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Surface morphology influences on the adhesive bond 
performance of PBF-LB manufactured Ti6Al4V parts – 
investigation of quasi-static and fatigue loading conditions
Emre Ertürk, Jörg Gregor Diez, Pablo Vitale, and Philipp Höfer

Institute of Lightweight Engineering, University of the Bundeswehr Munich, Neubiberg, Germany

ABSTRACT
Adhesive bonding of additively manufactured parts enables 
highly efficient lightweight designs. To achieve high adhesive 
bond performance, it is essential to consider the surface proper
ties of the adherends. Previous studies have shown that the 
inherent roughness of Ti6Al4V parts fabricated by laser powder 
bed fusion (PBF-LB) can contribute to high bond strength under 
quasi-static loading. In the present work, the influences of sur
face morphology on adhesive bond performance were exam
ined under static and fatigue loading conditions. Moreover, the 
environmental durability of the bonded joints was assessed for 
a hot-wet condition. In the as-built state (i.e. degreased PBF-LB- 
surface) the build orientations 0°, 45° (Up-/Downskin) and 90° 
were investigated, resulting in four different surface morpholo
gies. Furthermore, grit blasting and laser treatment were used 
to modify the surface properties and examine their effect on the 
adhesive bond performance. Characterizing the surfaces was 
done by scanning electron microscopy and confocal laser scan
ning microscopy. The quasi-static bond strengths and fatigue 
lifetimes were examined through metal-metal single step-lap 
joint testing. The number of attached particles on the PBF-LB 
manufactured surfaces was found to correlate with the tensile 
shear strength and fatigue lifetime of the adhesive bond. Under 
fatigue loading, the particle-induced interlocking effect was 
mainly effective in the low-cycle-fatigue regime. A significantly 
enhanced bond performance was achieved by laser treatment, 
which created a hierarchical surface morphology, consisting of 
the inherent microscopic surface features of PBF-LB-Ti6Al4V and 
a laser-induced nanoporous oxide layer. This hierarchical surface 
structure increased the bond strengths by up to 162% and 
extended the fatigue lifetimes by at least 130% in comparison 
to the as-built surface condition. However, further improve
ments are necessary to enhance the environmental durability 
of the oxide layer.
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1. Introduction

Additive manufacturing (AM) enables the fabrication of complex, lightweight 
components with high design flexibility and structural efficiency. For aero
space applications, the titanium alloy Ti6Al4V is widely used due to its 
exceptional mechanical and thermal properties. However, despite the remark
able advancements in metal AM, the process still faces challenges, such as the 
need for effective joining methods to assemble printed parts.[1] In this context, 
structural adhesive bonding proves to be a suitable joining method for light
weight constructions, as it introduces low-weight penalties compared to 
mechanical fastening methods, offers enhanced resistance to fatigue and 
corrosion, and enables an improved load distribution.[2,3] Common failure 
modes of adhesively bonded joints involve adhesive failure (i.e., interfacial 
failure) between adherend and adhesive, cohesive failure in the adhesive layer 
and a combination of both (mixed-mode failure). In structural adhesive joints, 
adhesive failure is generally considered an unacceptable failure mode since it 
indicates an insufficient surface preparation.[4] Consequently, it is essential to 
ensure high adhesion between adherend and adhesive that can endure both 
quasi-static and fatigue loading conditions, while also maintaining durability 
under environmental aging influences.

In the case of PBF-LB manufactured Ti6Al4V parts, previous 
investigations[5–7] have demonstrated that the inherent surface roughness 
enables high adhesive bond strengths under quasi-static loading conditions. 
The surface topographies are primarily characterized by a specific quantity of 
partially melted particles, which varies depending on the build orientation.[6–8] 

These particles improve adhesive bond performance by increasing the total 
surface area and promoting mechanical interlocking of the adhesive.[6,7] 

Ardila-Rodríguez et al.[6] found that PBF-LB-Ti6Al4V surfaces in the as- 
built condition (i.e., referring to degreased PBFL-LB printed surfaces) exhibit 
tensile bond strengths comparable to those observed after grit blasting. This 
result shows the bonding potential of additively manufactured metal surfaces. 
However, fracture analysis in[6] revealed a significant amount of adhesive 
failure on these surfaces, indicating insufficient adhesion strength. The main 
reason for the observed adhesive failure is that the as-built surfaces lack 
distinct nanoroughness, which can significantly enhance adhesion.[9] The 
same issue applies to grit blasted surfaces, resulting often in similar mixed- 
mode failure of the adhesive joint.[6,7] The roughness scales present on the 
surface, along with the adhesive’s capability to penetrate and fill micro- and 
nanoscale voids are decisive factors for high adhesion strength, as demon
strated in recent studies.[7,10–12] To achieve fully cohesive failure within the 
adhesive, it is therefore necessary to apply an appropriate surface treatment. In 
aerospace, the common standard for bonding preparation of metals like 
titanium or aluminum involves the use of electrochemical methods, such as 
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phosphoric acid anodizing (PAA)[13] and NaTESi,[14] which generate 
a pronounced nanoscale roughness on the surface. The main disadvantages 
of electrochemical treatments are their high process costs and the use of 
hazardous chemicals, which pose environmental and safety risks. A more 
sustainable method is laser treatment, which also offers the advantage of 
high automation. Kurtovic[15] conducted a comprehensive investigation into 
the effects of laser treatment on conventionally manufactured Ti6Al4V and its 
influences on adhesive bond performance. By conducting floating roller peel 
tests and wedge tests Kurtovic showed that a laser-generated nanoroughness 
can improve adhesion strength compared to wet chemical surface treatments 
like etching (Turco 5578) or anodizing (NaTESi). In a study by Tseng and 
Chen[16] laser treatment of conventionally manufactured Ti6Al4V substrates 
allowed to achieve a threefold increase in tensile shear bond strength com
pared to the untreated surface condition. Further, for pin-reinforced titanium/ 
CFRP single-lap-shear (SLS) joints, Parkes et al.[17] found that laser treatment 
improves the consistency of co-bonding and increases the elastic limit of the 
joint. Regarding PBF-LB-Ti6Al4V surfaces, it was demonstrated in a previous 
work[7] that a laser-induced nanoporous oxide layer significantly increases 
tensile bond strength, leading to a shift from mixed-mode failure in the as- 
built condition to cohesive failure in the epoxy adhesive.

An extensive literature review on the effect of surface texture on adhesive 
bond performance was conducted by Naat et al.[18] This review highlighted 
that most research has focused on the effects of surface treatments on quasi- 
static bond strength, whereas only relatively few works have investigated the 
influences on fatigue resistance. Consequently, further research is needed to 
better understand the influence of surface morphology on the fatigue behavior 
of bonded joints. Barros et al.[19] investigated the effects of grit, sand and 
bristle blasting on the fatigue performance of steel joints bonded with an epoxy 
adhesive. Their end-notched flexure (ENF) tests showed that bristle-blasted 
surfaces, characterized by sharp asperities, exhibited significantly shorter 
fatigue lifetimes. The detrimental effect of sharp surface features on fatigue 
resistance was also observed by Thäsler et al.[20] and Morfini et al.[21] for peel- 
ply structured CFRP/CFRP SLS joints and hand-sanded aluminum/magne
sium SLS joints, respectively. Several studies have shown that, compared to 
mechanical surface treatments, higher fatigue strengths can be achieved 
through electrochemical anodizing processes and laser treatments, due to 
the provided superior adhesion strength.[18] Gudladt and Frömmel[22] demon
strated for aluminum SLS joints bonded with a two-part epoxy adhesive that 
the application of a pulsed Nd:YAG-Laser with optimized settings can create 
a distinct nanoroughness, which substantially enhances fatigue lifetimes. 
Improved fatigue performance of aluminum alloy and stainless steel SLS joints 
was also achieved by Moroni et al.[23] through laser ablation with a Yb-fiber 
laser. The increased lifetime was strongly related to a prolonged crack 
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propagation phase. However, at higher laser energy density levels, void for
mations were observed in the surface valleys, which deteriorated the fatigue 
performance. Regarding the fatigue resistance of PBF-LB-Ti6Al4V adherends, 
existing literature primarily focuses on the effects of surface roughness on the 
fatigue behavior of the bulk Ti6Al4V substrate without adhesive bonding. 
Studies in[24,25] have shown that Ti6Al4V parts exhibit in as-built condition 
low fatigue strength due to their high surface roughness, necessitating 
a surface finishing process. In the case of grit blasted Ti6Al4V parts, 
Bagehorn et al.[24] reported that incised blasting residues can worsen fatigue 
performance by causing crack initiation. Furthermore, investigations on laser 
treated Ti6Al4V surfaces[15,26] have found that the laser process can deterio
rate fatigue properties due to the introduction of laser-induced micro- and 
nanoroughness, surface cracking and tensile residual stresses near the surface. 
To the authors best knowledge, no studies have yet examined the fatigue 
behavior of bonded metal/metal joints with PBF-LB-Ti6Al4V substrates for 
different surface conditions. As shown in,[24,25] the as-built surface roughness 
of additively manufactured Ti6Al4V leads to low fatigue strengths of the metal 
substrate. However, the inherent surface roughness may prove advantageous 
in adhesive bonding, particularly when the surface morphology is further 
optimized through suitable surface treatments. This is a central aspect of the 
present work.

Durability under environmental conditions is another critical aspect of 
structural adhesive bonding and was therefore also considered in this study. 
A crucial factor influencing the long-term performance of adhesive joints is 
moisture diffusion into the adhesive, as it affects the mechanical properties of 
the adhesive and can lead to a reduction in adhesion strength.[27,28] To ensure 
sufficient adhesion under environmental stresses, surface treatment is often 
required prior to bonding. While mechanical surface treatments typically 
result in moderate durability, electrochemical anodizing can produce surfaces 
with high durability for adhesive bonds.[9,18,29] Regarding the aging behavior 
of bonded titanium (Ti15–3)-PEEK SLS joints under hot-wet conditions, 
Löbbecke et al.[30] demonstrated that long-term stable adhesion can be 
achieved through laser treatment of titanium if an open porous branched 
nanoroughness layer is formed on the surface. Freund et al.[31] reported that 
high durability under hot-wet aging was achieved for co-cured AW6082- 
T6–CFRP SLS joints when the laser treatment created significant surface 
enlargement, deep craters and undercut structures on the metal substrate. 
Similarly, hydrothermally stable SLS joints were achieved by Specht et al.[32] 

through laser treatment of conventionally manufactured Ti6Al4V. For PBF- 
LB-Ti6Al4V surfaces, it was shown in[6] that salt-spray aging significantly 
reduces the tensile bond strength in case of the as-built surfaces. However, 
the durability of the adhesive joint was substantially improved after 
a combination of sol-gel and primer application.
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In this work, the surface morphology influences on the bonding behavior of 
PBF-LB-Ti6Al4V were investigated for quasi-static and fatigue loading con
ditions. The as-built condition was analyzed for the build orientations 0°, 45° 
(up-/downskin) and 90°. Furthermore, the effects of grit blasting and laser 
treatment on surface morphology and bonding performance were evaluated. 
Surface characterization was performed using Scanning Electron Microscopy 
(SEM), Ion Beam Milling (IBM) and Confocal Laser Scanning Microscopy 
(CLSM). Afterwards, quasi-static bond strengths and fatigue lifetimes were 
examined through single step-lap joint testing. To assess the environmental 
durability of the bonded joints, a subset of the specimens was hot-wet aged 
before quasi-static testing. In addition, Digital Image Correlation (DIC) was 
employed for strain measurement at the bondline and for monitoring crack 
growth during the fatigue tests.

2. Materials and methods

2.1. Specimen type and substrate manufacturing

Single step-lap joint (SLJ) specimens made of PBF-LB manufactured Ti6Al4V 
substrates were used in this study. For bonding, the two-component epoxy 
adhesive Loctite EA 9396 AERO was utilized. The specimen geometry was 
defined based on DIN EN 2243–6[33] and is depicted in Figure 1. Single lap 
joints are subjected to mixed-mode loading, comprising both non-uniform 
shear and peel stresses. A stepped geometry with thick adherends was used 

Figure 1. (a) SLJ specimen geometry and (b) substrate build orientations in the PBF-LB/M process.
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here to reduce the peel stresses at the overlap ends induced by eccentric 
loading. This design allowed the investigation of a primarily shear-loaded 
adhesive joint with reduced peel stresses at the overlap ends. Such a load 
combination is representative of many technical applications, as adhesive 
joints are typically designed to minimize high peel stresses,[9] while non- 
uniform stress distributions, similar to those in this specimen type, are often 
encountered in practice.

The substrates for the metal-metal SLJ specimens were manufactured using 
a Trumpf TruPrint 5000 PBF-LB/M printer with standard parameters for 
Ti6Al4V Grade 23. The printing process utilized a layer thickness of 60 µm 
and a scanning strategy involving a 45° stripe pattern. To investigate the build 
orientation influence on bond performance, substrates were printed with the 
bonding surface oriented at 0°, 45° (upskin/downskin) and 90° relative to the 
base plate, as shown in Figure 1(b). For the 45°-oriented substrate, support 
structures were employed, as initial trials without support resulted in defor
mation during subsequent heat treatment. The utilized powder was supplied 
by GE Additive and has a particle size range of 10–45 μm, fulfilling the ASTM 
F3001–14[34] specification. Post-processing involved stress relief heat treat
ment under vacuum at 840°C for 2 hours, followed by EDM Cutting from the 
build plate and ultrasonic cleaning with deionized water to remove loose 
particles on the surface.

2.2. Surface treatment

The surface conditions as-built, grit blasted and laser treated were considered 
in this work. Grit blasting was selected since it is a widely used post-processing 
method for PBF-LB-manufactured metal parts, whereas laser treatment was 
investigated as an environmentally friendly alternative to electrochemical 
processes for creating distinct nanoroughness on metallic surfaces. The speci
mens in as-built condition were only degreased prior to bonding. Degreasing 
was conducted for all specimens in this work by ultrasonic cleaning in acetone.

Grit blasting was performed using a Peenmatik 1300 SDK system (iepco, 
Switzerland) with silicon carbide as the blasting agent, featuring a grain size 
range of 212–300 µm. Silicon carbide was chosen due to its widespread use as 
a standard blasting agent in post-processing for AM. The grit blasting process 
was conducted manually using a 10 mm nozzle and a pressure of 3 bar. The 
device was operated from a distance of 20 cm, at a blasting angle of approxi
mately 90° and for a duration of about 10 s, ensuring a uniform surface finish 
was achieved. Post-treatment included ultrasonic cleaning in deionized water 
to remove abrasive residues, followed by degreasing in acetone.

Laser treatment was conducted under atmospheric conditions on 
a TRUMPF Trumark Station 5000 marking laser system (TRUMPF, 
Germany) equipped with a pulsed Nd:YVO4-Laser (TRUMPF TruMark 
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6350)). This laser system has a maximum average output power of 50 W and 
operates at a wavelength of 355 nm. The laser settings were adapted to induce 
pronounced nanoroughness on the surfaces of PBF-LB-Ti6Al4V, without 
creating unstructured high microroughness through laser splatter. This 
approach was used to prevent potential deterioration in fatigue performance 
associated with excessive microroughness and induced tensile residual 
stresses.[18–21,26] Based on this, the laser treatment was carried out with 
a power level of 70%, a scan speed of 0.4 m/s, a pulse frequency of 20 kHz 
and a laser spot diameter of 30 µm. This configuration resulted in a laser 
energy density of 248 J/cm2. The laser scanned once over the entire surface, 
following a horizontal line pattern with a track distance of 30 µm. Degreasing 
of the specimens was conducted prior to laser treatment. After the laser 
processing, only cleaning with compressed air was performed to remove 
residual fine dust from the surface.

2.3. Analysis of surface characteristics

The characterization of the surface topographies was done by Scanning 
Electron Microscopy (SEM) using a Zeiss ULTRA Plus (Carl Zeiss, 
Germany) field emission scanning electron microscope. A Secondary 
Electrons detector (SE2) was primarily used, with the accelerating voltage set 
to 1.0 kV. For fracture surface analysis an In-Lens detector was additionally 
utilized to better differentiate between metal and adhesive residues on the 
surfaces. Furthermore, for selected specimens Ion Beam Milling (IBM) was 
performed using a Hitachi ArBlade 5000 system (12 h at a milling energy of 5 
kV). For IBM, small pieces of about 10 × 10 mm were cut from the fractured 
specimens at the region of interest using a diamond wire-cutting machine. To 
prevent surface alteration during further preparation, the fractured surfaces 
were sputtered with gold. The specimens were then bonded to a sample carrier 
and ground to the final dimensions. In addition, Confocal Laser Scanning 
Microscopy (CLSM) was used during fracture analysis to detect fractured 
particles on the PBF-LB surfaces. The CLSM images were captured on 
a Keyence VK-X3000 (Keyence International, Belgium).

2.4. Adhesive joint preparation and aging

The two-component epoxy adhesive Loctite EA 9396 AERO (Henkel, 
Germany) was mixed based on a procedure suggested by Frömmel.[35] 

This involved mixing under a low atmospheric pressure of 30 mbar using 
a dual asymmetric centrifugal mixer. The low-pressure process signifi
cantly minimizes the presence of defects in the adhesive, such as 
entrapped gas bubbles, which particularly have a negative influence on 
fatigue behavior.[35] Afterwards, the degreased substrates were bonded 
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using a fixture designed for SLJ specimens. To prevent butt joint bonding 
and minimize the formation of adhesive chamfers, PTFE strips were 
inserted into the grooves at the overlap ends (Figure 1). Moreover, weight 
blocks were utilized to ensure sufficient contact pressure during curing. 
Based on recommendations in,[36] curing was done at 66°C for an 
extended duration of 80 min. Preliminary temperature control measure
ments with PT-sensors were conducted to ensure that the target tempera
ture was maintained for at least 60 minutes within the bondline. After 
curing, excess adhesive on the sides was removed using sandpaper. Due to 
the highly structured nature of the PBF-LB surfaces, the adhesive bond 
thickness of the SLJ specimens varied along the overlap approximately 
between 0.1 and 0.2 mm.

To assess the durability of the SLJs under environmental conditions, 
a subset of the bonded specimens was immersion aged for 30 days at 60°C in 
deionized water. This aging process was defined by Frömmel[35] for alumi
num/aluminum single-lap joints with similar specimen dimensions and the 
same adhesive. It was demonstrated that the specified aging duration is 
sufficient for water diffusion into the bondline, ensuring effective aging of 
the joints. Consequently, this aging process was applied in the present work.

2.5. Mechanical testing

Quasi-static SLJ-testing was conducted based on DIN EN 2243–6[33] 

using a Zwick Z150 (ZwickRoell, Germany) universal testing machine. 
The specimens were mounted using a cardanic suspension to ensure 
moment-free force application. Testing was carried out under nominal 
environmental conditions with a displacement rate of 1 mm/min. For 
strain measurement within the bondline, the DIC system Q400 (Limess 
GmbH, Germany) was used. Initially, 3D-DIC measurements were con
ducted with a two-camera setup to check for possible out-of-plane 
displacement during testing. The setup included 12 Mpx cameras with 
a spatial resolution of 4096 × 3000 pixels, paired with macro lenses 
(80 mm focal length) and distance rings to adjust the measurement 
area to around 14 × 10 mm. As shown in Figure 2, one camera (A) 
was aligned directly perpendicular to the measurement surface, while 
the other (B) was positioned at a 30° angle. Illumination was provided 
by three LED lights. The speckle pattern for DIC was created by first 
applying a base layer of black acrylic spray paint, followed by white 
speckles using an airbrush spray gun. The 3D-DIC measurements 
showed that the maximum out-of-plane displacement occurred close to 
specimen failure and amounted to approximately 0.05 mm, which would 
cause a strain error of 0.015% in the 2D-DIC measurements. Given this 
small error, subsequent evaluations within the bondline could be 
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conducted using only the straight camera (A). Following this procedure 
ensured that the 2D-DIC measurements were not affected by any out-of 
-plane displacements induced by the test setup. The single-camera setup 
with straight alignment provides the best camera focus of the bondline, 
which allows a fine discretization with DIC. Here a facet size of 25 pix 
and a grid spacing of 9 pix was applied, resulting in a resolution of 
83 µm per facet. The adhesive layer was therefore discretized with at 
least one facet over its thickness.

Fatigue testing was carried out on a servo-hydraulic testing machine 
using a sinusoidal loading with a frequency of 10 hz and a load ratio of 
R ¼ 0:1. The applied maximum stress was set depending on the quasi- 
static tensile shear strength. Similar to the quasi-static tests, specimen 
mounting in the testing machine was done using a cardanic suspension. 
For evaluating the crack growth, the described DIC setup was used. The 
DIC system functionality to trigger image acquisition at the maxima of 
the analog cyclic force signal enabled precise tracking of the crack 
growth. The image acquisition rate was adjusted for each specimen 
according to the expected lifetime. A total image count of 150 images 
per fatigue test was aimed, which resulted in acquisition rates between 1 
image per 50 cycles and 1 image per 3000 cycles. A minimum of four 
specimens were tested for each surface type in each test case. The 
investigated test cases comprise quasi-static testing with non-aged speci
mens, quasi-static testing with hot-wet-aged specimens and fatigue test
ing with non-aged specimens.

Figure 2. DIC setup for SLJ-testing.
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3. Results and discussion

3.1. Surface morphologies

3.1.1. As-built condition
The surface morphologies in the as-built condition were investigated by SEM 
and CLSM for the build orientations 0° (A0), 45° downskin (A45-D), 45° 
upskin (A45-U) and 90° (A90). In Figure 3, SEM images are shown for each 
build orientation, alongside representative surface height profiles and the 
roughness value Sa obtained from CLSM. The laser scanning direction is 
depicted in the SEM images. In the as-built condition, the surfaces are mainly 
characterized by varying numbers of partially melted powder particles. These 
particles increase the surface area for adhesive bonding and serve as interlock
ing features.[5,37] Only very few particles are present on the A0 surface, which 
reflects in a relatively even height profile. In contrast, the A45-D surface is 
covered with the highest concentration of particles, resulting in a topography 

Figure 3. SEM images and height profiles of as-built Ti6Al4V surfaces for the build orientations A0, 
A45-D/U, A90.
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with significant height variation. The attached particles on the A45-D surface 
are further superimposed with a wavy surface profile, caused by stair-step 
structuring due to the layer-wise manufacturing.[38,39] The A45-U and A90 
surfaces display an intermediate number of attached particles, with large 
particle-free areas.

In the as-built condition, no distinct nanoscale roughness was observed on 
the titanium surfaces. Poor bonding behavior is therefore expected in areas 
with a low number of particles. This lack of nanoroughness on as-built 
surfaces was also identified in a previous study, where the same build orienta
tions were evaluated for PBF-LB-Ti6Al4V specimens manufactured on 
a Concept Laser M2 printer.[7] In this investigation, it was demonstrated 
that commonly used parameters such as the average roughness Sa (arithme
tical mean height) or macroscopic contact angles do not correlate with tensile 
bond strength. To assess the bonding capability of a surface, emphasis should 
therefore be on analyzing the surface features, particularly the roughness 
scales. Moreover, it was shown that the as-built PBF-LB-Ti6Al4V surfaces 
exhibit good to very good macroscopic wettability, which is a necessary 
requirement for achieving high adhesion strength.

3.1.2. Surface-treated condition
As in a previous study,[7] surface treatment was conducted for the build 
orientations A0 and A90. This allowed to evaluate the influences on 
a surface with low and intermediate number of attached particles. The highly 
structured A45-D surface was not investigated for surface treatment, since it 
was expected to already provide high adhesive bond strength in as-built 
condition. A grit blasted surface is exemplarily shown for the build orientation 
A90 in Figure 4, along with a surface height profile.

Grit blasting produced a more uniform roughness distribution over the 
surface, but it also removed the attached powder particles. This led to a 36% 
reduction in the mean roughness value Sa. A small number of blasting agent 
residues, in the form of incised silicon carbide particles, were observed on the 

Figure 4. SEM image and height profile of a A90-oriented Ti6Al4V surface after grit blasting.
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surface. In general, grit blasting mainly modified the microscopic roughness 
on the surface, without creating a pronounced nanoroughness. No significant 
differences in surface morphology were observed between A0 and A90 after 
this treatment.

In contrast, laser treatment allowed to generate roughness on two dis
tinct scales: microroughness and nanoroughness. On the microscale, the 
laser pulses textured the entire surface, including the attached particles, on 
a low micrometer range, as illustrated in Figure 5 for the A90 surface. This 
microroughness is superimposed with a laser-induced nanoporous oxide 
layer, which is formed by local remelting of the surface under an atmo
spheric environment. A distinct nanoroughness was also developed on the 
attached particles surface. Based on investigations in[15,32] with similar laser 
settings, it can be assumed that the created nanoroughness mainly corre
sponds to a TiO2 layer. By filling this nanoporous oxide layer with the 
adhesive, a high adhesion can be achieved due to the formation of inter
facial bonds and mechanical interlocking. In particular, van der Waals 
interactions become highly effective, if the distance between the substrate 
surface and the adhesive remains in nanometer scale.[22,40] Wetting of the 
adhesive in the nanoscale pores is generally unproblematic since wetting is 
promoted here by high capillary forces.[9] Cross-sectional analysis after 
IBM revealed that the oxide layer morphology comprises an approximately 
10 nm thin barrier layer, above which an open-pored, branched nanostruc
ture with varying thickness and a pore size of approximately 10–40 nm is 

Figure 5. SEM images and height profile of a A90-oriented Ti6Al4V surface after laser treatment. 
The IBM-prepared cross section views were evaluated at a laser pulse edge (A-A) and laser pulse 
depression (B-B).
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formed. The oxide layer thickness generally ranges between 50–100 nm, 
with higher thickness at the laser pulse edges (Figure 5, A-A) compared to 
the pulse depressions (Figure 5, B-B). It is important to note that the 
topmost layer visible in the cross-section images in Figure 5 is not part 
of the nanoroughness, as it is titanium deposition from the ion milling 
process. To distinguish this material from the oxide layer, a thin gold layer 
was applied to the sample before the IBM process. This gold layer is 
marked with a red line. Similar thicknesses were observed on the surfaces 
of the attached particles. Moreover, no laser-induced defects or changes in 
grain structure in the near-surface area of the bulk titanium substrate were 
found. Laser treatment of the A0 surface resulted in a comparable oxide 
layer.

In comparison, chromic acid anodizing (CAA)-treated Ti6Al4V substrates, 
which provide high bond strength and durability, typically have a nanoporous 
oxide layer with a relatively uniform thickness ranging from 120 to 130 nm on 
the surface.[9] The laser-induced oxide layer in this work exhibits a more 
inhomogeneous thickness and is, particularly in the laser pulse depressions, 
thinner compared to CAA-generated nanoroughness on Ti6Al4V.

To compare the bond performance of laser treated PBF-LB-Ti6Al4V, 
a combination of the grit blasting and laser treatment process was also 
considered (GB+LT). This combination creates a surface morphology consist
ing of the grit blasting textures (Figure 4) superimposed with the laser-induced 
pulse structures and nanoporous oxide layer (Figure 5).

Figure 6. Ultimate tensile shear strengths, shown for the different build orientations in as-built and 
surface-treated conditions. The results for a milled surface are also shown as a reference.
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3.2. Quasi-static loading

3.2.1. Initial adhesive bond performance
The ultimate tensile shear strengths obtained from the quasi-static SLJ-tests of 
the non-aged specimens are presented in Figure 6. As previously explained, 
the surface-treated variants were examined for the build orientations A0 and 
A90. Due to the similar surface morphologies of A0 and A90 after grit blasting, 
the grit-blasted variants of A0 were excluded from testing. Additionally, 
results for a milled Ti6Al4V surface are depicted as a reference. It should be 
noted that the laser treatment of the milled surface was conducted using the 
same settings, resulting in a comparable oxide layer, as shown in Figure 5.

The tensile shear strengths of the as-built surfaces show a significant 
dependence on the build orientation. The lowest bond strength, approximately 
12.8 MPa, was found for the slightly structured A0-surface, which is compar
able to the result of the milled surface without laser treatment. With an 
increasing number of attached particles on the surface higher bond strengths 
are reached. Among the as-built surfaces, the highly structured A45-D surface 
exhibits the highest bond strength of around 29.2 MPa. This enhanced bond 
strength can be attributed to the large particle accumulations and the wavy 
structure induced by the stair-stepping effect. The fracture surface of A45-D 
reveals a mixed-mode failure, with adhesive residues around the particles 
indicating pronounced interlocking, as shown in Figure 7(a). Compared to 
the other as-built surfaces, more cohesive failure is present on A45-D. The 
SEM image was evaluated at the overlap start of the fractured substrate to 
more clearly illustrate the failure type, as less adhesive residues are present in 
this region compared to the overlap end. The load direction F is depicted. Due 
to the significant interlocking on the A45-D surface, a bond strength similar to 
the milled surface with laser-induced nanoroughness is achieved. This high
lights the critical role of mechanical interlocking in tensile shear loading. The 

Figure 7. SEM images of the fracture surfaces of quasi-statically tested SLJ specimens with (a) A45- 
D as-built, (b) A0 laser treated and (c) A90 laser treated surface. The load direction F is depicted.
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results show that the tensile shear strength and the extent of cohesive failure 
correlate with the number of attached particles on the surface. In surface areas 
with few or no attached particles, adhesive failure is dominant. This indicates 
that the adhesion strength of the as-built surfaces is mainly governed by 
mechanical interlocking rather than chemical or dispersive adhesion. The 
measured tensile shear strengths are therefore primarily determined by the 
particle density-dependent mechanical interlocking effect.

Grit blasting (GB) of the A90 surface resulted in a similar bond strength 
compared to the as-built condition, indicating similar effectiveness of the grit 
blasted surface and the inherent roughness of A90 under tensile shear loading. 
A significant increase in ultimate tensile shear strength was achieved by laser 
treatment (LT). For the A0-LT surface, an increase of 162% was observed, 
resulting in a comparable bond strength to the A45-D surface. This under
scores the bonding potential of the inherent roughness of PBF-LB-Ti6Al4V. 
However, despite the substantial increase in bond strength with laser treat
ment of the A0 surface, the cohesive strength of the adhesive was not reached. 
The laser-induced nanoroughness was here insufficient to prevent adhesive 
failure, as illustrated in Figure 7(b). The interlocking effect of the particles is 
particularly evident, as demonstrated by an isolated particle on the surface in 
this SEM image, while no adhesive residues are present in the surrounding 
laser-structured area. In contrast, laser treatment of the A90 surface resulted in 
a significantly higher bond strength of around 44 MPa with cohesive failure in 
the adhesive layer, as shown in Figure 7(c). Furthermore, comparing the 
results of the A90-LT surface with the grit blasted and laser treated (GB+LT) 
A90 surface showed similar bond strength and failure mode. This indicates 
that the as-built A90 surface does not require grit blasting before bonding.

Figure 8. Fracture cross-section prepared by IBM and evaluated by SEM of a quasi-statically tested 
SLJ specimen with an A0 laser treated surface.
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To further investigate the difference in bond strength between laser treated 
A0 and A90, IBM-prepared cross-sections of fractured specimens were ana
lyzed by SEM. Figure 8 presents the cross-section of an A0-LT specimen after 
fracture, evaluated at the overlap end. The cross-section reveals two laser- 
generated nanostructured oxide layers. One belongs to the evaluated substrate, 
while the other corresponds to the oxide layer fractured from the overlap start 
region of the opposite substrate side. The adhesive successfully infiltrated the 
nanoporous roughness, providing enough adhesion strength. However, the 
cohesive strength of the laser-induced oxide layer was insufficient, which 
ultimately limited the bond strength. Fracture was found to occur close to 
the oxide barrier layer. It is assumed that the observed less pronounced 
nanoroughness in the laser pulse depressions caused failure initiation. 
Further optimization of the laser settings is therefore necessary. Fracture 
within the oxide layer also occurred for the milled surface after laser treatment 
(Milled-LT). A common factor between the A0-LT and Milled-LT surfaces is 
the absence of a significant microroughness.

In case of the A90-LT surface, no fracture of the oxide layer was found on 
either substrate side. Figure 9 shows that even in an area with a very thin oxide 
layer of approximately 50 nm, cohesive fracture does not occur. This can be 
attributed to the influence of the attached particles, which contribute to load- 
bearing through interlocking. As a result, the oxide layer experiences less 
stress, preventing fracture within the layer. This finding demonstrates how 
microscopic interlocking features can reduce the loading on laser-induced 
nanoporous roughness, thereby preserving the integrity of the adhesion 
mechanism. Therefore, the combination of the inherent microscopic inter
locking features of PBF-LB-Ti6Al4V surfaces with a distinct nanostructured 
oxide layer appears to be a promising approach for achieving high adhesive 
bond performance with AM parts.

To further investigate the adhesive bond performance, the elastic limit was 
evaluated from the stress-strain curves obtained from SLJ-testing. The term 

Figure 9. Fracture cross-section prepared by IBM and evaluated by SEM of a quasi-statically tested 
SLJ specimen with an A90 laser treated surface.
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“elastic limit” is used here instead of “yield strength”, because the initiation of 
inelastic deformations is caused for most of the investigated surfaces due to 
insufficient interfacial bond strength, which is not a material property. The 
elastic limit was evaluated since significant inelastic deformation was observed 
in the adhesive and because of its importance in the structural design process. 
Moreover, it is utilized here as an indicator for premature failure in the joint. 
For determining the elastic limit, stress-strain curves were calculated using 
mean stress and shear strain values. The mean shear strain values were 
determined by averaging the strain distribution, measured via DIC, along 
the bondline. It is important to note that DIC captured the macroscopic 
deformation behavior of the adhesive bond, meaning that microscopic effects, 
such as local plastic deformations around surface asperities, are not considered 
in detail. The resulting elastic limits are given for the different surface 
morphologies in Figure 10.

The elastic limits are between 31–66% lower than the ultimate strengths, 
showing that a significant load increase takes place during inelastic deforma
tion in the adhesive bond. This is caused by the pronounced elastoplastic 
material behavior of the adhesive and by the load redistribution in the SLJs 
during damage progression, as observed with DIC. Upon reaching high strain 
at the overlap ends, progressively more load is transferred through the initially 
very low loaded inner region.

Figure 10. Elastic limits of quasi-statically tested SLJ specimens, shown for the different build 
orientations in as-built and surface-treated conditions. The results for a milled surface are also 
shown as a reference.
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The relations between the elastic limits achieved with the different 
surface types are qualitatively similar to the ultimate strength results. 
For the A90-LT surface, macroscopic inelastic deformation starts due to 
yielding in the adhesive at the overlap ends at 16.6 MPa. This elastic limit 
is considerably higher than for the other laser treated surfaces. One 
possible reason for the lower elastic limit achieved with the Milled-LT 
and A0-LT surface is the early local fracture of the oxide layer at the 
overlap ends, due to insufficient adhesion strength. In case of the A90-GB 
+LT surface, fracture within the oxide layer did not occur. Here, the 
lower elastic limit could be due to the absence of particle-induced inter
locking within the adhesive. Moreover, a low (A0) to intermediate (A90/ 
A45-U) number of attached powder particles on the surface, without 
a distinct nanoroughness, was found to result in low elastic limits. In 
such surface morphologies, failure is likely to initiate in areas with no 
attached particles, leading to macroscopic inelastic deformation at rela
tively low loads. If large particle accumulations are present, as seen for 
A45-D, the elastic limit is comparable to the Milled-LT surface. This 
indicates again a similar effectiveness of distinct nanoroughness and 
pronounced particle-induced interlocking in enhancing tensile shear load
ing performance.

Figure 11. Hot-wet aging influence on ultimate tensile shear strength shown for the A90 build 
orientation.
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3.2.2. Hot-wet-aged
The environmental durability of the adhesive joints was investigated exem
plarily for the A90 surfaces, due to the limited number of specimens available. 
Before testing, the hot-wet-aged specimens were re-dried to eliminate the 
effect of increased ductility in the adhesive due to water diffusion.[40] The 
ultimate tensile shear strengths before and after aging are compared in 
Figure 11.

In all cases, the tensile shear bond strength was reduced due to hot-wet 
aging. For the grit blasted surface, the decrease in bond strength was slightly 
higher than for the as-built surface. A more pronounced reduction of 28–30% 
was observed for the laser treated surfaces. Moreover, evaluating the elastic 
limits of the aged specimens also revealed a significant reduction of 40–71%. 
SEM-analysis of the fracture surfaces of the laser treated specimens showed 
that the failure mode switched from cohesive failure to mixed-mode failure 
after hot-wet aging. This is illustrated in Figure 12 for the A90-LT surface 
evaluated at the overlap start region. The same failure mode was observed on 
the entire overlap region.

Cohesive failure in the adhesive is predominantly present around the edges 
of the laser pulse imprints, due to the microscopic surface topography and the 
more distinct nanostructured oxide layer in these areas. However, in the inner 
regions of the laser pulse imprints, areas with a very thin layer of adhesive 
residues were found that are adjacent to adhesive-free regions, as illustrated in 
the image taken with the In-Lens detector (Figure 12(b)). This indicates that 
the adhesion strength was insufficient in the laser pulse depressions, which 
corresponds to areas with a less distinct laser-induced oxide layer (Figure 5).

Cross-sectional analysis of a hot-wet-aged A90-LT specimen revealed that 
fracture of the laser-induced oxide layer occurred (see Figure 13). In the upper 
area of the cross-section, the fractured oxide layer from the opposite substrate 

Figure 12. SEM images of the fracture surface of a hot-wet-aged and quasi-statically tested SLJ 
specimen with an A90 laser treated surface analyzed with (a) SE2 and (b) In-lens detector. The load 
direction F is depicted.
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is visible, while partial fractures of the titanium oxide were also found on the 
evaluated substrate side. Since no fracture of the laser-induced nanoroughness 
was observed in the non-aged condition of the A90-LT specimen, it is evident 
that the applied hydrothermal aging process deteriorated the structural integ
rity of the oxide layer. It is known that in presence of moisture, the cohesive 
strength of a nanostructured oxide layer can be reduced.[9,41] While this 
phenomenon is well known for aluminum-epoxy bonds, titanium adherends 
typically exhibit stable behavior under moderate temperature and humidity 
conditions.[9] However, prolonged hydration can lead to hydrolytic degrada
tion and swelling of the nanostructured oxide layer, resulting in internal 
stresses that contribute to micro-cracking.[42] Löbbecke et al.[30] showed that 
a surface morphology with a pronounced open-pored, branched nanostruc
ture is essential for achieving long-term stable adhesive bonds. The laser- 
induced nanoroughness created in this work fulfills this requirement, but 
the inhomogeneous thickness formation on the surface is assumed to cause 
premature failure of the titanium oxide layer. Further optimization of the laser 
treatment process is necessary to create a more uniformly distributed or 
stronger oxide layer. Alternatively, a sol-gel and primer application could 
help to improve the bond durability, as demonstrated in[6] for PBF-LB- 
Ti6Al4V adhesive joints subjected to salt-spray aging. Palmieri et al.[43] 

achieved long-term environmental durability of conventionally manufactured 
Ti6Al4V bonded joints only after combining laser treatment with sol-gel and 
primer application. The sol-gel treatment could also be beneficial for high- 

Figure 13. Fracture cross-section prepared by IBM and evaluated by SEM of a quasi-statically 
tested SLJ specimen with an A90 laser treated surface, after hot-wet aging.
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temperature applications, where oxide diffusion into the titanium base mate
rial can cause voids or microcracks at the metal – oxide interface.[9] The use of 
corrosion-inhibiting primers is often recommended, even for highly stable 
oxide layers created by PAA treatments, to further enhance durability.[41,42] If 
the optimization of the laser process doesn’t result in satisfactory durability, 
a combination with sol-gel and primer application could be a viable alternative 
to achieve long-term environmental stability.

The upper area of the cross-section in Figure 13 also reveals multiple 
fractured powder particles, which was rarely observed in the non-aged condi
tion for this surface type. It can be assumed that after failure initiation in the 
weakened oxide layer, the load was redistributed to the attached particles, 
leading to an increased number of detached particles. To further assess the 
fracture behavior of the partially melted powder particles, large areas of the 
fracture surfaces were examined by CLSM. Figure 14 shows the CLSM images 

Figure 14. Fracture behavior of the attached powder particles under quasi-static loading, shown 
by CLSM images for the fracture surfaces of A90 with different surface conditions: (a) as-built, (b) 
laser treated and (c) laser treated+hot-wet-aged.
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of A90 surfaces in as-built and laser treated condition. The detached particles 
are marked.

In the unaged condition, a moderate number of powder particles fractured 
from the A90 as-built surface under the applied tensile shear loading 
(Figure 14(a)). However, the majority of the particles remained attached, 
indicating that they were well connected to the titanium bulk. In contrast, 
almost no particles fractured on the laser treated A90 surface (Figure 14(b)) 
due to the nanoroughness contribution to load transfer. This demonstrates 
how a nanostructured oxide layer can enhance particle-induced interlocking 
of the adhesive. After hot-wet aging, the number of fractured particles on the 
A90-LT surface (Figure 14(c)) increased up to a level comparable to the A90 
as-built surface (Figure 14(a)) due to the fracture of the oxide layer. It was 
observed that negative laser pulse imprints on the adhesive fracture surface 
generally indicate a nanoroughness fracture. It can be concluded, that 
a cohesively strong nanoroughness is essential to fully leverage the interlock
ing potential of the attached particles.

3.3. Fatigue loading

To assess the adhesive bond performance under fatigue loading, the investi
gated surface types were categorized into three groups with similar quasi-static 
tensile shear strengths, allowing a meaningful comparison. All fatigue tests 
were conducted with unaged specimens. Moreover, the Milled and A0 as-built 
surface types were excluded from these tests due to their relatively low adhe
sion strength. In each group, the maximum stress σmax applied during cyclic 
loading was set to 40–45% of the mean quasi-static adhesive bond strength, 
resulting in the stress levels 11.2 MPa, 14.4 MPa and 18.4 MPa. The measured 
fatigue lifetimes are depicted in Figure 15.

Among the surfaces tested at a stress level of 11.2 MPa, the longest lifetime 
was reached with the A45-D surface. Compared to the next best surface, A90 
grit blasted, a 750% longer lifetime was observed. The combination of a large 

Figure 15. Fatigue lifetimes of SLJs with different surface morphologies, compared at (a) σmax= 
11.2 MPa, (b) σmax= 14.4 MPa and (c) σmax= 18.4 MPa.
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number of attached particles and the stair-stepping-induced waviness present 
on the A45-D surface topography appears to be much more effective than the 
microroughness created by grit blasting for the given fatigue load. This super
ior performance is likely due to the significant particle-induced interlocking 
and the large surface area of A45-D. However, surface morphologies with an 
intermediate number of partially melted particles, such as A45-U and A90, 
resulted in a shorter lifetime than the grit blasted surface. These results are also 
reflected in the fracture surfaces, where the lowest amount of adhesive failure 
was found for the A45-D surface within the given comparison group. Similar 
to the results from the quasi-static tests, adhesive failure predominantly 
occurred in areas with few or no attached particles, indicating that these 
regions offer low fatigue resistance. Thus, the positive effect of the attached 
particles is significantly enhanced when a high particle concentration is pre
sent on the surface.

Comparing the milled and A0 surfaces after laser treatment at a fatigue 
stress level of 14.4 MPa showed that, on average, the lifetime achieved with 
Milled-LT is higher. However, considering the high standard deviation 
observed for Milled-LT, no significant statistical difference is present between 
both surfaces. The failure mode for both surfaces was fracture of the laser- 
generated oxide layer, which is consistent with the findings from the quasi- 
static tests. Very low standard deviations were observed for the A90 surfaces 
after laser treatment, shown in Figure 15(c). A 130% longer lifetime was 
achieved with A90-LT compared to A90-GB+LT, underscoring the effective
ness of the combination of attached particles and laser-induced nanorough
ness. Evaluating the fracture surfaces showed that these two surface types 
exhibited a mixed-mode failure. For the A90-LT surface, the primary failure 
type was fracture of the laser-induced oxide layer, as illustrated in Figure 16(a). 
Since no fracture of the oxide layer was observed during quasi-static testing for 

Figure 16. Fracture surfaces of fatigue-loaded SLJ specimens with (a) A90 laser treated and (b) A90 
grit blasted+laser treated surface. The load direction F is depicted.
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this surface type (Figure 9), it can be assumed that the oxide layer was more 
severely loaded under the applied fatigue loading condition. On the A90-GB 
+LT fracture surface, significantly more cohesive failure within the adhesive 
was found, with only a small portion of the surface showing adhesive failure 
(Figure 16(b), detail view). This revealed that, for the A90-GB+LT surface, the 
crack mainly propagated through the adhesive, while on the A90-LT surface, it 
propagated mostly through the oxide layer, which however resulted in a longer 
lifetime. Both surface types were treated using the same laser process para
meters. No structural changes in the sub-surface area or detrimental effects of 
laser-induced residual stresses were detected in either case. Moreover, the low 
number of incised silicon carbide residues on the A90-GB+LT surface did not 
appear to negatively impact fatigue performance by causing crack initiation. 
Thus, it can be assumed that the superior fatigue performance achieved with 
the A90-LT is due to the influence of the attached particles. In addition to 
interlocking, the particles may also slow down the crack propagation, since it 
was found that the crack propagates close enough to the surface and is there
fore under the direct influence of the particles.

3.3.1. S-N curves
For a more detailed comparison, further fatigue load levels were tested for 
selected surfaces. The A45-D as-built surface, characterized by its high particle 
density and the A90-LT surface, with its intermediate number of attached 
particles and nanoroughness, were chosen due to their remarkable adhesive 
bond performance. In addition, the particle-free, nanostructured Milled-LT 
surface was further considered to help differentiate the effects of particle- 
induced interlocking and nanoroughness on the fatigue behavior. The 

Figure 17. S-N curves of SLJ specimens with A45-D as-built, Milled-LT and A90-LT surface.
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comparison is shown in Figure 17, by means of S-N curves in a semi- 
logarithmic presentation.

In the lifetime range up to 105 cycles, the best fatigue performance was 
reached with the A90-LT surface, while for the other two surfaces similar 
lifetimes were found. This shows that in the range of low cycle fatigue 
(LCF) the combination of attached particles and laser-induced nanorough
ness provides the highest fatigue resistance. Moreover, it can be stated that 
both the extensive particle-induced interlocking effect of the A45-D surface 
and the laser-induced nanostructured oxide layer of the Milled-LT surface 
show similar effectiveness in LCF. However, above 105 cycles (high cycle 
fatigue (HCF)), bonding with the A45-D surface resulted in shorter life
times compared to the Milled-LT surface. Fracture surface analysis revealed 
that for both surface types, the same failure mode is present as in LCF, 
namely mixed mode failure for A45-D and oxide layer fracture for Milled- 
LT. The interlocking effect of the attached particles appears to be inferior in 
HCF compared to the enhanced adhesion provided by the nanoroughness 
of the Milled-LT surface. An explanation could be that due to the absence 
of significant plastic deformation in HCF the crack growth is less influ
enced by microscopic surface features like the attached particles. It should 
be noted that for the Milled-LT specimens a significantly higher scattering 
of the lifetime is present at each load level, indicating a relatively low 
reliability of this surface condition. Furthermore, the A90-LT surface 
shows in HCF also a higher fatigue resistance than Milled-LT. It appears 
that the difference between these two surfaces becomes lower with decreas
ing load level. This supports the observation that the fatigue behavior in 
HCF is mainly improved by the nanoroughness rather than by the attached 
particles. Failure of A90-LT in HCF occurred similarly to LCF due to 
fracture of the oxide layer. Moreover, the evaluation in HCF was limited 
since in a certain load range, depending on the surface type, fracture in the 
bulk titanium substrate occurred before the adhesive bond failed. This was 
caused by the bending moment present in SLJ-testing.[44] Locus of the 
failure was at the edge of the stepped specimen geometry, perpendicularly 
to the load axis. A similar failure mode was observed in[35] at certain 
fatigue load levels for aluminum-aluminum single-lap joints with flat 
plate specimens. In the present work, a single step-lap joint geometry was 
used to reduce the bending moment load at the overlap ends. This 
approach was effective for the milled specimens, as no fracture occurred 
in the metallic substrate. Therefore, it is assumed that the surface roughness 
at the edge was the primary cause of the substrate failure.

3.3.2. Crack growth
The surface morphology influences on crack growth during fatigue loading 
were investigated by DIC measurements. The main objective was to further 
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evaluate the influence of attached particles, nanoroughness and their combi
nation on the fatigue behavior. First, a correlation between the crack tip 
position and the strain measured by DIC was established. A fatigue test was 
stopped after a certain number of cycles prior to bond failure. The cross- 
section of the adhesive joint was subsequently polished and analyzed by CLSM 
to determine the crack tip position. As shown in Figure 18, the crack tip was 
located in the vicinity of a particle. The crack length was then correlated with 
the peel strain (εy,Lgr.) calculated by the DIC system. The peel strain was used 
since it is suitable for characterizing crack opening. It was found that a peel 
strain of 3.8% correlates with the crack tip position. Considering that previous 
tensile tests of bulk adhesive specimens (EA 9396) resulted in a fracture strain 
of 3.9%, the determined value appears to be reasonable.

Figure 18. Correlation between crack tip position determined by CLSM and peel strain εy 

measured by DIC.

Figure 19. Crack growth of fatigue-loaded SLJs with different surface morphologies, tested at 
σmax= 14.4 MPa.
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In the SLJ specimen, cracks initiate at the overlap ends, resulting in two 
macroscopic crack paths. In the following, the crack growth results are shown 
for one crack path, since similar observations were made for both crack fronts. 
A comparison of the crack growth was conducted for the three detailly inves
tigated surfaces A45-D, Milled-LT and A90-LT. This comparison is shown 
exemplarily for the maximum stress level of 14.4 MPa, illustrated in Figure 19. 
Crack initiation occurred already after a few thousand cycles for all three 
surfaces. No significant differences in crack initiation lifetime were observed 
between the surfaces, indicating that the varying roughness scales present on 
these surface morphologies do not cause substantial differences in crack initia
tion in the LCF regime. Despite the small differences, the results show that the 
crack initiation lifetimes correlate with the quasi-static bond strengths of the 
surfaces. It is important to note that none of the considered surfaces has 
pronounced sharp structures on the microscale that could promote crack 
initiation.

The overall lifetime was mainly determined by the crack propagation behavior. 
In the initial phase, the crack propagates significantly faster in case of A45-D, 
while a similar crack growth rate is observed for Milled-LT and A90-LT. 
Following this initial phase, the crack propagation rate gradually decreases for 
all three surfaces until a phase of minimal crack growth occurs. Upon reaching 
a surface-dependent critical total crack length, unstable crack growth initiates, 
leading to rapid fracture. Initiation of unstable crack growth occurs much earlier 
for A45D and Milled-LT than for A90-LT, correlating with the quasi-static bond 
strength reached with the respective surface morphology. Fracture analysis 
revealed that, in rare cases, microcracks may form around the attached particles 
on the surface, which propagate only a short distance before halting. Particle- 
induced negative effects on the crack growth were therefore not found in the LCF 
regime.

The positive influence of the attached particles on fatigue behavior can be 
mainly attributed to their mechanical interlocking effect, which not only increases 
overall bond strength but can also cause crack paths to be more tortuous, as 
cracks are forced to propagate around the particles. In addition, considering the 
pronounced plastic material behavior of the EA9396 adhesive and the applied 
high fatigue load, it can be assumed that the particles cause local plastic deforma
tions in the adhesive, leading to energy dissipation and thereby reducing the 
amount of energy available to drive crack propagation. On the other hand, the 
contribution of the laser-induced nanoroughness to the adhesion strength is 
primarily based on the significant increase of surface area, allowing interfacial 
bonds to form and mechanical interlocking of the adhesive in the nanostructures. 
To combine the advantages of both attached powder particles and laser-induced 
nanoroughness, a hierarchical surface morphology was created, as seen in the 
A90-LT surface. With this surface the gradually slowed crack propagation was 
maintained significantly longer due to the given higher adhesion strength. The 
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described crack growth behavior was also observed similarly at a higher fatigue 
load. However, for load levels in the HCF regime, differences in crack initiation 
and propagation were found between the A45-D and Milled-LT surfaces. The 
crack initiation and growth were significantly slower in case of Milled-LT. 
A possible explanation is that the large surface area created by the nanoroughness 
is particularly effective in reducing stress concentrations, which is crucial under 
the predominantly elastic loading in HCF. In contrast, the absence of significant 
plastic deformations in HCF reduces the effectiveness of the attached particles.

4. Conclusions

The surface morphology influences of PBF-LB manufactured Ti6Al4V parts 
on adhesive bond performance were investigated for different build orienta
tions and surface conditions. The bond strength and fatigue resistance were 
studied for tensile shear loading, while a hot-wet aging process was applied to 
assess the bond durability. The main results of this study can be summarized 
as follows:

● The build-orientation-dependent number of partially melted particles on 
the as-built surfaces correlates with the tensile shear strength and fatigue 
life of the adhesive bond.

● Grit blasting the PBF-LB-Ti6Al4V surfaces resulted in a similar bond 
performance to that of an as-built surface with an intermediate number of 
attached particles (A90).

● A significant improvement in bond strength and fatigue resistance was 
achieved by laser treatment, which created a hierarchical surface mor
phology consisting of the inherent attached powder particles of the PBF- 
LB process and a laser-induced nanoporous oxide layer. The influences of 
these surface features on the adhesive bond can be described as follows:

● The partially melted particles cause mechanical interlocking at the micro
scale and provide an increased surface on which the nanoroughness can 
be formed. Moreover, under fatigue loading, the particles can cause 
energy dissipation due to local plastic deformations in the adhesive, 
which slows down crack propagation in LCF.

● The laser-induced nanoroughness contributes to a significantly increased 
overall surface area, enhances nanoscale interlocking and improves fati
gue behavior in both LCF and HCF.

● Interactions between the attached particles and the laser-induced oxide 
layer were determined. An increasing number of particles can prevent 
fracture of the oxide layer, thereby enabling cohesive failure in the 
adhesive layer. This was observed for the laser treated A90 surface (A90- 
LT) under quasi-static loading, whereas oxide fracture occurred for A0- 
LT due to the lower number of particles on the surface. Furthermore, it 
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was demonstrated that a cohesively strong nanoroughness allows more 
particles to remain attached to the surface, thus enhancing microscale 
interlocking.

● In LCF, a comparison of the fatigue lifetimes between a surface with 
a high number of attached particles (A45-D) and a particle-free, nanos
tructured surface (Milled-LT) revealed that the partially melted particles 
and the laser-induced nanoroughness are similarly effective in the adhe
sive bond.

● In HCF, lower fatigue lifetimes were found for A45-D compared to 
Milled-LT since the particle-induced interlocking effect diminishes at 
low loads due to the absence of significant plastic deformations. This 
lower effectiveness of the attached particles in HCF is also reflected in 
a faster crack initiation and propagation for A45-D.

● Hot-wet aging resulted in considerably reduced bond strengths, showing 
that the investigated surface morphologies lack sufficient environmental 
durability. For the laser treated surfaces, failure occurred due to fracture 
of the nanostructured oxide layer, which was mainly observed in the laser 
pulse depressions.

● SEM-analysis of IBM-prepared cross-sections of laser treated specimens 
revealed that the created nanoroughness was less distinct in the laser pulse 
depressions compared to the laser pulse edge regions. Therefore, it is 
assumed that the inhomogeneous thickness formation of the oxide layer 
caused its cohesive failure, observed after hot-wet aging and also under 
fatigue loading.

● Further optimization of the laser treatment process is necessary to create 
a more uniformly distributed or stronger oxide layer. Combinations with 
sol-gel and primer application could also be viable options to achieve 
environmental durability.
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