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Parts manufactured with Laser Powder Bed Fusion (LPBF) are drawing interest in the adhesive joints research
because of their high surface roughness, which is usually associated with good adhesion. This work aims to assess
the adhesion strength of the inherent surface morphology of LPBF manufactured titanium.

Double Cantilever Beam (DCB) tests were carried out to determine the mode I fracture toughness of joints

comprising as-printed titanium (Ti6Al4V) adherends, namely titanium-titanium secondary bonded and titanium-
Carbon Fibre Reinforced Polymer (CFRP) co-bonded joints. The effect of high-temperature oxidation on the
fracture toughness was also evaluated by testing a batch of joints in which the titanium underwent a post-
printing thermal treatment. The as-printed specimens were compared to the same type of joints but with
sandblasted titanium adherends to evaluate the effect of this surface pre-treatment on the value of fracture

Co-bonding

toughness.

The results indicate that non-oxidised titanium joints with untreated adherends had an average of 11% higher
fracture toughness than their sandblasted counterparts. On the other hand, sandblasting proved beneficial for
oxidised joints, increasing the fracture toughness by 64% on average over the untreated samples.

1. Introduction

Technologically intensive industrial sectors, such as aerospace and
automotive, are striving to reduce the weight of their products, as they
are pushed by stringent regulations on environmental impact and the
need for low operational costs to address the necessities of final
consumers.

Weight reduction calls for the use of composite materials, such as
Fibre Reinforced Polymers (FRPs), which have higher strength and
stiffness-to-weight ratios compared to metals.

In large structures such as aircraft, FRP laminates are often joined
with other materials (e.g. aluminium or titanium) to improve their
crashworthy capabilities [1,2] and thermal resistance [3]. For instance,
the Airbus A350, a relatively newly designed aircraft, is made of 53 %
FRPs, followed by aluminium (19 %) and titanium (14 %) alloys [4].

In this context, adhesive bonding is a well-suited technique to join

* Corresponding author.
E-mail address: michele.gulino@unipr.it (M. Gulino).

https://doi.org/10.1016/j.tafmec.2024.104778

FRPs and metals. Compared to mechanical fastening, it provides a wider
load-bearing area and eliminates the need to drill the composite
adherends, reducing stress concentrations and potential delaminations
[5]. Furthermore, it saves weight, especially in long bond lines requiring
several rivets or bolts [6,7].

Despite its many advantages over other joining techniques, adhesive
bonding still needs to overcome significant technical challenges. Proper
adhesion usually requires surface treatments to promote good wetta-
bility of the substrates, remove contaminants (e.g. release agents) and
promote interlocking [8-10]. However, such treatments are time-
consuming and hardly performed with good repeatability, potentially
leaving spots with weak adhesion. Since such defects are not detectable
by Non-Destructive Inspection (NDI) techniques and can lead to sudden
failure, adhesive joints are yet to be certified in aircraft’s primary
structures, where they are often superseded by hybrid adhesive-riveted
joints [11,12].
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Another challenge is posed by the low inter-laminar fracture
toughness of thermoset composite laminates, which in the case of
secondary-bonded or co-bonded joints is most of the time lower than the
adhesive, triggering crack deflection in the FRP plies [13-15].

To address this issue, in the context of metal-composite joining,
many researchers have been focusing on the manufacturing of pin-
shaped protrusions in the metal adherend penetrating the through-the-
thickness direction of the laminate to arrest delamination, [16-24], in
a similar fashion to Z-pins in composites [25].

It is worth mentioning that Additive Manufacturing (AM), and
notably Laser Powder Bed Fusion (LPBF), represents a strategic tech-
nology to produce structured interfaces, having potentially no limits in
the choice of geometry and increasingly reliable with the introduction of
in-situ monitoring methods to avoid manufacturing defects and to
reduce inter-build variations [26-28].

Particularly, AM, in the form of Direct Metal Laser Sintering, was
used by Parkes et al. [23] to build an array of pins on a titanium sub-
strate, which was then co-cured with a CFRP laminate to form a Single
Lap Joint (SLJ) coupon. The results proved that the ultimate tensile
strength, elongation at break and absorbed energy were significantly
higher than those of the baseline specimens without pins.

LPBF was employed by Raimondi et al. [24], where pyramidal lattice
structures were printed onto a steel substrate to then be infiltrated by an
Advanced Sheet Moulding Compound (ASMC) composite via compres-
sion moulding to manufacture pull-out test samples. The presence of the
lattices significantly improved pull-out load and absorbed energy, with
the only drawback being that these types of printed structures can only
be infiltrated by short-fibre composites.

Moreover, LPBF printed parts have a peculiar surface morphology
with high roughness [29-32], which is often associated with good
adhesion strength [6]. Therefore, using LPBF as-built substrates in
metal-metal or metal-composite adhesive joints could be a promising
alternative for the time- and cost-demanding surface treatments, if not
even to manufacture complex pin-like structures.

The adhesion strength of the as-printed LPBF surface in metal-metal
bonded joints has been studied in three different works by Ertiirk [33],
Koch [34], and Ardila-Rodriguez [35], where joints with untreated LPBF
printed adherends have been compared to similar joints but with treated
adherends. The results showed that the as-printed LPBF surface offered a
comparable [35] or even higher [33] adhesion strength than the one of
the surface-treated joints.

Nevertheless, the literature on assessing the adhesion of as-built
LPBF substrates bonded with composite laminates is limited. To the
authors’ knowledge, only two works on the topic can be found [36,37].

In the investigation of Nguyen [36], LPBF titanium was either co-
cured with CFRP or bonded with another LPBF titanium adherend,
without undergoing surface treatment, to form DCB joints. The results
showed that the inherent LPBF surface morphology promoted mechan-
ical interlocking between the resin and the partially melted particles on
the LPBF titanium substrate, leading to mostly cohesive failure and crack
deflection in the composite.

In the work of Fielden-Stewart et al. [37], it was shown that the
mixed-mode fracture toughness of LPBF aluminium-CFRP secondary
bonded joints printed with several build angles was higher for untreated
joints compared to mechanically abraded joints, regardless of the build
angle.

Moreover, titanium LPBF parts commonly undergo a post-printing
thermal treatment to relieve residual stresses. To the authors’ knowl-
edge, the adhesion strength of thermally oxidised and non-thermally
oxidised LPBF components has only been compared with Ti6Al4V-
dental porcelain joints [38]. The results indicated that forming an
increasingly thick oxide scale with the temperature prevented good
adhesion due to the oxide detaching from the base metal.

It should be noted that there is a gap in the literature regarding the
comparison of the mode I fracture toughness of treated (meaning both
thermally treated after the printing process and surface treated before
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bonding) and as-printed metal-metal and metal-composite bonded
joints involving LPBF adherends. In particular, a comparison between
metal-composite co-bonded joints with treated and untreated LPBF
printed adherends is currently lacking in the literature.

To cover this gap, in this work, DCB joints are tested with as-printed
LPBF Ti6Al4V adherends and compared with sandblasted LPBF Ti6Al4V,
in a similar way to a previous work by the authors of this paper involving
joints with LPBF —printed AlSi10Mg [39]. In addition, the influence of
high-temperature oxidation is evaluated via the testing of DCB joints
where the titanium adherend undergoes a post-printing thermal treat-
ment to relieve residual stresses. While thermal treatment is a common
procedure for LPBF parts, investigating its influence on the fracture
toughness of bonded joints is also lacking in the literature.

Therefore, the aim and the novelty of this work are twofold: 1) to
assess the adhesion of LPBF parts without surface treatment, and 2) to
understand the influence of thermal oxidation on the adhesion strength
of LPBF parts.

2. Materials, methods and dissimilar DCB design
2.1. Titanium adherends

The LPBF Ti6Al4V adherends (130x25x6 mm?) were supplied by 3T-
Additive Manufacturing Ltd (Newbury, United Kingdom), and were
printed in an M290 LPBF machine (EOS Gmbh, Krailling, Germany). The
Ti6Al4V powder had an average particle diameter of 37.3 um, and the
adherends were printed with a 90° build angle (Fig. 1), 60 um layer
thickness, 1250 mm/s laser scan speed, 190 W laser power and 80 um
spot size. A total of 36 adherends were manufactured, 24 for metal-
—-metal joints and 12 for metal-composite joints. The adherends were
printed with an integrated loading block and drilled to allow the load
application on the testing machine.

25 6 12

130

12

-

Build platform

Fig. 1. Titanium adherends, front view on the left and side view on the right.
Grey horizontal lines represent the layers. All dimensions are in millimetres.
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Table 1

(d) stands for datasheet and (e) for experimentally evaluated. Ey; is the young’s
modulus of titanium, CPT is the Cured Ply Thickness, Eﬁfrp is the longitudinal
modulus of the composite ply (warp direction), Ectrp and Gerp are the flexural and

out-of-plane shear moduli of the laminate ([0-90];3) stacking sequence.

Ey (e) Gy [41] Etgrp (d) Ectrp (€) Gerp (€) CPT (d)
MPa MPa MPa MPa MPa mm
118,030 44,041 62,680 60,079 2556 0.624
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Initial grack tip position

Half of the titanium adherends underwent a post-printing thermal
treatment at 800 °C for 4 h in a vacuum furnace (1.3x102 mBar
maximum air pressure) to relieve the residual stresses due to the rapid
heating and cooling cycles of the LPBF process. In this work, the ther-
mally oxidised adherends will be referred to as “oxidised”.

To retrieve Young’s modulus of the Ti6Al4V adherends, 4 dogbone
tensile test coupons according to the ASTM E8 standard [40], with a 6x2
mm? cross-sectional area and 25 mm gauge length were printed using
the same parameters of the substrates. The tests were carried out on an
MTS servo-hydraulic machine with a 25 kN load cell, 10 mm/min
displacement rate and an external extensometer to monitor the strains
on the coupons, as detailed in a previous work by the authors of this
paper [39]. The resulting Young’s modulus is 118030 MPa.

2.2. CFRP adherends

For the manufacturing of the co-bonded Ti6Al4V-CFRP joints, woven
GG630T (T700 carbon fibres) — DT120 prepregs were provided by
Bercella Srl (Varano de’ Melegari, Italy), with an estimated cured ply
thickness (CPT) of 0.624 mm and a longitudinal modulus in the direction
of the warp, Eiﬁp of 62680 MPa (from the company’s datasheet). The
stacking sequence of the CFRP adherend was [0-90];3, with the number
of plies (13) set to achieve pure mode I in the composite-to-metal
bonded joints, as described in the next section of the paper.

To assess the bending (Ez;,) and out-of-plane shear (G.5,) moduli of
the CFRP laminate, needed for the data reduction method, 3-point
bending (3pb) tests were carried out following the same procedure as
in the previous investigation by the authors of this paper [39]. The
displacement in the mid-section of the 3pb samples was retrieved with
the 3D Digital Image Correlation (DIC) technique and compared to the
displacement evaluated with the analytical model of a Timoshenko
beam:

3
5_F/2 (I/2> Fals

1
3E ] GypA M

Where F is the test load,L is the span length, I and A are the moment of
inertia and the area of the rectangular cross-section of the 3pb speci-
mens, respectively.

The experimental displacement was calculated for 5 different span
lengths and then fitted with the analytical formula, choosing the best-fit
values for the bending and out-of-plane shear modulus [39], which are
shown in Table 1, together with the CPT, the CFRP longitudinal
modulus, and the Young’s and shear moduli of the titanium adherends.
The latter was calculated using a Poisson’s coefficient of 0.34 [41].

Table 2
Naming of the samples.

15 mm (b)

i)

ey R
Initial crack tip position

===

Fig. 2. (a) Co-bonded joints with loading block glued to the CFRP adherend.
(b) Titanium-titanium joints. All the joints have an initial crack length of 15 mm
from the load application point.

2.3. Design of DCB dissimilar joints

To achieve pure mode I loading at the crack tip of the dissimilar
titanium-CFRP DCB, the longitudinal strain-based criterion was used
[42]. In this criterion, the arms of the DCB specimens are designed such
that:

Eh% =Bl K2 @

hesp and hy are the thicknesses of the CFRP and titanium adherends,
respectively. E,; is the Young’s modulus of the titanium adherend, and
E{ﬁp is the longitudinal bending stiffness of the composite substrate. The

latter can be calculated according to the Classic Laminate Theory (CLT)
as:

E,, =12/D*11hcfrp3 3

With D11*being the element in the first row and first column of the
inverse bending stiffness matrix of the laminate. Considering a stacking
sequence of [0-90], where n is the number of plies yet to be deter-
mined, Dj, is equal to 3.59E-7 Nmm ! regardless of the number of plies,
thus E{ﬁp is equal to 62680 MPa (Eq. (3)). According to Eq. (2), knowing
the thickness of the titanium adherends of 6 mm and its Young’s
modulus of 118030 MPa, the resulting target thickness to achieve pure
mode I is 8.23 mm. Considering the estimated CPT of 0.624 mm
(Table 1), the final target thickness of the laminate was rounded down to
8.11 mm using 13 plies.

2.4. Test matrix and DCB joints manufacturing

A total of 24 joints were manufactured, namely 12 titanium-titanium
secondary bonded joints and 12 titanium-CFRP co-bonded joints. For
each of these categories of joints, half of the titanium adherends were
oxidised, while the remaining half did not go through any post-printing
thermal treatment. Finally, regarding the surface pre-treatment, half of
the titanium adherends were sandblasted for each subtype of joints prior

Oxidised Ti6Al4V substrates

Non-Oxidised Ti6Al4V substrates

As-printed Sandblasted As-printed Sandblasted
Ti6Al4V-Ti6Al4V secondary-bonded TT-O AP TT-0 S TT-NO AP TT-NO S
Ti6Al4V-CFRP co-bonded TC-O AP TC-0S TC-NO AP TC-NO S
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Table 3
Dimensions of the DCB samples. The thickness of the adhesive h,gp 1¢ for the TC joints is assumed to be equal to that of the carrier mat.
b heor T hy hagn rr
mm mm mm mm
TT-O AP 24.91 + 0.02 12.24 + 0.03 6.07 £+ 0.02 0.11 £+ 0.01
TT-O S 24.88 + 0.02 12.22 + 0.02 6.02 + 0.01 0.18 £ 0.01
TT-NO AP 24.82 + 0.05 12.29 + 0.01 6.11 + 0.01 0.07 £+ 0.02
TT-NO S 24.82 +£0.03 12.26 + 0.01 6.06 + 0.03 0.13 £+ 0.00
b hiotTc hy hegp hadn 1c
mm mm mm mm mm
TC-O AP 24.82 + 0.07 14.44 + 0.07 6.04 + 0.06 8.29 £ 0.02 0.10
TC-O S 24.88 + 0.04 14.46 + 0.01 6.09 + 0.05 8.27 £+ 0.05 0.10
TC-NO AP 24.78 + 0.02 13.90 £+ 0.01 6.00 + 0.08 7.80 £ 0.07 0.10
TC-NO S 24.80 + 0.01 13.82 + 0.05 6.01 + 0.03 7.71 £ 0.07 0.10

to bonding, and the remaining half had no abrasion surface treatment.
The test matrix and the corresponding names of the samples are shown
in Table 2.

The sandblasting was performed with alumina particles at 0.5 MPa
air pressure, with a nozzle-to-surface distance approximately equal to
10 cm to evenly cover the entire surface in approximately 20 s.

All titanium adherends were cleaned in an ultrasonic acetone bath
for 10 min before bonding to remove dirt and contaminants from the
surface.

The joints were bonded with Hexbond ST 1035 (Hexcel, Stamford,
USA) supported epoxy adhesive film, with a polyester carrier mat of 300
g/m? areal density, nominal lap shear strength of 41 MPa and curing
temperatures ranging from 90 °C to 150 °C [43]. A carrier mat thickness
of 0.10 mm was measured with a digital micrometre screw gauge after
dissolving the epoxy matrix of the film in acetone.

The metal-composite co-bonded joints were manufactured by Ber-
cella Srl (Varano de’ Melegari, Italy) via autoclave and vacuum bag,
with a curing cycle of 130 °C for 2 h at 6 bar of pressure. The 13 prepreg
plies were stacked on a metal plate treated with a release agent, followed
by the adhesive film and the titanium adherends. A Teflon strip was
placed at the tip of the joints to create an artificial crack positioned 15
mm ahead of the load application axis.

After curing, the co-bonded joints were machined to match the width
and length of the titanium adherends, and a loading block (Fig. 2) was
bonded to the CFRP adherend with Loctite EA 3425 bicomponent paste
epoxy (Henkel AG&CO. KGaA, Diisseldorf, Germany).

The metal-metal joints were bonded in an autoclave with a vacuum
bag using a mould with pins to avoid relative motion between the
adherends. As for the metal composite joints, a Teflon strip was used to

create the initial defect at 15 mm ahead of the load application axis. The
curing cycle was the same as used for metal-composite co-bonded joints.
(Fig. 2).

The bondline thickness of the titanium-CFRP joints was not
controlled by any system, as per practice in industrial co-bonding pro-
cesses. The same choice was adopted for the titanium-titanium joints, to
have a more significant comparison with the TC joints.

The final dimensions of the joints are listed in Table 3. The width b,
the total thickness of the TT joints hy_77, and the thickness of the tita-
nium adherends h; were measured with a digital calliper. The thickness
of the adhesive for the titanium-titanium joints (heg,_rr) Was calculated
as the difference between the total thickness and the sum of the
adherends thickness. Digital pictures of the specimens’ sides were taken
using a Keyence VR-5000 wide-area 3D non-contact measurement sys-
tem (Fig. 2), to evaluate the thickness of the CFRP adherends h.,. Un-
fortunately, the adhesive layer in the titanium-CFRP joints was not
clearly visible from the side pictures. h.s;, was therefore evaluated by
subtracting the thickness of the carrier mat and the titanium adherend to
the total thickness of the joint, thus assuming that the adhesive thickness
of the titanium-CFRP joints hgp_1c is equal to the one of the carrier mat.

It can be seen from Table 3 that the co-bonded joints with oxidised
titanium adherends TC-O have a thickness almost matching the target
for pure mode I (8.28 mm on average), while the TC-NO joints are
thinner (7.76 mm on average). The influence of the CFRP adherends’
thickness on the percentage of mode II will be discussed in section 3
Mode mixity calculation of dissimilar DCB.

Reference
points
for CMOD
evaluation

Fig. 3. (a) Test setup with 3D DIC cameras. (b) The speckle pattern on the sample is used to evaluate the Crack Mouth Opening Displacement (CMOD) with a virtual
extensometer using Digital Image Correlation (DIC), with the ROI highlighted in red.
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CFRP adherend

S, Mises
(Avg: 75%)
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+6.697e+02
+6.139e+02
+5.581e+02
+5.023e+02
+4.465e+02
+3.906e+02
+3.348e+02
+2.790e+02
+2.232e+02
+1.674e+02
+1.116e+02
+5.581e+01
+4.554e-04

Fig. 4. Plane strain DCB model, with VCCT fracture criterion implemented in the contact interaction between the CFRP and the Ti6Al4V adherends. The crack is
modelled as the unbonded node region in the contact (yellow line). The load and the boundary conditions are applied via two reference points rigidly connected to
the nodes indicated with the dashed red lines in the figure, representing the loading blocks.

(T T T T T T
[--&--TcO —e—TCNO
552
550 1
_ 5.20 519
§
S 4.87 T
o "
45f ]
i
A4
4l | | | | |
20 40 60 80 100 120

Crack length [mm]

Fig. 5. The Mixed mode I/II percentage of TC-O and TC-NO joints was calcu-
lated for three crack lengths.

2.5. Test setup

A speckle pattern was painted on the side edges of the DCB samples
to monitor the Crack Mouth Opening Displacement (CMOD) with a
virtual extensometer via 3D DIC, using the Vic3D software by Correlated
Solutions Inc. DIC cameras with 5 Megapixels sensors and 23 mm of
focal length were positioned at 57.4 cm from the samples, and the pic-
tures were taken with a 2 Hz frequency. The Region Of Interest (ROI)
was defined around the load application (Fig. 3), and it was discretised
using a 33 pixels subset and an 11 pixels step size.

The joints were tested according to the ASTM D3433 standard [44]
under displacement control at 2.5 mm/min with a Zwick-Roell electric
testing machine equipped with a 10 kN load cell (Fig. 3). The testing
machine was synchronised with the DIC acquisitions, and the tests
ended when the crosshead displacement reached 6 mm.

The Compliance Beam Based Method (CBBM) [45,46] was chosen to
perform the data reduction of the DCB tests. The method works for both
symmetric and asymmetric joints, and it allows for the evaluation of the
crack tip position knowing the compliance of the DCB during the test,
avoiding the visual assessment of the crack length, which is often not
trivial due to crack branching and crack deflection to different com-
posite plies.

In this work, the compliance of the joints was evaluated as the linear
regression of the CMOD-load curve, sampled during 14 unloading pha-
ses. The unloadings occurred every 0.4 mm of crosshead displacement,
returning to 75 % of the total displacement with a 10 mm/min
unloading rate. For instance, the 10th unloading occurred at 4 mm,
returning to 3 mm.

2.6. Data reduction method

According to the CBBM model, which is based on the Timoshenko
beam theory, the compliance of the DCB joint is calculated as follows:

3
- (CMOD) 8a 12a @

F ), Eph’ ' 5bhiGq

For symmetric joints (C*), and

C‘,_CMODJL3 1, 1 ) 6a/1 1 )
"\ F ), 3 \Eili Egplsp) 5b\MiGy heipGeip

For asymmetric joints (C*), where F is the load measured during the
test, b is the width of the DCB specimens, and I, Iy, are the second-
order moment of the cross-sectional area for the titanium and CFRP,
respectively.

Knowing the evolution of the compliance during the test, it is
possible to retrieve the crack length from Eq. (4) and Eq. (5). Thus, the
mode I fracture toughness for symmetric joints, Gj,, can be evaluated as

6F (22> 1
G, = < + ) (6)

" b%h,; \R2E; ' 5Gy

S as ;
For asymmetric joints, G is

o Pl ,01 1 6a (1 1
G = 2b [a (Ea'In' - EzﬁpICﬁp) * 5bGefp (hia' * @) } @

It must be noted that since the Fracture Process Zone (FPZ) ahead of the
crack tip influences the joint’s compliance, the crack length a inherently
takes into account the length of the FPZ [45,46].

No correction for large deflections was applied to the crack length
evaluation since the maximum CMOD at the end of the test was around
5.5 mm for most of the samples, with a corresponding crack propagation
up to 124 mm (the whole bonding surface) for some samples. Large




M. Gulino et al.

0.055mm

0.055mm

Theoretical and Applied Fracture Mechanics 135 (2025) 104778

0.055mm

- ~ R AT -0.048 mm
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-0.052 mm

Fig. 6. Optical profilometries of the 4 types of surfaces: (a) oxidised as-printed, (b) oxidised sandblasted, (c) non-oxidised as-printed and (d) non-oxidised sand-

blasted. The coloured scale represents the surface height in the specimen’s surface.

Table 4

Average and standard deviation on 3 scans per sample of surface parameters for (a) oxidised as-printed, (b) oxidised sandblasted, (c) non-oxidised as-printed and (d)

non-oxidised sandblasted.

Oxidised Non-oxidised

As-printed Sandblasted As-printed Sandblasted
Sa [pm] 10.95 + 1.72 7.53 £0.21 9.26 + 0.18 7.13 +0.32
Sz [pm] 198.8 + 5.13 110.56 + 20.65 156.66 + 18.98 105.79 £+ 13.26
Ssk [-] 0.37 + 0.02 0.13 + 0.06 0.23 + 0.08 —0.10 + 0.13
Sku [-] 3.98 +0.36 3.69 + 0.51 3.63 +0.18 3.71 + 0.43

Fig. 7. Distilled water droplet with indication of left and right angles. Curve
fitting in purple.

deflections are considered relevant by the standard ISO 15024 [47]
when the ratio between the CMOD and the crack length is bigger than
0.4 (CMOD/ 0> 0.4). In this specific work, this condition is never met
due to the relatively high bending stiffness of the substrates.

Finally, it is worth underlining that the G;. herein evaluated is the
apparent value, that is specific to the fracture process zone and failure
mechanism (cohesive, interfacial or delamination, see section 4 Results

and discussion) developed in these joints.

2.7. Optical profilometry, contact angle measurements, and x-ray
diffraction (XRD) analysis

The bonding surface of 4 spare titanium adherends, one for each
surface type (oxidised as-printed, oxidised sandblasted, non-oxidised as-
printed and non-oxidised sandblasted), was characterised in terms of
morphology, wettability and chemical composition.

Optical profilometry was carried out on a Keyence VR-5000 wide-
area 3D non-contact measurement system, scanning 3 areas (9x12 mmz)
along the central portion of the bondline of each sample to evaluate the
surface arithmetic mean height S,, maximum peak height S,, skewness
Ssk and kurtosis Syy.

Contact angle measurements were performed with a KSV In-
struments CAM 200 optical angle meter using a 10 ul drop of distilled
water. For each sample, 3 drops were analysed within 30 s from their
release on the surface.

Table 5
Distilled water contact angles.

Oxidised Non-oxidised
As-printed Sandblasted As-printed Sandblasted
0[] 91.27 + 4.04 58.94 £+ 6.73 89.44 + 3.86 77.00 £ 2.95
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Fig. 8. XRD spectra for (a) as-printed samples with a magnification on the titanium- « shift to the left and (b) sandblasted samples. The red lines indicate the oxidised
samples, which are represented below the non-oxidised samples (i.e. at lower counts).

In addition, X-Ray Diffraction (XRD) was performed using a Bruker
D8 Advanced diffractometer with Cu-Ka source and Lynxeye-XE-T po-
sition sensitive detector, scanning the range of 20° to 100° diffraction
angles 26.

3. Mode mixity calculation of dissimilar DCB

To calculate the pure mode II component of the DCB joints, the
loading mixed-mode ratios, defined as the mode II component divided
by the total strain energy release rate, were determined with Virtual
Crack Closure Technique (VCCT) in the Finite Element Modelling (FEM)

software Abaqus, according to the method described in the work by
Wang et al. [42].

Two-dimensional DCB models were developed, meshing the sub-
strates with quadrilateral plane strain linear elements with reduced
integration (CPE4R), as shown in Fig. 4. The element size in the vicinity
of the bonded area was set to 0.05 mm after a mesh convergence study.
The titanium adherend was modelled as elastic isotropic with Young’s
modulus of 118030 MPa (Table 1), assuming a Poisson ratio of 0.34
[41]. The CFRP adherend was modelled as elastic orthotropic, using the
experimental values of out-of-plane shear and flexural modulus from
Table 1. Not having any available experimental data, the modulus in the
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Fig. 9. Load-CMOD curve for TT-NO AP1 DCB joint.

Y direction (see the triad in Fig. 4) and the out-of-plane Poisson ratio
were assumed to be 10000 MPa and 0.3, respectively.

A VCCT fracture criterion was implemented in the contact definition
between the two arms of the DCB. According to the VCCT, the mode I
and mode II energy release rates are defined as

Gr= [Fu(wr —uy) ] /50p ®
Gy = [Fxl (uxk - uxj) }/2(13 (C)]

Where Aa is the increment of crack length (which is equal to the element
size of 0.05 mm), b is the joint’s width (Table 3), while F and u are the
contact forces and nodal displacements at the node i, which is the shared
node at the crack tip, and the adjacent nodes j and k (Fig. 4).

For both the TC-O and the TC-NO DCB models, three initial crack
lengths were analysed: the length at the first unloading, at the 5th
unloading and the 10th unloading. For each crack length, the corre-
sponding mode I load from the experimental test was applied. The loads
and the boundary conditions are applied via two reference points rigidly
connected to the DCB arms at the nodes corresponding to the position of
the loading blocks (Fig. 4).

The critical strain energy release rate was set to 10 kJ/m?, deliber-
ately high enough to avoid crack propagation with the applied loads.

Therefore, the mode II percentage for the TC-O and TC-NO joints can
be evaluated from Eq. (8) and Eq. (9) for each crack length as

GII% = 1OOGH/(G[ + GII) (10)
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The mode II percentage for the TC-O and TC-NO joints is plotted against
the three crack lengths in Fig. 5. The VCCT results show that the mode II
percentage remains fairly constant during the crack propagation, with
average values of 4.5 % for the TC-O joints and 5.3 % for the TC-NO
joints. Given the low mode II percentage and the negligible difference
between the TC-O and TC-NO batches, the results presented in the next
sections of the paper should be close to the pure mode I condition even
for the metal-composite joints. For this reason, the mode II percentage

Fig. 11. Bridging of the polyester carrier mat.

Table 6
Steady-state fracture toughness and maximum load during test for each batch of
samples.

TT-O AP TT-O S TT-NO AP TT-NO S
Steady-state Gy 0.47 £ 0.17 0.79 £ 0.13 0.87 + 0.12 0.53 +£0.17
[kJ/m?]
Fmax [N] 713.35 + 954.09 + 1300.05 + 1270.06 +
202.00 144.23 68.08 60.25
(b)
25f [ —F—TT-NOAP -—-F---TT-NOS
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Fig. 10. R-curves for the titanium-titanium joints. The average fracture toughness is plotted against the average crack length for each unloading, and the standard
deviation is also reported with vertical bands. For the TT-O AP batch, the test ended prematurely (before completing all the 14 unloading) for all 3 samples with

catastrophic failure and complete separation of the adherends.
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Fig. 12. Fracture surfaces of titanium-titanium joints. The crack initiation area has been highlighted and enlarged.

will be neglected when referring to the TC joints in the next sections of
the paper.

4. Results and discussion
4.1. Titanium surface characterisation

4.1.1. Surface roughness evaluation

The optical profilometries and the deriving surface parameters are
shown in Fig. 6 and Table 4, respectively.

The three-dimensional optical reconstructions show a notable dif-
ference between the as-printed and sandblasted surfaces, with the latter
having an overall smoother texture as confirmed by the lower arith-
metical mean height S, and maximum height S,. The sandblasting
treatment, though, did not influence the shape of the surface asperities,
which are overall quite sharp, as shown by S, values greater than 3.

The Sy values are generally close to 0, showing how, for each surface
type, the waviness is almost normally distributed around the mid-plane.
Nevertheless, it is worth noting how the as-printed surfaces have higher
Ss values, suggesting the presence of high peaks skewed above the mid-
plane, possibly related to the presence of partially melted powder par-
ticles stuck on the surface.

It is also worth noting that the as-printed oxidised surface has a
higher (412 %) roughness compared to the non-oxidised one. While the
difference is below the standard deviation of the S, of the AP-O samples,
this higher roughness could be likely due to the oxidation occurring
during the thermal treatment, as found in [38] for samples treated above
750 °C.

4.1.2. Wettability evaluation
The distilled water contact angles have been calculated by curve
fitting the contour of the liquid droplets’ pictures. The angle formed
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Fig. 13. Height profiles of the TT-NO S joints taken with a Keyence VR-5000
wide area optical profilometer. The central portion of the adherends is higher
than the extremities.

between the curve tangents at the right and left sides of the droplets and
the titanium surface were averaged to obtain the contact angle ©
(Fig. 7).

Table 5 shows how the sandblasting treatment substantially im-
proves the surface’s wettability, consistently reducing the value by
about 25 %.

According to the findings of Ardila-Rodriguez et al. [35], it is
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possible that, given the high roughness of the LPBF printed substrates,
the acetone cleaning is not sufficient to remove all the contaminants in
the deep valleys of the as-printed samples surface, resulting in higher
contact angle measurements. On the other hand, the lower contact angle
of the sandblasted surfaces suggests that an acetone bath sufficiently
cleans this type of sample.

Moreover, it has already been observed in the literature that
roughness has a significant effect on the wettability of a surface [48,49].
According to the Cassie-Baxter model [49], air pockets between the solid
and the liquid phase prevent the drop to properly wet the surface, and an
increase in roughness leads to an increase in number of air pockets. For
instance, in the work by Thenard et al. [50] etching on the surface of
LPBF Ti6Al4V samples reduced the roughness and the skewness of their
surface but at the same time increased its wettability, as found in the
results of this work.

4.1.3. XRD spectroscopy analysis

The scope of XRD was to assess the presence of oxides on the surface
of the titanium substrates, which were thermally treated in a vacuum
furnace.

The XRD spectra of the 4 types of surfaces are shown in Fig. 8. Some
considerations can be made regarding the spectra of the as-printed
samples.

First, it must be noted that the peaks of titanium-a (around 35°, 38°
and 41° diffraction angles) of the O-AP spectrum are slightly shifted to
the left compared to the ones in the non-oxidised baseline (NO-AP). This
behaviour was also observed in [51], where conventionally manufac-
tured Ti6Al4V was annealed for 4 h at 700 °C in a water vapour atmo-
sphere and compared to untreated reference specimens.

Furthermore, as in [51,52], alumina (AlpO3) peaks with a total
weight percentage of 0.8 % were found only in the O-AP spectrum at
around 26°, 35°, 38°, 43°, 53°, 58°, 67°,68°, 72°, 81°, 84°, 86°, 89°, 91°
and 95°, being a further indicator of thermal oxidation, given the
presence of aluminium in a range of 5.5 to 6.75 wt% in the Ti6Al4V
powder composition (from datasheet).

The peaks found at 36° and 41.5° in the oxidised spectrum are
indexed as Rutile (TiO3) according to the ICSD database, suggesting
thermal oxidation such as in [51-53]. It is worth mentioning that va-
nadium carbide (VC) was found on the surface of the oxidised specimens

(b)

Crack length [mm]
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Fig. 14. (a) Sample TT-O AP2. purple line indicating the start of the test. failure in the oxide layer leading to low fracture toughness, which was evaluated only on 4
points due to the test ending prematurely. (b) Sample TT-O S3, green lines representing the beginning and end of the test. small voids attributable to cavitation
occurring during the curing cycle. according to the cbbm method, the crack tip position considers the FPZ, thus the crack length at the first unloading is shifted

forward compared to the position of the teflon strip.
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Fig. 15. R-curves of the titanium-CFRP samples. As for the titanium-titanium joints, 3 sample per batch were tested, and the plot shows the average fracture
toughness against the average crack length for each unloading. The shaded region is bound by the standard deviation of the fracture toughness for each unloading.

The region of steady-state crack propagation is highlighted in green.

Table 7

Initial fracture toughness, average fracture toughness, steady-state fracture toughness and maximum load for titanium-CFRP joints. The first unloading was discarded

for the initial and average fracture toughness evaluation.

TC-O AP TC-O S TC-NO AP TC-NO S
Initial G [kJ/m?] 0.53 £ 0.16 0.81 £0.13 0.60 + 0.15 0.78 + 0.08
Average Gy [kJ/m?] 0.99 + 0.32 1.60 + 0.37 1.46 + 0.39 1.56 + 0.34
Steady-state Gre [kJ/m?] 1.04 £ 0.15 1.82 £+ 0.06 1.72 £+ 0.05 1.82 £+ 0.05

Fmax [N] 863.57 £ 236.80

1140.50 + 190.37

1316.80 + 81.09 1535.60 + 68.67

with a 1.5 % weight percentage, with peaks at 61°, 73°, 77° and 91°
diffraction angles. The presence of VC on the samples’ surface is unclear
to the authors and would need further investigation.

Conversely, no major difference was found in the O-S and NO-S
spectra for the sandblasted samples. This means that the abrasion of
the surface has removed the traces of oxidation treatment performed
prior. It is also interesting to note that a significant weight percentage of
alumina was found on the surface of both samples (around 9 %), almost
certainly related to sand particles stuck in the adherends during the
sandblasting.

4.2. Fracture behaviour of titanium — titanium joints

4.2.1. Fracture toughness and R-curves of TT joints

The load-CMOD curve for sample TT-NO AP1 is shown in Fig. 9 as an
example. The R-curves for the TT-O and TT-NO joints are shown in
Fig. 10. For each unloading, the average fracture toughness of each
batch of samples is plotted against the average crack length.

For all the 4 groups, a minor increase of the R-curve during the crack
propagation can be observed, likely due to the bridging of the fibres in
the carrier mat of the film adhesive (Fig. 11). Nevertheless, since the
trend of the curves is almost constant, a steady-state value of fracture
toughness is calculated as the average of Gj. over all the unloadings
excluding the first, which for most of the samples occurred before the
crack started to propagate (i.e. G; < Gy.). The values of fracture tough-
ness for the titanium-titanium joints are reported in Table 6, together
with the maximum load reached during the test.

For the TT-O batch (Fig. 10a), the sandblasting treatment signifi-
cantly increased the fracture toughness and maximum load. In contrast,
the TT-NO joints (Fig. 10b) displayed an opposite trend, with the as-
printed samples resulting in higher toughness than the sandblasted ones.

4.2.2. Analysis of the fracture surfaces and failure modes of TT joints
The behaviour of the R-curves can be explained by looking at the
fracture surfaces of the TT-O and TT-NO joints shown in Fig. 12, Fig. 13
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and Fig. 14.

For the TT-O AP batch (Fig. 12a), the TT-O AP1 and T-O AP3 spec-
imens displayed a mixed cohesive-adhesive failure, while the TT-O AP2
specimen failed in the oxide layer of the upper adherend as shown in
Fig. 14a, where dark debris of oxides covering the adhesive can be seen
on the bottom adherend, while only a few traces of the adhesive can be
found on the top adherend. Thus, the overall lower performance of the
TT-O AP joints is likely due to the presence of the brittle layer of oxide,
which broke under much lower loads compared to the adhesive-oxide
interface (adhesive failure) and in the adhesive itself (cohesive failure).

On the other hand, the sandblasting effectively removed the oxide
layer originating from high temperature-oxidation during the thermal
treatment, leading to cohesive failure for all the samples in the TT-O S
batch (Fig. 12b), with higher fracture toughness compared to the TT-O
AP batch (+68 %, Table 6). Indeed, as shown for sample TT-O S3 in
Fig. 14b, the failure was cohesive with presence of adhesive on both
substrates and an R-curve rising effect likely due to carrier mat fibre
bridging.

The TT-NO joints showed an opposite behaviour compared to the TT-
O batch, with the TT-NO S specimens having a 39 % lower fracture
toughness than the TT-NO AP samples (Table 6). This behaviour can be
explained by looking at the height profiles of the fracture surfaces of the
TT-NO S samples (Fig. 13), where it can be seen that the central portion
of the substrates (contoured in red) is higher than the extremities
(contoured in blue), indicating that most likely the adherends are bent.

The bending of the adherends can be explained by the fact that the
TT-NO batch did not undergo the thermal post-printing treatment, thus
having non-negligible residual stresses then released during the sand-
blasting treatment. With the high-pressure curing cycle, the steel mould
forced the substrates to deform elastically into a straight configuration,
pre-tensioning the adhesive before the test, possibly leading to a lower
fracture toughness value.

It is interesting to note that voids inside the adhesive layer are pre-
sent in all the titanium-titanium joints, as can be seen in Fig. 12 and in
better detail in Fig. 14b. The voids are likely attributable to gas
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TC-NO S2

Fig. 16. Fracture surfaces of the titanium-CFRP samples, with enlargement of the crack the initiation area. For each joint, the titanium adherend is displayed below

the CFRP adherend.

developed during the curing cycle, entrapped between the substrates
without any way to escape through the steel mould. Consequently, while
the TT-S O joints exhibited cohesive failure without bending of the
adherends, the fracture toughness was impaired by the presence of these
voids. Indeed, the steady state mode I fracture toughness of the adhesive
(without voids) has been calculated in a previous work by the authors of
this paper, resulting in 1.18 kJ/m? for aluminium-aluminium DCB joints
with cohesive failure [39].

4.3. Fracture behaviour of titanium — CFRP joints

4.3.1. Fracture toughness and R-curves of TC joints

The R-curves for the titanium-CFRP joints are shown in Fig. 15. A
remarkable rising R-curve effect characterises the tests, which partially
stabilized in the last part of the crack propagation, approximately from
75 mm onward for the TC-O batch and from 60 mm onward for the TC-
NO batch. These crack length values were used for the evaluation of a
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steady state fracture toughness as the average value of the linear
regression of the fracture toughness for each batch. Table 7 shows the
initial, average, steady state fracture toughness and maximum load.

It is evident that the sandblasting significantly increased the tough-
ness of the oxidised specimens while having a less significant effect on
non-oxidised joints. In this case, the bending of the non-oxidised sand-
blasted samples due to the release of residual stresses had a minor in-
fluence on the fracture toughness, probably because the composite plies
adapted to the bent shape of the titanium substrates.

4.3.2. Analysis of the fracture surfaces and failure modes of TC joints

To further explain the trend of the R-curves for the titanium-CFRP
joints, Fig. 16 shows the correspondent fracture surfaces.

It can be seen how similar failure modes characterised batches TC-O
S, TC-NO AP and TC-NO S, where the failure was mainly mixed cohesive-
adhesive in the first part of crack propagation, followed by crack
deflection in the composite for all the samples excluding TC-O S1. For
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Fig. 17. Competition between multiple crack fronts (sample TC-NO S2): at the bondline, inside the first ply and between the first and the second ply.
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Fig. 18. (a) Joint TC-O S2, R-curve against fracture surface. the red lines indicate, from left to right: crack position at beginning of the test, crack deflection in the
composite and crack position at the end of the test. residues of carbon fibres on the titanium adherend. b) Fracture surfaces and R-curve of the TC-O AP3 joint.
Titanium adherend shown below CFRP adherend. The first part of the test is characterised by oxide layer failure, leading to brittle crack propagation starting from the
first unloading. Traces of carbon fibres on the titanium substrate suggest first-ply failure.

the TC-O AP joints, which were the worst performing among all the
samples (0.99 kJ/m? average Gy), the failure modes were mainly ad-
hesive and oxide layer fracture, as with the metal-metal joints.

It is worth noting that residues of carbon fibres are left on the tita-
nium adherends in all the samples, suggesting first-ply failure. The au-
thors believe that the rising trend of fracture toughness associated with
these failure modes is due to the competition between multiple crack
locations (Fig. 17), namely at the bondline, in the first ply and between
the composite adherend’s first and second ply. Similar observations
were made in the work by Lima et al. [54], where CFRP-CFRP secondary
bonded DCB joints with different stacking sequences were tested to
assess the influence of the CFRP layup on the fracture toughness and
failure mechanisms.
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4.3.3. Comparison of TC-O S and TC-O AP joints

The significantly higher fracture toughness of the TC-O S joints
compared to the TC-O AP batch (462 % average Gy.) is reflected on their
fracture surfaces, as shown in Fig. 16 and Fig. 18.

Fig. 18 plots the R-curves and compares them with the fracture
surfaces. For sample TC-O S2 (Fig. 18a), in the first part of the test, the
failure was mixed cohesive-adhesive with the presence of carbon fibre
residues increasing with the crack propagation (first ply failure) and a
significant rise in fracture toughness, resulting from the multiple
competing crack fronts, as discussed earlier. As the fracture toughness
reached 1.92 kJ/m?, the crack deflected between the first and second ply
of the laminate, with the R-curve settling to a steadier trend. It is worth
noting that right before the crack deflection, a peak in the fracture
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toughness was recorded, followed by a decrease after the crack deflected
in the composite, as was also observed by Lima et al. [54]. Specimen TC-
0O S3 had a similar fracture behaviour, whereas crack deflection was not
recorded in joint TC-O S1, which had the lowest fracture toughness in
the batch.

As shown in Fig. 18b, in the TC-O AP3 joint the crack propagates in
the oxide layer from 15 mm to 45 mm of length. In this area, no traces of
adhesive are left on the titanium adherend, whereas dark residues of
oxide cover the adhesive layer in the composite substrate. This behav-
iour was also observed in [38], where the annealed samples treated at a
temperature above 750 °C formed a brittle scale of oxide that broke
during the test, leading to worse performance than the untreated cou-
pons. From 45 mm to 85 mm, the increasing trend of fracture toughness
can be associated with a mixed cohesive-adhesive failure, with cohesive
failure in the central portion of the joint and adhesive failure on the sides
at the adhesive-titanium interface. A further increase of toughness can
be seen from 85 mm of crack propagation until the end of the test, where
carbon fibre debris is left on the titanium substrate, suggesting first-ply
failure. The switch to mixed cohesive-adhesive failure and eventually to
crack deflection was beneficial for the toughness, which rose up to 1.26
kJ/m? in the last unloading. A similar behaviour also characterised
sample TC-O AP1, whereas no first ply failure was seen in sample TC-O
AP2, which had the lowest strength in the batch and a flatter R-curve
(0.67 kJ/m? average and 0.61 kJ/m? initial fracture toughness).

It is worth noting that the crack position is well captured by the
CBBM method as can be seen in Fig. 18, since the crack deflection po-
sitions and the changes in failure mechanisms are in good accordance
with the R-curves.

The comparable values of fracture toughness of the TC-NO AP (1.46
kJ/m?) and TC-NO S (1.56 kJ/m?) batches were reflected by similar
failure modes, with mixed cohesive-adhesive failure, first ply failure and
crack deflection for all 6 joints (Fig. 16). For the non-oxidised joints, the
sandblasting treatment had a significantly lower influence on the frac-
ture toughness (+6.8 % average G). It can be concluded that the
passivation oxide layer forming at ambient temperature does not hinder
the adhesion strength of LPBF —printed titanium joints, hence the
sandblasting treatment can be avoided.

5. Conclusions

This work aimed at exploring the possibility to bond LPBF Ti6Al4V
parts without surface treatments and assessing the influence of thermal
oxidation arising from the post-printing high temperature treatment,
which is commonly carried in industrial applications of LPBF compo-
nents to relieve residual stresses. Based on the results, the following
conclusions can be drawn:

e Titanium surface characterisation: the as-printed surfaces have more
peaks compared to the sandblasted surfaces (+60 % average skew-
ness S over the sandblasted specimens) likely attributable to the
partially melted particles stuck on the surface. After sandblasting, the
roughness is reduced on both the oxidised (—31 % S;) and non-
oxidised (-23 % S,) samples and the wettability is significantly
improved in both non-oxidised (14 % contact angle reduction) and
oxidised (35 % contact angle reduction) samples. The increase in
wettability is in accordance with the Cassie-Baxter model [49] for
the estimation of contact angle, where an increase of surface
roughness leads to a decrease in wettability. Moreover, the sand-
blasting promotes the removal of surface contamination. The XPS
analysis shows how the annealing treatment shifts the titanium-o
peaks to the left and induces the formation of aluminium oxides
(Al,03) and titanium oxides (TiO3) on the surface of the samples,
proving that the thermal treatment induces high-temperature
oxidation on the titanium adherends.

Metal-metal joints fracture toughness: the sandblasting did not have
a positive effect on the fracture toughness of the TT-NO joints (—39
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%). This behaviour was associated with the presence of residual
stresses as the NO samples were not thermally treated, which
released after the sandblasting, resulting in bending of the adherends
prior to bonding. The bent adherends are forced into a straight
configuration during the high-pressure cure cycle, preloading the
adhesive before the test and thus reducing the fracture toughness of
the TC-NO S batch.

Metal-composite joints fracture toughness: the oxidation arising
from the thermal stress-relieving process is detrimental for the
adhesion strength the as-printed non-oxidised batch, with the non-
oxidised joints having 47 % higher average fracture toughness
compared to the oxidised as-printed samples. The sandblasting
proves to be an effective method in removing the oxide scales and
thus promoting cohesive failure instead of breakage of the brittle
oxides. Sandblasting improved by 62 % the toughness of the oxidised
joints, while leading to only a minor improvement of 7 % for non-
oxidised joints.

In this work, it is shown that the as-printed surface of LPBF Ti6Al4V
has great potential in both metal-metal and metal-composite adhesively
bonded joints, given its inherently rough surface morphology that can be
exploited to avoid time-consuming surface treatments. Nevertheless, the
presence of oxide scales resulting from the thermal treatment hinders
the adhesion strength of the as-printed surface due to the brittle failure
of the oxides. Moreover, the as-printed samples showed a higher per-
centage of adhesive failure, which could be concerning for long-term
durability due to humidity infiltration in the cracks at the adherend-
adhesive interface, degrading the mechanical properties of the adhe-
sive [55]. The results of this work thus bring to light the necessity to
further investigate the optimisation of the thermal treatments of LPBF
titanium in the context of adhesive bonding.
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