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A B S T R A C T   

In this study, different surface pretreatments were applied to clean and activate titanium alloy surfaces. The 
samples were subjected to grit blasting treatments using two different pressures and afterwards, a UV/Ozone 
treatment was applied at different times to study the wettability and surface oxidation of the titanium samples. 
Scanning electron microscopy and laser confocal microscopy showed the surface morphology and the increased 
roughness with grit blasting pressure. X-ray Photoelectron Spectroscopy revealed that titanium was increasingly 
oxidized with increasing UV/Ozone treatment time, which leads to a reduced contact angle and a better adhesive 
performance in a butt tension test proving the effectivity of this surface treatment for titanium. Furthermore, the 
addition of sol-gel AC-120 and corrosion inhibition primer BR 6747 showed to be an additional improvement in 
the initial adhesion and after different degrees of aging by exposure to salt-spray, making the surface treatment 
techniques used in this research, a promising environmental friendly alternative to improve adhesive bonding 
performance.   

1. Introduction 

Reducing weight with no sacrifice of mechanical performance to 
reduce the environmental impact and save operational and fuel costs has 
been an important research objective in the transportation industry. For 
many applications, the use of adhesive bonding is preferable because it 
avoids the increased weight of the mechanical fastening, such as riveting 
and bolting, and prevents the thermal affectation of the metal adherends 
as could happen as a result of welding [1]. The surface pretreatment 
carried out on an adherend before the application of the adhesive takes 
place is a determining factor in the success of the bonding process as a 
whole. Besides this, the pretreatment of metallic adherends should not 
only increase the adhesive bond strength but should also protect the 
metallic substrate from corrosion and thus improve the durability of the 
adhesively bonded joint, which is of great importance. Unfortunately, 
many of the most successful pretreatment process are also the most 
environmentally unfriendly due to the use of highly toxic chemical 
agents. This has led to efforts to search for new pretreatment methods 
that are more environmentally and economically friendly [2,3]. 

Surface pretreatment can typically be subdivided into various steps 
that can be combined to form the overall pretreatment procedure. One 

important step involves the texturizing of the adherend surface, typi
cally through mechanical abrasion, which has three main benefits. First, 
it removes the loosely bound oxides from the adherend surface, second, 
it creates a fresh surface and third it increases the roughness (in micro- 
scale) of the surface to be bonded, thus increasing its contact area for 
bonding [4,5], and potentially creating the opportunity for some degree 
of mechanical interlocking between bonded adherends by the adhesive 
penetration into the created micro irregularities of the adhered’s sur
faces [6,7]. Two surface texturizing techniques that are found to be 
applied often in literature are grit blasting and abrasion [5,8,9]. Treating 
the surface changing blasting parameters such as blasting pressures and 
abrasive particle sizes leads to a different surface roughness which can 
influence the adhesive bonding performance. Laser surface texturizing 
has been used to change the metal surface and promote mechanical 
interlocking. Depending on the interaction between the laser process 
parameters and the material properties different textures can be 
generated modifying the surface topography. Kurtovic et al. [10] found 
that the laser pretreatment process performed in titanium alloy 
improved long term durability of adhesive bonds by the creation of a 
nanostructured oxide layer that leads to mechanical interlocking of the 
adhesive in the porous oxide layer. 
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Surface pretreatment by chemicals is another common step in the 
surface pretreatment process. Anodizing processes, for instance, creates 
a fresh oxide layer on the metal surface as a result of the chemical 
dissolution of the metal and electrochemical oxidation of the surface. 
That anodic oxide layer has a high degree of micro-roughness which is 
desirable because of the tendency to form a mechanical micro composite 
interphase [11]. There are various electrolytes employed for the anod
ization process, including acid-based [8,12,13], fluoride-based [14], 
and hydroxide-based [2,15] anodization. However, the use of strong 
chemicals requires significant amounts of water to rinse the treated parts 
and additional hazardous waste that requires special handling and 
disposal. A process that can produce stable adhesive bonds with excel
lent results without the use of hazardous materials is the sol-gel method 
[16]. The Si–Zr based sol-gel is expected to form a film at the interface 
that bonds covalently between the metal titanium surface and the 
water-based primer as such improve the durability of the adhesive bond 
[17]. The last one is important, especially for metallic adherends, when 
environmental conditions might affect the lifetime of adhesively bonded 
joints by the diffusion of moisture to the adhesive-adherend interface, 
thus causing adhesive failure. An adhesive primer is typically used to 
protect the bonded adherend from moisture attack and improve 
long-term durability [9,18,19]. 

Regardless of the pretreatment, a clean, dry, and adhesion limiting 
contaminant’s surface is always required for the adhesive bonding 
process. UV/Ozone treatment has been found to be a very effective 
cleaning technique in removing organic contamination. It is relatively 
simple, inexpensive, and strongly reduces chemicals consumption. In 
the UV/Ozone treatment, UV rays are absorbed by oxygen to form ozone 
and atomic oxygen and are simultaneously absorbed by most hydro
carbon substances. The organic chemistry contaminants suffer chain 
scissions by the incidental UV-light and are also decomposed by the 
formed ozone gas and highly reactive atomic oxygen species that act as a 
strong oxidizer [20]. The UV/Ozone treatment has been investigated for 
metals surface oxidation in semiconductor devices [21,22], and 
thin-film solar cells [23], as well as to oxidatively modify polymer sur
faces for adhesive bonding applications [24]. However, it has been less 
studied as a method for improving the adhesion of a metal substrate to a 
polymer layer [25]. On this basis, the purpose of this research is to 
characterize the effect of grit blasting pressure and different exposure 
times to UV/Ozone treatment on the morphology, oxidation, and 
wettability of Ti6Al4V alloy to find the surface pretreatment that pro
vides the lowest contact angle (thus the best wetting) and the best initial 
adhesive performance in a butt joint tension test. The durability of the 
adhesive bonding after sol-gel and primer application is also evaluated 
after 3, 6, and 12 weeks of corrosion aging in a salt spray chamber. 

2. Methods 

This study was carried out in two stages using butt tension specimens 
conforming to the ASTM D2094-00 (2014) [26]. In the first stage, 
various surface pretreatments comprising of a combination of grit 
blasting and UV/Ozone treatments were investigated, with grit blasting 
pressure and UV/Ozone exposure time being varied. The effectiveness of 
the pretreatments was quantified in two ways. First, the degree of sur
face activation was measured through contact angle measurements. 
Second, samples with different surface pretreatments showing lower 
contact angles were adhesively bonded and tension test performed. 
From these results, one parameter set was selected for further investi
gation within the second stage of the research. In this second stage, the 
durability of the bonded joints, applying sol-gel and primer, was 
investigated by tension test of the bonded specimens subjected to 
varying degrees of aging by exposure to salt-spray. This test method is 
supplemented with surface morphology and roughness measurements, 
X-Ray Photoelectron Spectroscopy and fractography to aid in the dis
cussion and evaluation of the obtained results. 

2.1. Materials 

For the adherend material, 10 mm diameter Ti6Al4V Grade 5 rods 
supplied by Salomon’s Metalen B⋅V (The Netherlands) were used. As a 
surface pretreatment sol-gel AC-130-2 supplied by 3 M and BR 6747-1 
water-based corrosion inhibiting primer supplied by Solvay (USA) 
were used. Finally, the adhesive film was FM 94 K supplied by Solvay 
(USA) with a nominal weight of 293 gsm, a nominal thickness of 0.25 
mm and polyester knit carrier. 

2.2. Surface preparation methods 

The titanium specimens were ground and cleaned with acetone. 
After that, the samples were subjected to various added surface pre
treatments, such as sandpaper or grit blasting followed by various UV/ 
Ozone treatment times. In the second half of the study, sol-gel and 
primer were applied to protect the surface of the samples to be tensile 
tested both in the initial condition (without aging) and aged. 

2.2.1. Grinding 
The titanium rods were cleaned with acetone before and after being 

ground with #320 followed by #600 SiC paper (Struers, Denmark) to 
remove the surface oxides and the patterning caused by machining. To 
grind the rods, the samples were mounted in a fabricated device (see 
Fig. S1a) to ensure the uniform abrasion and obtain plane and parallel 
surfaces, the pressure applied to the device during the grinding process 
was 5 N. 

2.2.2. Grit-blasting 
The titanium rods were cleaned with acetone before and after being 

grit blasted. The grit blasting pretreatment was carried out in a Pulsar 3 
Clemco blasting cabinet (Clemco Industries Corp., USA). The abrasive 
material was white corundum iron-free quality Corublast Super Z-EW 
FEPA nr.100 (Leering Hengelo, The Netherlands) that was not recircu
lated during the process. The blasting pressure was set to 3 and 5 bar. 
The distance between the specimen and the gun was around 15 cm and 
the angle was set to 50◦ over the horizontal axis of the cabinet. After the 
grit blasting the samples were cleaned again with acetone to remove the 
bulk of organic contaminants and particles. 

2.2.3. UV/ozone treatment 
The UV/Ozone treatment was applied with three low pressure, 

ozone-generating UV- light tubes with a power of 30 Watt (UV Technik, 
Germany) at a distance of 10 mm from the specimen’s surface for 5, 10, 
20, and 40 min to find the optimal treatment time. 

2.2.4. Sol-gel and primer application 
Two surface preparations were applied to the adherends for the 

mechanical tests, once the best parameters of grit blasting pressure and 
UV/Ozone treatment time were determined. To improve the stability of 
the obtained surface and to achieve an optimal bond between the oxide 
layer and the adhesive, the AC-130-2 Sol-gel was applied. This was 
achieved by submerging the pre-bonded surfaces for 2 min in the sol-gel 
and allowing the part to drain for 10 min, there was no surplus to be 
removed. The surfaces were then dried for 30 min at room temperature 
and further cured at 60 ◦C for an additional 30 min. Finally, to achieve 
the optimum strength and durability, the BR 6747 primer was applied 
directly on top of the sol-gel as recommended by the supplier, using an 
air-atomizing gun. The samples were (again) dried for 30 min, after 
which they were cured at 121 ◦C for 60 min. The primer thickness 
measured by an Extech CG304 Coating Thickness Tester in Eddy-current 
working principle was 7.5 ± 2.71 μm. 

2.3. Specimen preparation methods 

From the original titanium rod, different specimen configurations 
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were made, depending on the type of test to be performed. Short tita
nium rods were used for surface characterizations, standard titanium 
adherends were built to manufacture the adhesive-bonded specimens. 

2.3.1. Specimen details 
For the easy handling of the samples inside the equipment during the 

study of the surface morphology, roughness, chemistry, and wettability, 
Ti rods were cut to 5 mm in length and the surface prepared as described 
in sections 2.2.1 and 2.2.2. For the adhesive bonding, the titanium 
adherends were built up according to the ASTM standard D2094-00 
(2014) which final dimensions and shape are presented Fig. 1a. 

2.3.2. Manufacturing process of adhesively bonded specimens 
The adhesive bonding process was performed by laying the uncured 

film adhesive, cut with a stamp tube in rounded parts of 10 mm diam
eter, between two titanium adherends previously prepared with the 
methods as described in section 2.2. After that, the adherends were 
aligned at 90◦ (Fig. 1a), with the help of the pre-fabricated fixture shown 
in Fig. 1b, as suggested by ASTM D2094-00 (2014). A vacuum setup was 
arranged around the alignment device and the curing process was per
formed as recommended by the supplier in a Scholz autoclave (Scholz 
Autoclaves Maschinenbau Scholz GmbH & Co. KG, Coesfeld, Germany) 
at 2.8 bar pressure and 121 ◦C curing temperature during 60 min with 
heating and cooling rates of 1 ◦C/min. The bonding process of the 
adherends was performed within 30 min after the surface preparation. 

2.4. Test and measurement methods 

The treated surfaces were studied in terms of obtained morphology 
and roughness, chemical state and wettability, and the adhesively 
bonded samples were tensile tested, and the failure mode identified. 

2.4.1. Surface roughness and morphology 
The surface morphology of the treated specimens was analyzed using 

a JEOL7500F (JEOL, Japan) Field Emission Scanning Electron Micro
scopy (FESEM) in Low Magnification mode and Lower Secondary Elec
trons detector (LEI) with 5.0 kV, working distance of 15 mm and a 
vacuum of 9.6 × 10− 5 Pa. A Keyence Laser scanning Confocal Micro
scope (Keyence International, Mechelen, Belgium) was used to evaluate 
the surface roughness of the treated samples by the Sa parameter 
(arithmetical mean height). The surface texture parameter Sa expresses 
an absolute value, the difference in height of each point compared to the 
arithmetical mean of the surface in the definition area. 

2.4.2. Surface chemistry 
Information on the chemical composition of the surfaces of the 

treated specimens were obtained by X-ray Photoelectron Spectroscopy 
(XPS), using a K-alpha Thermo Fisher Scientific (USA) spectrometer and 
a monochromatic AlKα X-ray source with an X-ray spot size of 400 μm. 
Survey spectra were initially acquired followed by the acquisition of 

high-resolution Carbon (C 1s), Oxygen (O 1s), Aluminum (Al 2p) and 
Titanium (Ti 2p) spectra. The measurements were performed at ambient 
temperature and chamber pressure in the order of magnitude of 10− 7 
mbar. A flood gun is always used for charge compensation. The electron 
energy analyzer was operated with a pass energy of 200 eV for survey 
spectra and 50 eV for high-resolution spectra. Each high-resolution 
spectrum was scanned 10 times. The spectra were analyzed and pro
cessed using CasaXPS software and the average value of two separate 
measurements was taken as the result with the reported standard devi
ation being not higher than ±1% At. 

2.4.3. Contact angle 
Contact angle measurement (CAM) was used to evaluate the wetting 

properties of the surface pretreatments listed in Table 1 following the 
procedure described in Section 10 of the ASTM D7490-13 [27]. The 
contact angle of a 5 μl distilled water drop was measured on both sides 6 
times using a Technex Cam200/Attension Theta V4.1.9.8 system 
(TECHNEX BV, Wormerveer, The Netherlands) and was taken by curve 
fitting the droplet profile and measuring the angles formed between the 
tangents of the fitted curve and the horizontal axis. The average value of 
the separate measurements was taken as the result. 

2.4.4. Tensile strength 
The butt tension tests were performed on a Zwick-Roell test machine 

(Zwick Roell Group) with a 10 kN load cell, where five specimens per 
configuration were subject to a tensile loading test following the ASTM 
standard D2095-96 (2015) [28]. The test was conducted at room tem
perature and 55% RH at a speed of 0.5 mm/min and the maximum load 
carried by the specimen at failure was recorded, Fig. 1c is a schematic 
representation of the test setup grips. To correct the axial alignment 
during the test, a cardan was connected to the test machine (see 
Fig. S1b). The tensile strength was calculated by dividing the breaking 
load by the area of the bonded surface. Both the arithmetic mean ob
tained from the five repetitions per test and the standard deviation are 
reported. 

2.4.5. Fractography 
To assess the initial adhesion properties, the inspection of the frac

ture surface was conducted in a Keyence VR-5000 wide-area 3D mea
surement system (Keyence International, Mechelen, Belgium), using an 
enlargement of 25x. The remaining adhesive film area on both adher
ends after failure was measured using the Adobe Photoshop CC 2018 
Color Range function, and the percentage of remaining adhesive 
calculated using Equation (1), where the values closer to 100% are 
indicative of cohesive failure and values closer to 0% indicate of more 
adhesive failure, values in-between indicating a mixed-mode failure. For 
the tensile strength and adhesive percentage, the mean value and 
standard deviation were used for statistical analysis. 

% of remaining adhesive=
[

remaining adhesive film area on both sides
total bonding area

]

× 100
Equation 1 

The sequence in which the methods, described in the previous sec
tions, were used to select a grit blasting pressure and the UV/Ozone 
treatment time parameter (S) are summarized in Fig. 2. 

2.4.6. Aging: salt spray exposure 
The durability of the adhesive bond was evaluated by salt spray 

exposure following the recommendations of the ASTM B117-18 stan
dard [29]. The adhesive bonded specimens, using the selected surface 
pretreatment parameter combined with sol-gel and primer, were 
exposed to a neutral 5 wt% NaCl fog at 35 ◦C in a Liebisch Constamatic 
Salt Spray chamber (Gebr. Liebisch GmbH & Co. KG, Bielefeld, Ger
many) during 3 weeks (500 h), 6 weeks (1000 h), and 12 weeks (2000 Fig. 1. (a) Titanium adherend with dimensions in mm, (b) Alignment Fixture, 

(c) Tensile test grips setup. 
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h). The tensile strenght and fracture surface analysis, as described in 
sections 2.4.4 and 2.4.5, were conducted to the samples before and after 
salt spray exposure at each time interval and the mean value and stan
dard deviation were used for statistical analysis. Fig. 3 summarizes the 
procedures to access the adhesive bonding after salt spray exposure. 

2.4.7. Test matrix 
A summary of the surface preparation methods applied and the 

names given to the specimens are presented in Table 1. All samples were 
pre-cleaned with acetone prior to the surface pretreatments. Sample P- 
0 is the titanium rod just ground with SiC paper as described in the first 

part of section 2.2.1, this sample is used for reference purposes. Samples 
P-1 to P-10 are the samples prepared as described in sections 2.2.1 and 
2.2.2. With different grit blasting pressures and UV/Ozone exposure 
times. Test and measurement methods described in section 2.4.1 to 2.4.3 
were necessary to evaluate samples P-0 to P-10. From this group of re
sults, samples P-3, P-5, P-8, and P-10 were selected to assess the adhesive 
bonding performance as described in section 2.4.4. Finally, sample P-10 
showed the optimum parameters (S) to be applied in combination with 
sol-gel and primer in the samples exposed to salt spray (section 2.4.6). 

Table 1 
Specimens description. 

Fig. 2. Surface pretreatment sequence to parameter selection.  

Fig. 3. Adhesive bond quality assessment sequence after salt spray exposure.  
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3. Results and discussion 

3.1. Surface morphology and roughness 

After grit blasting the surface roughness of the titanium was 
measured. Fig. 4 presents the roughness profile and a view of some 
surface pretreatments together with the measured surface roughness 
parameter Sa. In Fig. 4a, the roughness profile curve is smoother and the 
color of the surface image is homogeneous compared to the grit-blasted 
samples (Fig. 4b and c). Comparing the roughness parameter Sa pre
sented in Fig. 4, it is observed that the roughness of the sample ground 
with SiC sandpaper (P-0) is much less than the results for the grit- 
blasted 3 bar (P-1) roughness. This implies that the grit blasting has a 
significant effect on the surface roughness. Fig. 4b and c shows the in
fluence of the grit-blasting pressure on the surface morphology. As the 
pressure increases from 3 (P-1) to 5 (P-6) bar, the abrasive material 
interacts more strongly with the substrate creating deeper and irregular 
grooves and ridges on the surface and as a result the value of the surface 
roughness increases in comparison to the surface roughness of sample P- 
1. This increased roughness as a result of the grit blasting pressure was 
also shown by Li et al. [5]. When sandblasting aluminium-lithium alloy. 
The surface roughness of the samples treated with different UV/Ozone 
treatment times does not present a noticeable change in the roughness 
parameters, as expected from these short exposure times, and this 
resolution. 

Fig. 5 shows the SEM images of the surface morphology of the 
samples. The surface ground by SiC paper shown in Fig. 5a, appears to be 
flat with only some minor scratches, and from the results already pre
sented in Fig. 4, it is shown that, indeed, this sample has the lowest 
surface roughness. On the contrary, the grit-blasted samples surface 

morphology is prominent with elevations and valleys. This morphology 
is developed due to the high-speed impact of the abrasive onto the 
surface of the samples during the grit-blasting, deforming the material, 
and creating depressions with different sizes and irregular shapes. 
Fig. 5b presents the sample grit blasted with 3 bar of pressure, it shows a 
sharp and random profile full of peaks and valleys homogeneously 
distributed, compared with Fig. 5c where the valleys appear to be deeper 
and stretched, with apparently higher deformation caused by the 
increased pressure. 

3.2. Contact angle measurements 

The static contact angle values summarized in Fig. 6 clearly show the 
modification of the titanium surface following surface pretreatments. As 
can be seen, the contact angle of the “ground by sandpaper only” sample 
(P-0) was around 98.2◦. After the “as received” samples had been grit 
blasted and cleaned by acetone, the contact angles present a significant 
reduction of the contact angle values being 65◦ and 58.4◦ for 3 bar (P-1) 
and 5 bar (P-6), respectively. Such reduction can be explained by the 
removal of organics after cleaning with acetone. On the other hand, it is 
observed that the rougher the surface, the smaller the contact angle, 
when comparing the grit-blasted samples (P-1 and P-6) to the same 
surface in a smooth state (ground only sample or P-0). This change in the 
contact angle could partly be associated with the remaining abrasive 
material in the surface after grit-blasting (See Fig. S2) but, as was 
showed by Wenzel [30], is related to the roughness factor. Roughening 
the surface increases the surface free energy and consequently the extent 
of wetting. The morphology and increased roughness created by the grit 
blasting increase the contact area between the liquid and the surface 
leading to apparent higher surface energy and a smaller contact angle 

Fig. 4. Roughness profile and Surface Roughness of Ti6Al4V treated with (a) P-0, (b) P-1, (c) P-6.  
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[7]. The difference between the contact angles obtained for the samples 
grit blasted with 3 and 5 bar pressure is more pronounced at lower 
UV/Ozone exposure times with lower average angles for the 5 bar 
treated samples. However, this difference is not significant within the 
standard deviation. 

In addition to acetone cleaning and grit blasting, the 5 min UV/ 
Ozone treatment reduces the contact angle values to 14.1◦ (P-2) and 
13.2◦ (P-7). As UV irradiation time increases, the contact angle values of 
samples grit blasted with 3 and 5 bar are reduced to ~6◦ by increasing 
the UV/ozone treatment time to 40 min [24]. This reduction is a 
consequence of the removal of the last traces of organic contaminations 
[20], followed by changes in the surface composition induced by the 
UV/Ozone treatment due to titanium oxidation [31], which have been 
studied by XPS. 

3.3. Surface chemistry 

XPS measurements were carried out to assess the evolution of the 
surface chemistry of the samples as a result of the different pre
treatments. The results are summarized in Fig. 7 a - d. 

Fig. 7a shows the surface atomic percentages of oxygen, carbon, ti
tanium, and aluminium obtained from the survey spectra for each 
sample. Vanadium is located beneath the top surface and may only be 
observed by XPS after some sputtering. The sample P-0 ground with SiC 
paper has an oxygen content of ~44%, attributed to the native oxide 
formation on the surface of the titanium. The grit blasted only sample (P- 
6), shows a slow reduction of the oxygen content. Although grit blasting 
is expected to remove the native oxide layer of the metal, the oxygen 

content is not reduced since some corundum residues associated with 
the grit blasting procedure have been deposited onto the surface [9]. 
This observation is supported by the Ti2p and Al2p percentages. The 
titanium percentage of the ground sample (P-0) is ~17% and for the 
grit-blasted samples (P-6 to P-10) this is reduced to less than 6%, while 
the aluminium percentage is increased to 20.6%, respectively. The 

Fig. 5. SEM images showing the Titanium surface morphology: (a) P-0, (b) P-1 and (c) P-6.  

Fig. 6. Contact angle measurements with two different blasting pressures at 
various UV/Ozone exposure times. 

Fig. 7. (a) XPS surface atomic percentages, (b) Relative percentages obtained 
for Ti2p high-resolution spectra. 
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percentage of atomic oxygen in the surface of the UV/Ozone treated 
samples (P-7 to P-10) is increased to ~48% suggesting the surface 
oxidation of the samples. At the same time, the UV/Ozone treated 
samples show a decrease in the surface carbon content compared to the 
ground (P-0) and grit blasted (P-6) samples. This reduction is expected 
to be a result of the cleaning effect of the UV/Ozone [20]. Further in
formation on the chemical modifications resulting from the UV/Ozone 
treatment can be obtained by analyzing the high-resolution spectra of 
Ti2p. A summary of the results from the peak fits is presented in Fig. 7b. 
The high-resolution spectra of Ti2p revealed the combination of four 
XPS doublet structures attributed to Ti(IV) (458.4 and 464.1 eV), Ti(III) 
(456.8 and 462.6 eV), Ti(II) (455.1 and 460.8 eV) and Ti (0) (453.3 and 
459.4 eV) corresponding to TiO2, Ti2O3 or Ti3O5, TiO, and metallic Ti, 
respectively [32,33]. After 40 min of UV/Ozone treatment, as observed 
in Fig. 7b, the contribution of metallic Ti, and Ti(II) decrease. Ti(III) 
shows slight variations but in general, remains constant, and Ti(IV) 
strongly increases to 74.7%. Ti(IV) arises at the surface of the Ti alloy at 
the expense of metal atoms and sub-oxide ions Ti(II), that react with the 
oxygen ions to form Ti(III) and Ti(IV) [32,34]. The increase in Ti(IV) 
with treatment time, also visualized comparing Fig. 7c and d, suggests 
the utility of the UV/Ozone treatment as a preparation step to improve 
the adhesive joints behaviour [31]. 

3.4. Adhesive bond performance 

It is expected that the lower contact angle values show a better initial 
adhesive joint performance due to an increased wetting [5,6]. However, 
the relations between roughness, wetting and adhesion are complex and 
the adherend surface topography that improves the adhesion depends 
also on the adherend surface chemistry [4,35,36]. To assess this 
assumption, samples prepared with 3 and 5 bar of grit-blasted pressure 
and irradiated with 10 min (P-3 and P-8) and 40 min (P-5 and P-10) of 
UV/Ozone were adhesively bonded and mechanically tested. The tensile 
strength of the bonded joints and the failure surfaces were evaluated and 
the results are presented in Fig. 8. 

The tensile strength results are summarized in Fig. 8a. It can be seen 
that there was not a significant difference between the bond strength of 
the tested samples regarding the surface roughness as a result of the grit 
blasting pressures nor as a result of UV/Ozone treatment time. The 
failure surfaces of the samples P-3, P-8, and P-5, were photographed 

after the tensile test and are presented as a typical example in Fig. 8c. In 
this figure, there is an interfacial failure, where the areas of the lacking 
adherend are the counterparts of the areas with adhesive. However, as 
seen in Fig. 8d for the sample P-10, grit blasted with 5 bar and irradiated 
with UV/Ozone during 40 min, there are areas where the layer of ad
hesive remains on both adherend surfaces, which indicates cohesive 
failure together with some other areas showing adhesive failure. Sample 
P-10 presents a mixed failure mode and shows to be the best-observed 
failure type for these tests. Fig. 8b summarizes the results of the calcu
lations obtained by Equation (1). These percentages show more accurate 
information on the effect of the surface pretreatments applied. 
Comparing the obtained percentages for the samples when grit blasted 
with either 3 or 5 bar. It is seen that the trend to cohesive failure is 
higher for the samples grit blasted with 5 bar of pressure (samples P-8 
and P-10). On the other hand, analyzing the effect of UV/Ozone irra
diation time, it is observed that there is a notable difference for the 
sample P-10, grit blasted with 5 bar of pressure and exposed during 40 
min of UV/Ozone. This sample, unlike the ones treated by the other 
three conditions, reached a percentage of about 66% (Fig. 8d); a more 
mixed type of failure. The morphology can increase the adhesive bond 
quality when complemented with the oxidized surface obtained from a 
longer UV/Ozone irradiation time, as indicated by XPS analyses in the 
previous section. 

3.5. Salt spray aging test 

Test samples (see Table 1) were exposed to salt spray fog during 
either 3 weeks (500 h), 6 weeks (1000 h) and 12 weeks (2000 h) to 
determine the durability of the adhesive joints. From the results ob
tained in the previous sections, 5 bar grit blasting in combination with 
40 min of UV/Ozone pretreatment were found to be the optimum pa
rameters (S) to prepare the samples for the aging evaluation. To improve 
the stability of the adherend’s surface and to achieve the optimum 
strength and durability, Sol-gel AC-130-2 (SSG) and the BR 6747-1 
primer (SSGP) were applied. The results obtained for three different 
surface preparations and evaluated after 0, 3, 6, and 12 weeks are 
compared in Fig. 9. 

Fig. 9a presents the obtained results of the tensile strength. For the 
samples without aging (0 weeks), the tensile strength is higher than 
those of all the aged ones. Though the optimum parameter (S) treated 

Fig. 8. (a) Tensile strength, (b) percentage of remaining adhesive, fractured surface of (c) P-5, and (d) P-10.  
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surfaces showed a lower tensile strength (49 MPa) than both the sol-gel 
(SSG) only as well as the sol-gel and primer treated samples (around 53 
MPa). Meaning that the tensile strength increases by adding sol-gel and/ 
or primer. 

After 3 weeks of aging, there is a huge reduction in the average 
tensile strength for the sample with the selected parameter (S) only, that 
drops to almost 40% of its initial value after 3 weeks of salt spray testing. 
With 6 and 12 weeks of aging, the tensile strength was again further 
reduced, which is also in line with the increased adhesive failure type 
that occurred. The tensile strength values obtained for the samples with 
sol-gel and primer treatment show a much less severe reduction. After 
12 weeks, the tensile strength was about 10 MPa for the selected 
parameter only, but still about 43 MPa for the sol-gel and primer com
bination, showing just a slight drop compared with the initial values of 
tensile strength in the aging times previously mentioned. 

Surface preparation is a determinant factor in the durability of an 
adhesive bond and to assess the effect of the applied pretreatments in the 
performance after aging, evaluation of the failure mode is the most 
important. Fig. 9b summarizes the results of the calculations obtained by 
Equation (1). As a general observation, there is a clear difference be
tween the samples with the “only selected parameter”, which shows a 
mixed failure without aging, and a full adhesive failure at the interface 
at all the salt spray exposure times. In contrast, the samples with sol-gel 
or sol-gel with primer, show a cohesive failure as the dominant failure 
mode with small areas of adhesive failure after the aging exposure. 
Fig. 9c summarizes the failure photographs corresponding to the 
different surface pretreatments during the evaluated aging times. For 

0 weeks, (the non-exposed samples) the calculated percentages of 
remaining adhesive were 66%, 85%, and 86% for the samples S, SSG, 
and SSGP, respectively. For the sample with the selected parameter only, 
as discussed in section 3.4, a mixed failure mode is observed in the 
failure photograph. On the other hand, samples SSG and SSGP, show 
remarkably similar failure modes, with a cohesive failure. After 3 weeks 
of aging these values were reduced, and the failure photographs pre
sented in Fig. 9c show, for the S sample, the result of the diffusion of 
moisture into the adhesive-adherend interface, resulting in adhesive 
failure (See Figs. S3 and S4). In contrast, the photographs of samples SSG 
and SSGP show only a slight reduction in the cohesive failure mode and 
reveal a very small area with adhesive failure, being a little smaller for 
the primed sample. The failure photographs of the S samples presented 
in Fig. 9c show that the moisture has penetrated the adhesive-adherend 
surface progressively until it reaches the centre, and at 12 weeks no 
adhesive can be seen visually on the adherend’s surface. Finally, the 
samples treated with either sol-gel or sol-gel and primer, show the same 
cohesive failure characteristics within the standard deviation. 

From the results above, the samples with the selected parameter only 
(S), allowed the largest moisture penetration on the interface. Park et al. 
[7] show that the diffusion of moisture into the adhesive–adherend 
interface result in hydration of the anodic oxide layer obtained by 
phosphoric acid containment systems (PACs). In this research, the oxide 
layer developed in the titanium alloy surface after UV/Ozone irradiation 
could have been hydrated, leading to adhesive plasticization and stress 
built up due to swelling, which finally displaces the adhesive from the 
substrate [37]. The moisture absorption also caused a big reduction in 

Fig. 9. (a) Tensile strength, (b) percentage of remaining adhesive, and (c) fractured surfaces after 0, 3, 6, and 12 weeks of salt spray exposure.  
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the tensile strength. Roughly 20% of tensile strength was retained after 
12 weeks of exposure time. On the contrary, both sol-gel and sol-gel with 
primer were shown as effective pretreatments to get a durable adhesive 
bond after 12 weeks of exposure time with mostly cohesive failure. The 
sol-gel observed performance was as expected due to the organosilane 
component that promotes superior bonding, and to the zirconium 
component that creates a strong covalent bond with the titanium and 
acts as an oxygen diffusion barrier that stabilizes the metal-resin inter
face providing an improved degree of corrosion resistance [17]. Adding 
the modified water–based epoxy primer to the sol-gel film ensures the 
coupling between the sol-gel and the adhesive enhancing the durability 
of the adhesive bond compared with the only sol-gel treated samples. 

4. Conclusion 

In this work, experiments were conducted to analyze the effect of 
both grit blasting and UV/Ozone surface pretreatments on Ti6Al4V 
substrates adhesively bonded and tensile strength tested. The effec
tiveness of Si–Zr sol-gel and a modified water-based epoxy primer on the 
durability of the adhesive bonds exposed to salt spray were studied. 
Based on these results, conclusions can be summarized as follows:  

1. The Ti surface morphology can be influenced by different grit 
blasting pressures. An increase in pressure leads to an increase in 
surface roughness.  

2. The metallic titanium surface was cleaned and oxidized by a UV/ 
ozone treatment. XPS results showed that the higher the UV/Ozone 

irradiation time, the higher the Ti(IV) which, together with the 
removal of organic contamination, reduced the contact angle with 
water at both grit-blasting pressures studied.  

3. The initial adhesive performance showed the same tensile strength in 
all the pretreatments studied. However, the fracture surface analysis 
showed that the roughest samples exposed to the highest UV/Ozone 
radiation time reached a higher percentage of remaining adhesive, 
showing the effectivity of UV/Ozone as a titanium surface 
pretreatment.  

4. After salt spray exposure, the samples with the optimal selected 
parameter only, showed moisture penetration at the titanium inter
face, causing a strong reduction in the tensile strength after the 
highest salt spray exposure time and full adhesive failure. The sam
ples with sol-gel and sol-gel combined with a primer showed a 
strongly improved aging behaviour with mostly cohesive failure. 
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