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 A B S T R A C T

The strength of adhesive joints is influenced by the surface of the adherends, which is often treated before 
bonding to prevent interfacial (adhesive) failure. Laser Powder Bed Fusion (LPBF) offers promising potential 
for bonding without time-consuming surface treatments, since LPBF parts have an inherently rough surface, 
which is usually associated with good adhesion strength. Here we study the effect of the printing parameters 
on the mode I fracture toughness of co-bonded joints between untreated LPBF Ti6Al4V and Carbon Fiber 
Reinforced Polymer (CFRP) substrates. A factorial Design of Experiment (DoE) was set varying the laser scan 
speed and the build angle of the Ti6Al4V substrates, which were co-bonded with a CFRP woven laminate to 
form Double Cantilever Beam (DCB) joints. The results showed that increasing the scan speed from 500 mm/s 
to 2000 mm/s led to higher titanium surface roughness (+125% on average). On the other hand, the mode I 
fracture toughness was mainly affected by the build angle: the joints with vertically printed (90◦ with respect 
to the build platform) titanium adherends exhibited, on average, a 200% increase in toughness compared 
to the samples with titanium printed at an angle. This behavior was due to the higher number of partially 
melted particles on the surface of the vertical joints. A particle counting method was introduced to quantify the 
partially fused particles and their correlation with the mode I fracture toughness was demonstrated. Moreover, 
to the authors’ knowledge, for the first time an original approach was proposed to assess their interlocking 
contribution to joint toughness.
1. Introduction

Adhesive bonding is a highly effective technique for joining Fiber 
Reinforced Polymers (FRPs) and metals, which is crucial for the pro-
duction of lightweight, multi-material structures. It offers significant 
weight savings, especially for long bond lines where multiple rivets 
or bolts would otherwise be required [1,2]. Additionally, it provides a 
larger load-bearing area and eliminates the need to drill into composite 
adherends, reducing stress concentrations and minimizing the risk of 
delamination [3].

Despite its many advantages, adhesive joints are typically prone to 
brittle failure modes, which hinder their application in critical compo-
nents. Consequently, they have yet to be certified for primary aircraft 
structures, where hybrid adhesive-riveted joints are often preferred as 
a more reliable alternative, given their structural redundancy [4,5].

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

To this end, research has focused on several toughening methods. 
For instance, introducing structured or non-flat interfaces has been 
shown to redistribute peel and shear stresses along the bondline, lead-
ing to strength improvements of up to 40% [6,7]. Crack-arresting 
features and carrier mats embedded in the adhesive can also increase 
the macroscopic fracture toughness of the joint by up to 50% [8,9]. 
Furthermore, through-the-thickness reinforcements such as z-pins or 
3D printed micro-anchors have demonstrated substantial gains perfor-
mance over unreinforced joints [10–14], with shear strength, tensile 
strength and fracture toughness reaching up to 6.5× [13], 10× [15] 
and 19× [16], respectively. Another strategy is grading of the adhe-
sive properties across the bondline, which reduces peel stresses and 
enhances joint strength by up to 45% [17]. However, the most widely 
https://doi.org/10.1016/j.tafmec.2025.105400
Received 30 September 2025; Received in revised form 11 December 2025; Accept
167-8442/© 2025 The Authors. Published by Elsevier Ltd. This is an open access ar
ed 11 December 2025
ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/tafmec
https://www.elsevier.com/locate/tafmec
https://orcid.org/0000-0002-3160-9711
mailto:michele.gulino@unipr.it
https://doi.org/10.1016/j.tafmec.2025.105400
https://doi.org/10.1016/j.tafmec.2025.105400
http://creativecommons.org/licenses/by/4.0/


M. Gulino et al. Theoretical and Applied Fracture Mechanics 142 (2026) 105400 
studied toughening method relies on surface pretreatments to increase 
wettability and adhesion, promoting cohesive failure and resulting in 
significant strength gains [18–20].

These treatments typically increase surface roughness, which is 
often linked to strong adhesion. However, these processes are time-
consuming, difficult to perform consistently, and may leave defects 
undetectable with Non-Destructive Inspection (NDI) techniques, which 
can lead to unexpected joint failure.

Additive Manufacturing (AM), particularly Laser Powder Bed Fu-
sion (LPBF), inherently produces parts with high surface roughness, 
which enables mechanical interlocking, as seen in surfaces treated with 
sandblasting or anodic oxidation [1,21], and making it a promising 
alternative for adhesive bonding without surface treatments [22–25], 
with researchers reporting roughness values over 20 μm [23]. Fur-
thermore, LPBF allows for the creation of structured interfaces with 
virtually unlimited geometric freedom, such as lattice structures (with 
limits only regarding the maximum overhead angle of about 45◦) [26] 
and its reliability is being improved through in-situ process monitoring 
and control strategies, such as melt pool data collection via co-axial 
imaging to track the pool geometry and temperature distribution during 
fabrication [27]. Therefore, as-printed LPBF substrates offer a potential 
cost-efficient solution for adhesive bonding in metal–composite joints.

The adhesion strength of the as-printed LPBF surface in metal–
metal bonded joints has been studied only in a few different works by 
Ertürk [28], Koch [29], Ardila-Rodríguez [30], and Naat [31] 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 [30] or even higher [28,
31], adhesion strength than that of surface-treated joints. Only two 
works on the topic of LPBF metal–CFRP joints were found in liter-
ature [32,33]. In the investigation of Nguyen [32], LPBF titanium 
was either co-cured with CFRP or bonded with another LPBF titanium 
adherend, without undergoing surface treatment, to form DCB joints. 
The tested joints exhibited mostly cohesive failure and crack deflection 
in the composite, showing the potential of the untreated LPBF surface 
morphology. In the work of Fielden-Stewart et al. [33], it was shown 
that the mixed-mode fracture toughness of LPBF aluminum–CFRP sec-
ondary bonded joints printed with several build angles was higher for 
untreated joints compared to mechanically abraded joints, regardless 
of the build angle.

Despite the growing interest in using LPBF metal substrates in 
bonded joints, the literature reveals several gaps in understanding 
how their surface morphology affects adhesion performance. While 
studies on metal–metal bonded joints with untreated LPBF adherends 
have demonstrated comparable or superior adhesion strength to treated 
surfaces [28–31], these works did not use fracture toughness as a met-
ric for adhesion strength, which provides deeper insights into failure 
mechanisms [34]. Moreover, limited attention has been given to the 
interaction between untreated LPBF adherends and composite mate-
rials. Existing research on LPBF metal–composite joints has primarily 
focused on through-the-thickness reinforcements, such as pins [16] or 
lattice structures [14,15], with little attention to the intrinsic surface 
characteristics of untreated LPBF substrates. Notably, the only two 
studies addressing LPBF metal–CFRPP joints without such reinforce-
ments (from Nguyen [32] and Fielden-Stewart [33]) demonstrate the 
potential for mechanical interlocking and higher fracture toughness 
in untreated LPBF substrates. However, these studies do not assess 
the role of surface treatments such as sandblasting nor the impact of 
LPBF printing parameters on the adhesion performance of co-bonded 
joints. This highlights the need for a comprehensive evaluation of 
untreated LPBF surfaces in co-bonded joints, particularly regarding 
their suitability for high-performance applications.

In addition, while prior studies have qualitatively discussed the 
potential role of partially fused particles in promoting mechanical 
interlocking at the interface, a quantitative investigation has so far been 
lacking.
2 
Building on our previous findings on the potential and limitations of 
bonding LPBF substrates without surface treatments [35,36], this study 
aims to address this gap by investigating how variations in printing 
parameters affect the mode I fracture toughness of titanium–CFRP co-
bonded DCB joints, and quantifies the contribution of partially fused 
surface particles to mechanical interlocking. It is hypothesized that (i) 
variations in LPBF process parameters have a significant effect on the 
mode I fracture toughness of co-bonded joints, and (ii) the interfacial 
strength of these joints cannot be reliably predicted by conventional 
roughness metrics but rather by alternative surface descriptors cap-
turing surface quality and morphology. The experimental campaign 
involves co-bonding of Ti6Al4V–CFRP DCB joints, detailed surface 
characterization, and mode I fracture testing.

2. Materials and methods

2.1. Design of experiment and manufacturing of the LPBF adherends

The titanium adherends (Fig.  1), provided by 3T-Additive Manufac-
turing (Newbury, United Kingdom), were printed with an M290 SLM 
machine (EOS Gmbh, Krailling, Germany). The titanium powder had an 
average particle diameter of 37.3 μm and a nominal particle size range 
between 20 μm and 63 μm, achieved via sieving. All the adherends were 
printed with 60 μm layer thickness, 190 W laser power and 80 μm spot 
size. As shown in Fig.  1, the adherends have 6 mm thickness, 130 mm 
length and 25 mm width, and were printed with a loading block, which 
was then drilled to allow the positioning of the pin for the mode I 
loading in the testing machine.

A full factorial DoE with 2 printing parameters varied on 2 levels 
(22 factorial) with a center point was used to assess their influence 
on the fracture toughness of the co-bonded joints. Specifically, the 
build angle and the laser scan speed were the parameters of choice 
after a preliminary study (please refer to the Appendix of this paper), 
with the former varying between 90◦ and 130◦ (between the bonding 
surface and the build platform) and the latter between 500 mm/s 
and 2000 mm/s; the center point’s parameters values were 110◦ and 
1250 mm/s. Three specimens were tested for each design point, for 
a total of 15 specimens. The samples were named after the level of 
the printing parameters: the first two/three digits correspond to the 
build angle, while the last four to the scan speed (e.g. 90-0500 =
90◦ build angle and 500 mm/s scan speed). The experiment matrix 
with the naming of the samples is shown in Fig.  2. It must be noted 
that thermal residual stresses intrinsically present in LPBF titanium 
adherends were previously characterized and found not to influence 
the mode-I fracture toughness of untreated metal–composite joints with 
LPBF titanium adherends [36]. For this reason, no stress-relief heat 
treatment was applied to the substrates in this study.

2.2. Optical profilometry and water contact angle measurements

The surface morphology of the titanium adherends was inspected 
with a non-contact optical profilometer (Taylor-Hobson, Leicester, UK) 
before the co-bonding. Three scans of 1.71 × 1.71 mm2 area were taken 
across the bonding surface of each adherend, one close to the load 
application line, one in the central region of the faying surface, and 
one at the rear end of the adherend.

The wettability of the titanium substrates was qualitatively eval-
uated with water contact angle measurements, using an optical con-
tact angle measurement system from DataPhysics Instruments GmbH 
(Filderstadt, Germany).

Water droplets of 10 μl were deposited on each specimen and 
the image was acquired after 10 s. A total of 4 droplets for each 
adherend was inspected across the adherend’s surface to give statistical 
significance to the test.
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Fig. 1. Dimensions of the titanium substrates (in millimeters), and schematic representation of the build platform showing the five printing configurations. The 
first digits of the nomenclature represent the build angle, the last four digits represent the scan speed. Each configuration includes three repetitions, for a total 
of fifteen adherends.
Fig. 2. Visual representation of the experiment matrix with the name of the 
samples.

2.3. Manufacturing of the co-bonded DCB joints and materials properties

The co-bonding was performed by Bercella Srl (Varano de’ Melegari, 
Italy) with vacuum bag and autoclave curing for 2 h at 130 ◦C and 
6 bar of external pressure. GG630T – DT120 woven CFRP prepregs with 
[0-90]13 stacking sequence were used to manufacture the composite 
adherends, followed by 15 strips of Hexbond ST 1035 (Hexcel, Stam-
ford, USA) epoxy film adhesive supported with a polyester carrier mat 
3 
(300 g/m2 areal density). The titanium adherends were cleaned in an 
ultrasonic acetone bath for 10 min and then placed on the adhesive. 
Teflon spacers (15 mm wide and same length and thickness as the 
titanium adherends) were used between the adherends to allow the cut 
of the laminate to separate each sample. A Teflon strip placed at 15 mm 
from the load line of the specimens was used as initial defect.

After the co-bonding, the samples were cut and machined to dimen-
sion, and a loading block was adhesively bonded to the CFRP adherends 
(Fig.  3, Table  1). The adhesive thickness h𝑎 was assumed to be equal to 
that of the carrier mat (0.1 mm, Table  2), as the adhesive layer was not 
clearly visible from the side of the samples. The thickness of the CFRP 
adherends h𝑐𝑓𝑟𝑝 was determined by subtracting the titanium adherend 
thickness h𝑡𝑖 from the total joint thickness h𝑡𝑜𝑡.

The number of CFRP prepreg plies was selected to achieve the target 
thickness of 8.23 mm, required for pure mode I loading, according to 
the longitudinal strain based method proposed by Wang et al. [37]. 
However, the actual thickness of the CFRP substrates slightly deviated 
from the target value, introducing a small percentage of mixed-mode 
loading.

Fig. 3. Geometry of the DCB co-bonded joints, with nominal thicknesses of 
the adherends and nominal initial crack length. All dimensions in millimeters.
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Table 1
Dimensions and mixed mode ratio of the DCB samples.
 3 repetitions b h𝑡𝑜𝑡 h𝑡𝑖 h𝑐𝑓𝑟𝑝 h𝑎 G𝐼𝐼% 
 per batch [mm] [mm] [mm] [mm] [mm] [%]  
 90-0500 25.02 ± 0.06 14.68 ± 0.05 6.21 ± 0.01 8.38 ± 0.05

0.1

5.42 
 90-2000 24.90 ± 0.04 14.57 ± 0.07 6.19 ± 0.02 8.29 ± 0.07 4.60 
 110-1250 24.91 ± 0.02 14.45 ± 0.07 6.22 ± 0.04 8.13 ± 0.06 6.28 
 130-0500 24.88 ± 0.03 14.14 ± 0.08 6.28 ± 0.03 7.76 ± 0.09 6.50 
 130-2000 24.98 ± 0.03 14.26 ± 0.11 6.30 ± 0.06 7.86 ± 0.09 6.30 
Table 2
Mechanical properties of the adherends.
 Ti6Al4V GG630T-DT120 Structil ST 1035
 E𝑡𝑖 [36] G𝑡𝑖 [36] E𝑐𝑓𝑟𝑝 [36] G𝑐𝑓𝑟𝑝 [36] Carrier thickness [36] G𝐼𝑐−𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 [35] 
 [MPa] [MPa] [mm] [kJ/m2]  
 118030 44041 60079 2556 0.1 1.18  
This deviation is reflected in the mixed-mode ratios (G𝐼𝐼%) shown in 
Table  1, which represent the percentage ratio of the mode II component 
of the energy release rate to the total energy release rate. These values 
were calculated using Finite Element (FE) Virtual Crack Closure Tech-
nique (VCCT) models of the joints, following the method proposed by 
Wang et al. [37]. Given the low percentage of mode II contribution (up 
to 6.5%), the results presented in the following sections are expected 
to closely approximate the pure mode I condition. For this reason, the 
mode II percentage will be disregarded in the subsequent sections of 
the paper.

Further details regarding the selection of the 13 plies and the eval-
uation of the mixed-mode ratios can be found in the authors’ previous 
work [36].

The main mechanical properties of the adherends were evaluated 
with tensile tests for the LPBF titanium and with three-point bend-
ing tests for the CFRP [35,36]. The mode I fracture toughness of 
the adhesive was evaluated with DCB tests on sandblasted aluminum 
adherends [35]. The thickness of the carrier mat was retrieved by dis-
solving the adhesive with acetone and measuring the polyester carrier 
with a digital micrometer gauge. The properties of the adherends and 
the adhesive are listed in Table  2.

2.4. Test setup and data reduction method

The DCB samples were tested using a Zwick-Roell electromechanical 
testing machine under displacement control, with a displacement rate 
of 2.5 mm/min — as suggested by the ASTM D5528 standard [38] 
— and a 10 kN load cell. The acquisition rate was set to 2 Hz. The 
Crack Mouth Opening Displacement (CMOD) was evaluated with 3-di-
mensional Digital Image Correlation (DIC) using the Vic 3D software 
by Correlated Solutions Inc (Irmo, USA) and 2 DIC cameras with 9 
Megapixels sensors and 23 mm focal length. A speckle pattern was 
spray painted on the side of each joint, and two points on the loading 
line were drawn as reference for the virtual extensometer used to 
retrieve the CMOD. A rectangular region of interest was set around the 
reference points, and the subset and step sizes were 29 and 7 pixels, 
respectively (Fig.  4).

The DIC system was synchronized with the testing machine to 
retrieve the load associated to each DIC picture.

The Compliance Beam Based Method (CBBM, [39]) was used to 
calculate the mode I fracture toughness of the DCB joints. This method 
enables the evaluation of the crack length as a function of the compli-
ance of the specimen. The test was carried out with periodic unloading 
and reloading, allowing the assessment of the compliance as the angu-
lar coefficient of the linear regression of the reloading phase, as shown 
in Fig.  5.
4 
Fig. 4. (a) Test setup and (b) speckle pattern for the evaluation of the CMOD 
with DIC.

The CBBM models the DCB arms as Timoshenko beams (thus con-
sidering both bending and shear effects), and suggests the following 
formula relating the crack length 𝑎 to the compliance 𝐶: 

𝐶𝑎𝑠 =
(𝐶𝑀𝑂𝐷

𝐹

)𝑎𝑠
= 𝑎3

3

(

12
𝐸𝑡𝑖𝑏𝑡𝑖ℎ3𝑡𝑖

+ 12
𝐸𝑐𝑓𝑟𝑝𝑏ℎ3𝑐𝑓𝑟𝑝

)

+ 6𝑎
(

1 + 1
)

(1)
5𝑏 ℎ𝑡𝑖𝐺𝑡𝑖 ℎ𝑐𝑓𝑟𝑝𝐺𝑐𝑓𝑟𝑝
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Fig. 5. Example of load–CMOD curve (sample 90-2000 1).

where 𝐹  is the load, 𝐸 and 𝐺 are the adherends’ flexural and out 
of plane shear moduli, ℎ is the adherends’ thickness, 𝐼 is the second 
moment of area of the adherends’ cross section, and 𝑏 is the joint’s 
width. The subscripts 𝑡𝑖 and 𝑐𝑓𝑟𝑝 represent the titanium and the com-
posite adherends, respectively. The crack length a for each unloading is 
retrieved solving Eq. (1). It is worth noting that, since the compliance 
of the joint is influenced by the Fracture Process Zone (FPZ) extending 
beyond the crack tip, the value evaluated with the CBBM should be 
regarded as the equivalent crack length ‘‘𝑎𝑒’’ [39]. For simplicity, it will 
be referred to as ‘‘𝑎’’. Knowing this value, the mode I fracture toughness 
can be calculated as: 

𝐺𝑎𝑠
𝐼𝑐 =

𝐹 2

2𝑏

[

12𝑎2
(

1
𝐸𝑡𝑖𝑏ℎ3𝑡𝑖

+ 1
𝐸𝑐𝑓𝑟𝑝𝑏ℎ3𝑐𝑓𝑟𝑝

)

+ 6𝑎
5𝑏

(

1
𝐺𝑡𝑖ℎ𝑡𝑖

+ 1
𝐺𝑐𝑓𝑟𝑝ℎ𝑐𝑓𝑟𝑝

)

] (2)

2.5. Analysis of the fracture surfaces

Fracture surface images of the DCB samples were captured us-
ing a Keyence wide-area non-contact profilometer. Additionally, high-
resolution, high-magnification images of selected regions of the fracture 
surfaces were obtained with a Bruker Scanning Electron Microscope 
(SEM).

3. Results

3.1. Surface morphology of the titanium adherends

Fig.  6 shows the surface topography of each type of sample, ob-
tained as stitching of 4 scans for a total area of 2.83 × 2.83 mm2. Table 
3 shows the key surface morphological parameters: arithmetical mean 
height 𝑆𝑎, maximum height 𝑆𝑧, skewness 𝑆𝑠𝑘, kurtosis 𝑆𝑘𝑢, and peak 
density 𝑆𝑝𝑑 [40].

All samples exhibit positive skewness of the height profile (𝑆𝑠𝑘 > 0), 
indicating the presence of high peaks across the surfaces. The kurtosis 
values (𝑆𝑘𝑢) are greater than 3, reflecting sharp peaks, particularly for 
the highest scan speeds and steep build angles. Notably, the sample 
110–1250 demonstrates intermediate characteristics between the other 
4 types of surface, with a 𝑆𝑎 of 17.24 μm, almost perfectly corresponding 
to the average value across all 5 samples (average 𝑆𝑎 = 17.13 μm).

3.2. Contact angle

The distilled water contact angle was evaluated between the inter-
section of the curve-fitted contour of the droplet and the surface of 
the sample (Fig.  7). The resulting contact angle was calculated as the 
average between the right and left ones.
5 
Fig.  8 shows a bar graph with the contact angles for each batch of 
samples, with average values and standard deviation.

The samples printed vertically exhibit 6.8% lower contact angles, 
thus better wettability, compared with the samples printed at an angle 
(110-1250, 130-0500 and 130-2000).

The lower contact angle of the vertical samples is likely related to 
their lower surface roughness compared to the angle samples (−23%). 
This finding aligns with the previous work by the authors [36], where 
sandblasted samples showed lower surface roughness but higher wet-
tability compared to the as-printed samples. Indeed, according to the 
wettability model developed by Cassie and Baxter [41], 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. Thus, lower surface roughness promotes liquid 
spreading.

However, it should be noted that the contact angle measurements 
for both vertically and angled samples exhibit considerable variability 
(high standard deviations). This variability is likely due to the inherent 
heterogeneity of the surfaces, which affects droplet behavior and leads 
to inconsistencies in the measurements. Consequently, the data should 
be interpreted with caution, as the high variability may limit the 
robustness of the conclusions regarding the differences in wettability.

3.3. R-curves

Fig.  9 shows the average R-curves of the DCB samples. For each 
unloading segment, the average mode I fracture toughness and average 
crack length were calculated across the 3 repetitions for each batch. As 
shown in Fig.  9a, it is readily apparent that the samples printed with 
90◦ build angle (hereafter ‘‘vertical’’ samples) have significantly higher 
steady state mode I fracture toughness compared to the samples printed 
at 110◦ and 130◦ (hereafter named ‘‘angle’’ samples).

Fig.  10 shows the normal plot of the effects highlighting the influ-
ence of the printing parameters on the steady-state G𝐼𝑐 . The effects are 
calculated as half the difference between the average response at the 
high level and the average response at the low level of each factor. 
A positive effect indicates an increase in response (in this case, the 
steady-state G𝐼𝑐) and vice versa. The standardized effects, plotted on 
the 𝑋-axis, are dimensionless and allow for direct comparison across 
factors. The 𝑌 -axis represents the cumulative probability (percentile) 
of a normal distribution, helping to identify significant effects as those 
that deviate from the reference line. For further details on these cal-
culations, the authors refer the reader to a textbook on the design 
of experiments ([42] among others). In this analysis, the level of 
significance (𝛼) was set to 0.02, meaning that there is a 2% risk of 
identifying an effect as significant when it is actually due to random 
noise.

As shown in Fig.  10, the parameter build angle has a significantly 
higher standardized effect over the scan speed. Such effect is negative, 
meaning that increasing the build angle decreases the mode I fracture 
toughness. Additionally, the angle samples display a constant trend of 
G𝐼𝑐 throughout the entire duration of the test, whereas the vertical sam-
ples display a rising R-curve trend, similar to that observed for several 
of the specimens analyzed in the previous work by the author [36]. 
Batch 90-2000 was the best performing overall, while batch 130-0500 
exhibited the lowest G𝐼𝑐 .

Table  4 shows the initial and steady-state G𝐼𝑐 . The former was 
evaluated at the second unloading because, for several samples, the 
first unloading occurred during the linear-elastic phase of the test. The 
steady-state G𝐼𝑐 was determined as the average of the second degree 
polynomial interpolation of the unloadings occurring from 85 mm to 
the end of the test for the vertical samples, and from 37 mm to 90 mm 
for the angle joints.
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Fig. 6. Optical profilometry of the LPBF titanium surface.
Table 3
Surface parameters for the different batches.
 𝑆𝑎 𝑆𝑧 𝑆𝑠𝑘 𝑆𝑘𝑢 𝑆𝑝𝑑  
 [μm] [μm] [–] [–] [1/mm2]  
 90-0500 8.61 ± 0.37 93.24 ± 15.28 0.83 ± 0.13 4.31 ± 0.74 498.77 ± 62.57 
 90-2000 21.50 ± 1.72 203.56 ± 19.81 0.37 ± 0.12 2.98 ± 0.21 263.98 ± 48.00 
 110-1250 17.24 ± 1.87 190.11 ± 40.23 0.56 ± 0.32 4.17 ± 1.76 246.76 ± 60.91 
 130-0500 12.43 ± 1.38 114.69 ± 18.74 0.58 ± 0.24 3.88 ± 1.08 250.77 ± 71.18 
 130-2000 25.89 ± 2.89 294.00 ± 66.38 0.81 ± 0.33 4.83 ± 1.76 102.09 ± 37.82 
3.4. Fracture surfaces of the DCB joints

The fracture surfaces of all the tested specimens are shown in 
Fig.  11. Notably, the vertical samples exhibit different failure modes 
compared to the angle samples. The former display mixed cohesive–
adhesive failure in the first part of the crack propagation, with traces 
of adhesive on both the composite and the titanium substrates. In all 
the samples but sample 90-0500 1, the crack deflects between the first 
and the second ply of the CFRP adherend (Fig.  11).
6 
4. Discussion

4.1. Surface morphology

4.1.1. Effect of scan speed at fixed build angle
Comparing samples fabricated at fixed build angle but varying 

scan speeds reveals a significant influence of the latter on the surface 
parameters 𝑆𝑎 and 𝑆𝑧 (e.g. batch 90-2000 + 150% increase in 𝑆𝑎
against batch 90-0500).



M. Gulino et al. Theoretical and Applied Fracture Mechanics 142 (2026) 105400 
Fig. 7. Distilled water droplet, with curve-fitted contours for the calculation 
of the contact angles.

Fig. 8. Bar graph of the contact angles for each batch of samples.

Table 4
Summary of the results for the titanium-composite DCB joints.
 Initial G𝐼𝑐 Steady-state G𝐼𝑐 
 [kJ/m2]

 90-0500 0.41 ± 0.09 1.49 ± 0.05  
 90-2000 0.73 ± 0.19 1.64 ± 0.01  
 110-1250 0.36 ± 0.04 0.37 ± 0.00  
 130-0500 0.19 ± 0.03 0.22 ± 0.02  
 130-2000 0.47 ± 0.06 0.48 ± 0.02  

Fig.  12 shows an enlarged portion of the profilometry for samples 
90-0500 and 90-2000. The profilometry reveals that the former has 
a quite smooth core surface, with several small circular structures 
emerging from it. Such structures are titanium spherical particles which 
partially melted to the core surface during the manufacturing process. 
Indeed, the measured diameters of these structures are perfectly aligned 
with the average particle diameter of the Ti6Al4V powder (37.3 μm). In 
the surface of sample 90-2000, bigger structures were formed during 
the LPBF process, as demonstrated by the higher average equivalent 
diameter (see structure ‘‘D’’ in Fig.  12b). This phenomenon is known as 
‘‘balling’’, and occurs when decreasing the input energy of the laser. It 
is worth noting that Pal et al. [43] also observed an increase of balling 
when increasing the laser scan speed for the manufacturing of LPBF 
Ti6Al4V samples. The height profile in Fig.  12a exhibits a relatively 
narrow range of variation, with peaks concentrated around 30 μm, 
which is close to the diameter of the Ti6Al4V powder particles. This 
distribution suggests a smoother surface morphology dominated by 
partially melted particles, with minimal evidence of balling. In contrast, 
the height distribution in Fig.  12b extends up to approximately 150 μm, 
displaying a broader and more irregular spread. Many peaks exceed 
100 μm, indicating significant balling and material agglomeration due 
7 
Fig. 9. R-curves. The steady-state propagation region is highlighted in translu-
cent green.

Fig. 10. Effect of the printing parameters on the steady-state fracture tough-
ness.

to insufficient melting [43]. The wider and more scattered height 
distribution reflects the effects of the higher scan speed, which causes 
rapid cooling and destabilizes the melt pool.

This trend suggests that higher scan speeds reduce the energy 
input per unit area, resulting in incomplete melting and coalescence 
of powder particles into larger structures leading to rougher surfaces. 
This phenomenon is consistent across both build angles, and the same 
overall considerations can be made for samples 130-0500 and 130-
2000, where the higher scan speed similarly results in a rougher 
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Fig. 11. Digital reconstruction of the fracture surfaces, acquired with a non-contact optical profilometer.
texture. However, these samples also exhibit parallel linear indenta-
tions attributed to the staircase effect, as discussed in the following 
section.

4.1.2. Effect of build angle at fixed scan speed
Comparing the surface of specimens 90-0500 (Fig.  6a) and 130-0500 

(Fig.  6d), two main differences can be noted:

• Both specimens exhibit smooth core surfaces with partially melted 
particles, but sample 130-0500 features parallel linear indenta-
tions with regular spacing. These indentations, shown in Fig.  13, 
are layer lines visible in non-vertical prints, causing the ‘‘staircase 
effect’’ [44,45]. The staircase effect arises from the layer-by-
layer nature of the LPBF process, where the resolution of each 
8 
layer and the build angle determine the visibility and spacing of 
these marks. In fact, the distance between the parallel lines is in 
agreement with the layer height of 60 μm.

• The number of partially melted particles on the surface of samples 
90-0500 is higher compared to the one of sample 130-0500. This 
is also confirmed by the two times higher surface peak density 
𝑆𝑝𝑑 , which is the number of peaks per square millimeter.

The same overall considerations can be drawn also for samples 
90-2000 and 130-2000, but with higher 𝑆𝑎 and a more noticeable 
presence of the balling effect, as described in the previous section. 
In comparison with literature data, Ardila-Rodríguez [30] investigated 
Ti6Al4V-Ti6Al4V joints, and reported average surface roughness values 
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Fig. 12. Areas extracted from the samples (a) 90-0500 and (b) 90-2000.
Fig. 13. Layer lines visible on the surface of sample 130-0500, with those around line ‘‘A’’ highlighted in red.
of 7.29 μm for vertically printed specimens and 10.85 μm for angled 
specimens. In our study, the corresponding values are higher, namely 
15.05 μm for vertical specimens and 19.16 μm for specimens printed at 
a 40◦ angle; however, the overall trend is similar, with angled speci-
mens exhibiting higher roughness. The observed differences could be 
attributed to the different combination of printing parameters, which 
were not fully specified in the mentioned study.

4.2. Fracture behavior of the samples and correlation with failure modes

The rising R-curve of the vertical joints up to the steady-state 
plateau (Fig.  9) is likely due to the competition between different 
failure modes. At crack initiation and in the first part of the propa-
gation, the G𝐼𝑐 is at its lowest values. The crack further propagates in 
the bondline and in the composite adherend at the same time (crack 
branching), as shown in Fig.  14a for joint 90-0500 2. In this stage, 
the fracture toughness increases with a steep trend from 1.47 kJ/m2

to 1.95 kJ/m2 when the crack deflects in the composite. After the 
crack deflection, a CFRP ligament is formed, bridging the composite 
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and titanium adherends, thus further increasing the fracture toughness 
over 2 kJ/m2 at the end of the test (Fig.  14b).

A similar trend was reported by Nguyen et al. [32] for LPBF 
Ti6Al4V–CFRP co-bonded DCB joints, namely an increase in fracture 
toughness with increasing crack length. Nguyen also reported crack 
deflection, consistent with the behavior observed in the present study. 
For a quantitative comparison, Nguyen et al. reported 1.1 kJ/m2

of average fracture toughness in their study, comparable to the one 
measured in this work, namely 1.25 kJ/m2 (evaluated excluding the 
first unloading, occurring in the linear-elastic phase of the test for 
several samples).

This behavior is absent in the angle joints, where the fracture sur-
faces predominantly reveal adhesive failure at the titanium–adhesive 
interface, as can be seen in Fig.  11c, d and e. Indeed, only a few 
traces of adhesive remain on the titanium adherends, which appear 
mostly clean. Instead, most of the adhesive residue is found on the 
composite substrates, indicating that the titanium–adhesive interface 
was the weakest link. The 90-2000 batch showed a similar behavior 
to the 90-0500 batch, with +10% higher values of steady-state G . 
𝐼𝑐
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Fig. 14. Different failure modes for the vertical sample 90-0500 2.

However, the standard deviations of the two batches overlap exten-
sively, indicating that the difference in fracture toughness may not be 
statistically significant. The different behavior of the vertical and angle 
samples is also shown in Fig.  15, where the fracture surfaces of samples 
90-2000 2 and 110-1250 3 are compared.

For sample 90-2000 2, three distinct regions of crack propagation 
can be identified. In the first area, ranging from approximately 25 to 
60 mm, the failure mode is mainly adhesive, with little to no traces of 
adhesive on the titanium adherend. The fracture toughness is almost 
constant in this area, with an average value of 0.69 kJ/m2. From 60 
to 70 mm, an increase of adhesive on the titanium adherend can be 
seen. Moreover, the enlargement in Fig.  15a shows broken carbon fibers 
residues in the adhesive, indicating the initiation of first ply failure, 
associated with an increase in G𝐼𝑐 up to 0.86 kJ/m2. In the last part 
of the test, the crack propagates between the first and second ply of 
the CFRP adherend, with an increase in fracture toughness due to the 
branching of the crack and the formation of CFRP ligaments.

Sample 110-1250 3, on the other hand, displays adhesive failure 
throughout the entire crack propagation. This behavior reflects on 
its flat R-curve, with an average G𝐼𝑐 of 0.41 kJ/m2. A similar trend 
can be observed for all the angle samples, with the fracture surfaces 
mainly displaying adhesive failure. As shown in Table  4, the 130-0500 
batch shows the lowest values of steady-state G𝐼𝑐 (0.22 kJ/m2). Among 
the angle samples, the batch 130-2000 exhibits the highest values 
of steady-state fracture toughness (0.48 kJ/m2), followed by batch 
110-1250 (0.37 kJ/m2). Conversely, in the angle samples, the titanium–
adhesive interface is weaker, resulting in adhesive failure as the sole 
failure mechanism. Crack deflection is therefore linked to adhesion 
strength: the earlier it occurs, the higher the fracture toughness. Most 
likely, in the vertical samples, the crack initiates at the titanium–
adhesive interface, where it propagates until it reaches a region with 
10 
Fig. 15. Fracture surface against R-curve for sample (a) 90-2000 2 and sample 
110-1250 3.

high effective particle density. At this stage, the crack progressively 
moves towards the CFRP adherends.

This relationship is illustrated in Fig.  16, which presents the R-
curves for each sample in batch 90-0500, including the only vertical 
sample that did not exhibit crack deflection — sample 90-0500 1 (Fig. 
11). Notably, sample 90-0500 1 displayed the lowest fracture tough-
ness, followed by sample 90-0500 3, where crack deflection occurred in 
the composite after 62 mm of propagation. Sample 90-0500 2 showed 
the highest fracture toughness among the batch, corresponding to crack 
deflection at the early stages of crack propagation (32 mm).

In order to isolate the toughening effect arising from delamination 
(multiple crack front and formation of CFRP ligaments), the mode I 
fracture toughness prior to crack deflection to the CFRP (hereafter 
referred to as ‘‘pre-delamination G𝐼𝑐 ’’) was calculated for batch 90-
0500 and batch 90-2000. Fig.  17 shows a bar graph with the pre-
delamination G𝐼𝑐 . Notably, the difference in pre-delamination fracture 
toughness between vertical and angle samples, while still significant 
(+50%), is less pronounced compared to the steady-state values. This 
highlights the difference between ‘‘global’’ fracture toughness, i.e. in-
cluding the contribution of extrinsic energy dissipation phenomena 
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Fig. 16. (a) Fracture surfaces of the 90-0500 joints (only the titanium ad-
herends) and (b) corresponding R-curves.

Fig. 17. Mode I fracture toughness before delamination for each batch.

(carrier bridging, first ply failure, delamination, CFRP ligament forma-
tion), and ‘‘local/effective’’ fracture toughness, attributable only to the 
adhesive and interfaces.

4.3. Effect of the surface morphology on the mode I fracture toughness

As demonstrated in the previous section, the results were polarized, 
with the vertical samples exhibiting significantly superior performance 
compared to the angle joints. This highlights the build angle as the most 
significant parameter influencing the fracture toughness under mode I 
loading. It is worth noting that at fixed build angles, the higher surface 
11 
Fig. 18. Correlation between the pre-delamination mode I fracture toughness 
of vertical and angle samples and the surface parameters (a) S𝑎 and (b) S𝑝𝑑 .

roughness left by the 2000 mm/s scan speed proved to be beneficial 
for the mode I fracture toughness. The 90-2000 and 130-2000 joints 
showed + 39% pre-delamination G𝐼𝑐 over the counterparts printed at 
500 mm/s.

Nevertheless, the surface roughness was not directly correlated with 
the adhesion strength: comparing the samples printed with 90◦ and 
130◦  the former presented 50% higher pre-delamination G𝐼𝑐 over the 
latter in spite of the −21% lower S𝑎. As discussed in Section 4.1.2, 
the samples printed at 90◦ showed a surface with a higher number of 
partially melted particles compared to the angle samples (Fig.  6), as 
also proven by their higher S𝑝𝑑 (Table  3).

Fig.  18 shows the pre-delamination fracture toughness of the ver-
tical and angle samples against their surface arithmetical mean height 
(Fig.  18a) and surface peak density (Fig.  18b). Interestingly, G𝐼𝑐 shows 
a direct correlation with S𝑝𝑑 . This suggests that a higher number of 
partially melted powder particles improves adhesion strength. Likely, 
the undercuts between the partially melted powder particle and the 
core surface of the LPBF substrate promote mode I interlocking, which 
increases the adhesion strength of the as-printed titanium.

4.3.1. Scanning electron microscopy of the fracture surfaces
Fig.  19 shows the SEM images of the fracture surfaces of the joints, 

which clearly show that the partially melted titanium particles are 
almost perfectly spherical. This morphology leads to the formation 
of undercuts between the core titanium surface and the particles, in 
which the adhesive flows and then becomes mechanically interlocked 
during curing. The higher the number of partially melted particles, the 
greater the number of these undercuts, suggesting a direct correlation 
between the particle density (S𝑝𝑑) and mode I fracture toughness. These 
observations align with the previously discussed optical profilometry 
results, further supporting the role of the number of partially melted 
particles on the mode I fracture behavior.
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Fig. 19. Scanning electron micrograph of the fracture surfaces.
5. Estimation of the toughening effect of partially melted particles

The results of Section 4.3 show that the partially melted particles 
make a significant contribution to the adhesion strength of the LPBF 
surfaces. Although some studies have hinted at the beneficial role of 
partially melted particles [28,32], their effect has never been thor-
oughly investigated. In the following, a methodology is proposed to 
study this mechanism in detail.

5.1. Effective particle density

The first step in estimating the toughening role of the particles is to 
assess their surface density on the LPBF samples. In fact, while the S𝑝𝑑
is a viable parameter to predict the mode I adhesion strength of LPBF 
surfaces, it is only representative of the number of particles, since it 
considers every surface peak, regardless of its nature (layer lines, noise 
etc.).
12 
Each surface height profile (three scans for each adherend — Sec-
tion 2.2) was imported in Matlab, then centered on its mean plane. 
Contiguous points of the height profile above or below the mean plane 
were detected as blobs. The equivalent diameter of each blob above 
the mean plane — i.e. the diameter of a circle having the same area 
as the blob — was calculated from its area. Blobs whose diameters 
fell within the particle diameter range (20 to 63 μm, see Section 2.1) 
were counted as particles. However, some blobs exceeding this range 
contain individual particles that occupy only a portion of the blob 
area, leading to an underestimation of the total number of particles. 
To address this issue, discarded blobs were subjected to a second 
analysis, in which a local mean plane — one for each discarded blob, 
was recomputed and segmentation was reapplied above (or below) it, 
thereby isolating sub-blobs whose equivalent diameters fell within the 
valid range and recovering all particles in the final count (see Fig. 
20). The number of particles was averaged within each batch, and 
the particle areal density was then calculated by dividing this average 
count by the scanned area (1.71 × 1.71 mm2). Fig.  21a presents the 
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Fig. 20. Surface height profile.

effective particle density per batch, while Fig.  21b shows a scatter plot 
correlating the pre-delamination fracture toughness (Fig.  17) with the 
effective particle density. The plot indicates that higher particle areal 
densities correspond to increased mode I fracture toughness.

A rough estimate of the intrinsic interfacial fracture toughness of the 
LPBF surface, thus excluding the toughening contribution of partially 
melted particles, was obtained by linearly extrapolating the data in 
Fig.  21 to zero particle areal density. Ideally, this value should be 
determined on joints with particle-free adherends, but the LPBF process 
is not able to produce such surfaces. Another approach would be 
to polish the samples’ surface, removing the particles. However, this 
option is not feasible as well, as polishing would remove the oxide 
layers on the LPBF surface, changing its chemistry. The extrapolated 
value is 0.06 kJ/m2. Such value will be used for the development of 
FE models for the assessment of the particle toughening effect, as will 
be explained in the following section.

5.2. FE model of particle-adhesive unit cells

In order to quantitatively estimate the toughening effect of the 
partially melted particles, a FE model of Unit Cells (UC) containing 
a portion of the interface with a single partially melted particle was 
developed in Abaqus.

The UC was modeled with a two-dimensional plane-strain geometry 
(CPE4R elements), which is appropriate for representing a slice of the 
interface under mode-I loading. Although a fully three-dimensional 
representation of the particle geometry would be more realistic, such 
an extension would substantially increase the modeling complexity, and 
therefore lies beyond the scope of this work.

The height profile of single particles were taken from the fracture 
surface, together with the adhesive residues trapped beneath the un-
dercuts. The height profiles were imported inside Abaqus, where the 
particles were assumed to be perfectly spherical (Fig.  22), as suggested 
from the findings of Section 4.3.1. The process was carried out on three 
different particle-adhesive height profiles (Fig.  22a and b), and their 
correspondent TSLs are shown in Fig.  22d — ‘‘particle 1 TSL’’, ‘‘particle 
2 TSL’’ and ‘‘particle 3 TSL’’.

A Cohesive Zone Model (CZM) was used to capture the fracture be-
havior of unit cell, using bilinear Traction Separation Laws (TSLs) in the 
crack path taken from the optical profilometry. A TSL with the fracture 
toughness of the adhesive [35] was used were the crack propagated 
inside the adhesive, while the interfacial fracture toughness of 0.06 
kJ/m2 evaluated as in Section 5.1 was used in the particle-adhesive 
crack path. The CZM was implemented through a zero-thickness co-
hesive contact formulation. The parts in contact, namely the adhesive 
and the titanium adherend portion with the adhesive residues, were 
modeled with linear elastic material properties. Titanium properties 
from Table  2 were applied, while for the adhesive, the elastic mod-
ulus and Poisson’s ratio were set to 3000 MPa and 0.4, respectively, 
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Fig. 21. (a) Bar graph of the effective particle density for each batch. Correla-
tion between the effective particle density and the mode I fracture toughness 
before delamination.

which are typical for an epoxy [46]. To fully define the CZM, stiffness 
values of 1E6 N/mm3 were assigned to each TSL. Such a high penalty 
stiffness is typically required in zero-thickness cohesive-contact formu-
lations, as the elastic response of the interface should not contribute 
additional compliance, which is already captured by the surrounding 
material [47]. The values of maximum stress were set to 40 MPa for the 
adhesive (a reasonable value for a structural adhesive) and 9 MPa for 
the interfacial failure. The latter value, in the absence of experimental 
data, was selected so that the two triangular TSLs would share the 
same geometric proportions (i.e., identical initial stiffness and shape 
ratio between peak traction and corresponding separation). Since no 
experimental mode-II fracture data were available for the adhesive–
substrate interface, the mode-I and mode-II TSLs were assumed to share 
the same shape and critical energy release rate. A mode I displacement 
was applied to the unit cell, and Periodic Boundary Conditions (PBCs) 
were applied to the left and right sides of the model. The reaction 
force and displacement in mode I were used to compute an equivalent 
homogenized traction separation law. The results are shown in Fig.  22, 
showing an increase of fracture toughness up to 15 times for the regions 
with particles when compared to the core surface. Indeed, the particle–
core surface undercuts force the crack to propagate partly through the 
adhesive rather than entirely along the core surface (Fig.  22b, c). As a 
result, the fracture toughness of the UCs assumes an intermediate value 
between that of the core surface and that of the adhesive (0.89 kJ/m2).

The proposed methodology represents an initial attempt to decouple 
the contributions of the core surface adhesion and particle interlocking 
to the fracture toughness of these joints. Future studies incorporating 
larger and more diverse datasets could further refine and validate this 
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Fig. 22. From the height profile of a particle with adhesive residues (a,b), to 
the FE model of the particle-adhesive UC with Periodic Boundary Conditions 
(PBCs) (c) to the resulting homogenized TSLs (d).

approach. It should be emphasized that the present unit-cell model 
is not intended to reproduce the actual, non-periodic morphology of 
the interface, nor to provide a homogenized toughness of the entire 
joint. Instead, its scope is to isolate and quantify the local toughening 
contribution of an individual partially melted particle. To account 
for geometrical variability and provide statistical significance, three 
different particle–adhesive height profiles were extracted from the 
fracture surface and analyzed. The toughening effect reported here 
should therefore be interpreted as the average local effect of indi-
vidual particles. A full representation of the fracture surface i.e. the 
homogenized toughness of the entire interface, lies beyond the scope of 
the present work. Nevertheless, the FE model confirms the toughening 
effect of partially melted particles, quantifies their contribution to 
the fracture toughness, and offers a mechanistic explanation for the 
observed correlation between particle density and adhesion strength.

6. Conclusions

In this work, the effect of different combinations of LPBF printing 
parameters has been evaluated on the mode I fracture toughness of 
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titanium to CFRP co-bonded DCB joints. The joints were left as-printed 
i.e. no surface nor thermal treatment. Two printing parameters were 
chosen: the build angle, which was varied between 90◦ and 130◦  and 
the scan speed, varied between 500 mm/s and 2000 mm/s. A center 
point was also analyzed, with 110◦ build angle and 1250 mm/s scan 
speed.

The following conclusions can be drawn:

• The surface morphology of the titanium is strongly influenced 
by the laser scan speed. The samples printed with 2000 mm/s 
showed + 125% higher S𝑎 compared to the samples printed at 
500 mm/s. The build angle had a less significant effect on the 
roughness, with the samples printed at 130◦ showing + 27% 
higher S𝑎 than the samples printed at 90◦. The substrates printed 
at 110◦ and 1250 mm/s presented roughness nearly midway 
between those of the other samples.

• The surface of the samples printed at 90◦ presents a higher 
number of partially melted powder particles, as demonstrated 
by the + 91% higher surface peak density S𝑝𝑑 and 58% higher 
effective particle density compared to the samples printed at 110◦
and 130◦.

• No major differences in wettability were observed among the 
batches of samples: the ones printed at lower build angle exhib-
ited slightly lower distilled water contact angles (−7%) compared 
to the ones printed at 130◦. These findings are in accordance to 
the model of Cassie–Baxter [41], according to which liquids tend 
to not wet deep valleys in solid surfaces (high roughness surfaces).

• Samples printed at 90◦ exhibit a steady-state mode I fracture 
toughness 3.4 times higher than those printed at 110◦ and 130◦, 
despite having 21% lower roughness. The scan speed had a less 
significant effect on the adhesion strength, with the samples 
printed at 2000 mm/s exhibiting + 24% G𝐼𝑐 compared to those 
printed at 500 mm/s. This trend is attributed to the higher num-
ber of partially melted particles on the surface of the vertically 
printed samples. As demonstrated by a novel methodology in-
volving FE analysis, the particles enhance interfacial interlocking 
and thus adhesion strength. However, it should be noted that 
the FE model relies on a simplified 2D homogenized unit-cell 
representation, which does not fully capture the non-periodic 
and inherently three-dimensional nature of the as-printed sur-
faces. These modeling simplifications should be considered when 
interpreting the quantitative outcomes of the FE analysis.

As a general conclusion, the surface roughness seems not to be 
the only quantitative parameter associated with adhesion strength. The 
‘‘quality’’ of the surface also has to be studied, as different types of 
morphologies can promote interlocking only triggered under a specific 
loading mode. For the Ti6Al4V–CFRP co-bonded joints examined in this 
work, the optimal parameters combination would be 90◦ print angle 
and 2000 mm/s scan speed.

These findings provide new insight for the design of reliable, high-
performance bonded structures using as-printed components and open 
new perspectives for tuning LPBF parameters to maximize interfacial 
adhesion.
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Appendix. Preliminary DoE

A preliminary build with small rectangular cross section prints 
(10 × 10 × 3 mm3) was carried to study the effect of the variation 
of printing parameters on their surface morphology. Three printing 
parameters were varied, each on two levels (32 factorial design):

• Build angle, 90◦ and 135◦  defined as the angle formed between 
the upface and the build platform (see Fig.  A.1)

• Laser scan speed, 500 mm/s and 2000 mm/s
• Laser Power, 100 W and 300 W

The experiment matrix and the geometry of the prints are shown in 
Table  A.1 and Fig.  A.1, respectively.
Table A.1
Design of experiment for the preliminary build, with a total of 8 design
points.
 Low level (–) High level (+)  
 Build angle (a) [◦] 90 135  
 Laser scan speed (b) [mm/s] 500 2000  
 Laser power (c) [W] 100 300  
 Design point Parameter (a) Parameter (b) Parameter (c) 
 (1) – – –  
 A + – –  
 B – + –  
 C – – +  
 AB + + –  
 AC + – +  
 BC – + +  
 ABC + + +  

Three repetitions were printed for each design point, for a total of 24 
specimens. The surface morphology of each the preliminary prints was 
inspected with a Taylor-Hobson optical profilometer, scanning three 
1.71 × 1.71 mm2 square areas per sample. The areas were scanned on 
the lateral face of the vertically printed samples and on the upface of 
those printed with a 135◦ build angle.

The resulting surface arithmetical mean area S𝑎 is shown in
Table  A.2, with the average values and the standard deviation for each 
batch.

Upon initial observation of the surface parameters, it is evident that 
the range of attainable roughness is wide, spanning from 10.99 μm to 
29.87 μm (+ 172%). ANalysis Of VAriance (ANOVA) was carried out 
to determine which are the most influential printing parameters. The 
normal plot of effects, shown in Fig.  A.2 highlights the influence of 
printing parameters on the surface roughness.

Among the analyzed factors, the build angle A emerges as the most 
significant parameter, as it deviates markedly from the reference line, 
15 
Fig. A.1. Geometry and dimensions (in millimeters) of the preliminary prints.

Table A.2
S𝑎 for each batch of the preliminary build.
 Build angle Scan speed Laser power 𝑆𝑎  
 [◦] [mm/s] [W] [μm]  
 (1) 90 500 100 20.63 ± 1.65 
 A 135 500 100 23.47 ± 0.93 
 B 90 2000 100 17.60 ± 0.93 
 C 90 500 300 10.99 ± 0.87 
 AB 135 2000 100 27.50 ± 5.26 
 AC 135 500 300 17.17 ± 2.58 
 BC 90 2000 300 14.40 ± 0.85 
 ABC 135 2000 300 29.87 ± 2.82 

Fig. A.2. Normal plot of the effect of printing parameters and their combina-
tions on the surface arithmetical mean height S𝑎.

indicating a substantial impact on the response. Scan speed is the 
second most influential parameter affecting roughness, closely followed 
by laser power. However, while scan speed has a positive effect on 
roughness, laser power exhibits a negative impact. The two and three-
way interactions, especially BC, AC and ABC, exhibit less pronounced 
effects.

Due to the high cost of the prints, the number of builds for the final 
DCB samples had to be reduced. Thus, the parameters of choice were 
the build angle and the laser scan speed, which had the highest effects.

Data availability

Data will be made available on request.
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