values for each 
group are plotted in Fig. 10.

As shown, heat treatment at 200 ◦C for 1 h had little effect on the 
bonding performance. From 300 ◦C to 600 ◦C, significant improvement 
was observed, with all samples exhibiting Gc values exceeding 1300 J/ 
m2. The maximum Gc was recorded at 400 ◦C, reaching a peak Gc of 
1455 J/m2. However, at 800 ◦C, crack propagation occurred along the 
oxide layer, and the measured Gc sharply dropped to 6 J/m2, indicating 
excessive oxidation.

Fig. 11 shows the specimen with the cohesive-failure area fraction 
closest to its group average under each condition. In the figure, exposed 
Ti–6Al–4V/adhesive interfaces are classified as adhesive failures (green 
dots) or cohesive failures (red dots). The as-ground and 200 ◦C speci
mens exhibit extensive interfacial exposure, while the 300–600 ◦C 
specimens show markedly less such exposure. Notably, the 400 ◦C 
condition displays almost 100 % cohesive failure. In addition, the 
cohesive-failure area fraction on each fracture surface was quantified, 
and the mean value for each condition is summarized in Fig. 12. It can be 

Fig. 8. XPS peak deconvolution of Ti2p spectra for (a) As-ground and (b) 200 ◦C-1 h samples.

Fig. 9. Contact angle of Ti–6Al–4V specimens heated at different temperatures, 
measured within 30 min after removal from the furnace. Fig. 10. Average Gc of DCB specimens heated at different temperatures for 1 h.
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seen that the cohesive-failure area fraction varies with temperature in a 

manner consistent with the average Gc. In particular, the 400 ◦C con
dition exhibits the highest cohesive fraction and the smallest scatter, 
indicating a more stable interface and a cohesion-dominated fracture 
behavior.

As mentioned in the introduction, the improvement of bonding 
performance for titanium alloys mainly relies on altering the surface 
morphology and activating the surface. Changing the surface 
morphology (by roughening the surface) creates more mechanical 
interlocking between the adhesive and the substrate, and increases the 
contact area, thereby enhancing the bonding performance. In this study, 
heating Ti–6Al–4V for 1 h at various temperatures did not produce a 
significant change in surface roughness; therefore, roughness was 
considered to make little or no contribution to the observed improve
ment in bonding performance. Instead, the enhancement was primarily 
attributed to surface activation, achieved through the removal of surface 
contaminants and the increase in surface energy [41].

Based on the above surface characterization results, it can be 
concluded that at lower temperatures, heat treatment primarily induces 
limited surface decontamination and activation, while the surface oxide 
layer remains largely in a low-crystallinity state. This level of activation 
is insufficient to significantly improve interfacial adhesion, which ex
plains why the sample treated at 200 ◦C did not exhibit enhanced 
bonding strength. However, samples treated at 300 ◦C and 400 ◦C, 
which also retained low crystallinity, demonstrated relatively higher 

Fig. 11. Representative DCB fracture surfaces for each heat-treatment condition (specimens chosen to have a cohesive-failure area fraction closest to the 
group mean).

Fig. 12. Cohesive-failure area fraction under different heat-treatment 
temperatures.
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bonding strength due to further improvements in surface cleanliness.
When the temperature increases to the intermediate range of 

400–600 ◦C, Ti–O oxides begin to crystallize, the C 1s signal continues to 
decrease, and the density of polar surface active sites increases mark
edly. Meanwhile, Al surface enrichment remains limited (becoming 
significant only near 600 ◦C). Within this temperature window, the 
surface oxide layer possesses Ti–O features, moderate thickness, and 
high surface energy—conditions favorable for enhanced interfacial 
adhesion. Notably, the sample treated at 400 ◦C exhibited even higher 
bonding strength than those treated at 500 ◦C and 600 ◦C, despite having 
a lower degree of oxide crystallinity. A similar interfacial structure and 
bonding mechanism was reported by Li et al. [26], who used trans
mission electron microscopy (TEM) to observe the formation of an 
amorphous TiO2 nano-oxide layer on laser-treated titanium alloy sur
faces. This layer exhibited high permeability, allowing the epoxy ad
hesive to infiltrate and form a ~180 nm-thick interfacial "mixed layer" 
between the metal and adhesive. This structure provided abundant re
action sites for the formation of Ti–O–C chemical bonds, significantly 
enhancing interfacial bonding strength. Further molecular simulations 
revealed that the reaction barrier for Ti–O–C bond formation is low, 
enabling the reaction to proceed spontaneously during adhesive curing. 
Such chemical bonding is difficult to achieve, or only occurs locally, on 
more densely crystallized TiO2 surfaces. At a higher temperature of 
800 ◦C, the oxide layer becomes thicker and exhibits evident Al 
enrichment, leading to the formation of a brittle, Al-rich oxide scale. 
Crack propagation is then confined within the oxide layer itself, 
resulting in a characteristic cohesive failure mode that undermines the 
overall joint strength.

Moreover, no diffraction peaks corresponding to β-Ti were detected 
for any of the heat-treatment conditions. This supports the view that the 
changes induced by the present heat treatments are essentially confined 
to the near-surface region (oxide scale and oxygen-enriched layer), 
rather than involving a change in the bulk phase constitution. Since 
adhesive performance is governed mainly by the surface condition and 
the adhesive/substrate interface, the variations in bonding strength 
observed in this study are therefore attributed to heat-induced modifi
cations of the surface oxide layer and interfacial chemistry, rather than 
to phase changes in the Ti–6Al–4V substrate.

Through the combined use of mechanical testing and multi-scale 
surface characterization, this study has preliminarily elucidated the 
key mechanisms by which heat treatment enhances the adhesive 
bonding strength of Ti–6Al–4V alloy. Nevertheless, further investigation 
is needed to clarify the specific influence of amorphous TiO2 surface 
structures on adhesion behavior—particularly under low-temperature 
treatment—by employing higher-resolution techniques such as TEM in 
future work.

3.5. SLAJ test results

The τ obtained from the SLAJ tests is shown in Fig. 13. Compared 
with the as-ground (25.17 ± 1.9 MPa), heat treatment at 200 ◦C for 1 h 
(24.51 ± 2.1 MPa) had little effect on τ. In the 300–600 ◦C range, τ 
increased only modestly, by about 4–7 % (26.2–26.9 MPa). As also 
observed in the SLAJ tests, at 800 ◦C, failure occurred within the thick 
oxide layer, and the measured τ dropped to 3.3 MPa, indicating exces
sive oxidation.

Fig. 14 presents typical fracture surfaces of SLAJ specimens heated at 
different temperatures for 1 h. In the SLAJ test, the two edges of the 
adhesive layer along the loading direction (hereafter “adhesive edges”) 
are the regions of highest stress concentration, and the measured τ is 
largely governed by the bonding quality at these edges. At the adhesive 
edges, the as-ground and 200 ◦C specimens exhibit extensive adhesive 
failure. By contrast, after the 300–600 ◦C treatments, adhesive failure at 
the edges is confined to a narrow zone, suggesting improved interfacial 
adhesion performance. For the shear strength, although interfacial 
failure along the adhesive edges is clearly reduced at 300–600 ◦C 

compared with the as-ground and 200 ◦C conditions, indicating an 
interfacial performance improvement, the measured τ increases only 
modestly. This likely reflects that SLAJ-measured shear strength is a 
structure-dominated metric controlled by peel/edge effects rather than a 
purely interfacial property. In addition to interfacial quality, shear 
strength is sensitive to adhesive thickness control and other geometric/ 
processing factors. These influences should be verified in future work.

3.6. Effect of surface recontamination

Surface recontamination of titanium alloys has long been a critical 
issue for both adhesion and biomedical performance [43]. Although 
TiO2 is intrinsically hydrophilic, its hydrophilicity decays with air 
exposure over time [44]. It is therefore necessary to evaluate the 
recontamination behavior of heated specimens under different storage 
conditions to inform practical processing.

Fig. 15 presents the static water contact angles of specimens heated 
at 400 ◦C for 1 h (after cooling), then either stored in the laboratory 
environment or left in the unopened furnace after cooling. The hollow 
and solid bars denote the baseline values of the as-ground (untreated) 
and 400◦C–1h specimens from Fig. 9, respectively; each specimen was 
measured once and not reused. The results show that specimens stored 
in the laboratory exhibit a pronounced rebound in contact angle, nearly 
returning to the untreated level, whereas those kept inside the furnace 
retain essentially unchanged contact angles, indicating that hydrophi
licity can be effectively maintained.

To relate wettability to interfacial performance and surface chem
istry, specimens stored under the two conditions for 48 h were analyzed 
by DCB testing for Gc and by XPS (Figs. 16 and 17). The Gc of the 
furnace-held specimens after 48 h was slightly lower than that under the 
400◦C–1h condition but comparable to that under the 500◦C–1h con
dition, whereas the laboratory-stored specimens showed a marked 
decrease in Gc, falling within the scatter of the as-ground condition. XPS 
revealed that the O1s, Ti2p, and Al2p peak shapes and intensities of 
furnace-held specimens remained essentially unchanged, suggesting a 
stable surface chemical state; in contrast, the laboratory-stored speci
mens displayed a renewed rise in C1s (adventitious carbon) toward the 
untreated level, although other elemental signals remained higher than 
those of the untreated surface. This recontamination explains the 
observed increase in contact angle and the concomitant decline in Gc.

In summary, when a delay before bonding is unavoidable, heated 
specimens should be kept inside the heat-treatment furnace without 
removing the samples or opening the chamber—i.e., in a sealed, clean, 
and relatively dry environment—to avoid exposure to ambient air and 
consequent contamination. Such in-furnace storage effectively 

Fig. 13. Shear strength of SLAJ specimens heated at different temperatures for 
1 h.
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suppresses Such storage effectively suppresses air-induced re-adsorption 
of adventitious carbon and related surface recontamination, thereby 
maintaining hydrophilicity and bonding performance. By contrast, 
exposure to ordinary laboratory air rapidly induces surface recontami
nation, degrading both wettability and the interfacial energy release 
rate.

4. Conclusion

This study systematically evaluated the effect of heat treatment on 

the adhesive performance of Ti–6Al–4V to discuss the feasibility of 
thermal oxidation as a surface treatment. By combining DCB testing 
with multi-scale characterization (contact angle, OM/SEM, GI-XRD, 
XPS/EDS), the underlying mechanisms and processing window were 
elucidated. The main conclusions are as follows: 

(1) The temperature-induced increase in bonding performance arises 
primarily from surface activation—namely, the removal of 
adventitious carbon (decrease in C1s) and other contaminants, 
the formation of a Ti–O-dominated oxide surface, and a marked 
increase in surface energy/wettability.

Fig. 14. Representative SLAJ fracture surfaces for each heat-treatment condition, selected to illustrate typical failure morphologies (adhesive, cohesive, or oxide 
layer-interface).

Fig. 15. Static water contact angle of Ti–6Al–4V heated at 400 ◦C for 1 h after 
storage in laboratory air vs. in-furnace (unopened).

Fig. 16. Effect of 48 h storage on Gc (by DCB test) for Ti–6Al–4V heated at 
400 ◦C for 1 h: laboratory air vs. in-furnace (unopened).
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(2) Heat treatment at 400–600 ◦C for 1 h yields high/ultra-high hy
drophilicity together with a moderate oxide thickness; XPS shows 
strong Ti–O signals and low contamination. This window com
bines pronounced activation with a controllable film thickness 
and constitutes the principal contributor to bonding enhance
ment. Correspondingly, the 400◦C–1h condition delivered the 
highest bonding performance, with an energy release rate of 
~1455 J/m2 by the DCB test.

(3) Excessive temperature is detrimental: at 800 ◦C, the outer layer 
becomes enriched in Al2O3 and markedly thickens; cracks tend to 
propagate within the brittle oxide layer (cohesive failure), 
rendering the adhesive joint nearly ineffective.

(4) Surface recontamination has a decisive impact on bonding per
formance. For the 400◦C–1h condition, exposure to ordinary 
laboratory air rapidly causes re-hydrophobization and degrades 
Gc toward the untreated level; in contrast, closed-furnace storage 
(chamber unopened) effectively suppresses re-adsorption of 
adventitious carbon and associated recontamination, maintain
ing a low contact angle and higher Gc. The XPS analysis revealed 
that air-exposed samples show a renewed rise in C1s, whereas 
furnace-stored samples maintain largely stable surface chemistry, 
supporting that surface activation improves wettability and 
subsequently enhances the interface adhesive strength.

Consequently, the comprehensive results indicate that an effective 
condition for surface modification of Ti–6Al–4V is 400–600 ◦C for ~1 h, 
followed by immediate bonding before any recontamination. The find
ings provide practical guidance and a straightforward basis for the in
dustrial implementation of heat treatment in adhesive bonding of 
Ti–6Al–4V structures.
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