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ARTICLE INFO ABSTRACT

Keywords: The corrosion-fatigue behaviour of laser powder bed fusion (L-PBF) Ti-6Al-4V lattice struts was investigated with
Additive manufacturing particular emphasis on the role of manufacturing-induced geometrical imperfections. Thin strut specimens
Ti-6Al-4V

representing strut-based lattice sub-unit elements were built at a 60° orientation and tested under ten-
sion—tension loading (R = 0.1) in laboratory air and in phosphate-buffered saline (PBS) at 37 °C. Micro-computed
tomography (Micro-CT) was employed to quantify surface roughness, geometrical deviations, and the interaction
between surface valleys and near-surface porosity. Quasi-static tensile tests showed limited scatter in strength
and ductility, indicating that monotonic behaviour is governed by global geometry. In contrast, fatigue perfor-
mance was strongly defect-sensitive. While comparable fatigue strength was observed in air and PBS in the low-
cycle regime, exposure to PBS led to a marked reduction in high-cycle fatigue strength, reaching approximately
25% at 10° cycles. Fractographic and EDXS analyses revealed that fatigue cracks initiated at surface-connected
valleys in both environments, whereas the physiological environment primarily accelerated crack propagation
through corrosion-assisted mechanisms and suppressed crack branching. A micro-CT-based deepest-valley
analysis showed good agreement between predicted critical defects and experimental failure locations. The re-
sults highlight the dominant role of extreme surface geometrical imperfections and environment-assisted crack
growth in the fatigue behaviour of L-PBF Ti-6Al-4V lattice structures.

Lattice structures
Corrosion-fatigue
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Geometrical imperfections

1. Introduction

Porous metallic lattice structures have attracted significant interest
for orthopaedic implant applications because they allow mechanical
properties to be tailored through geometry rather than material
composition alone. In particular, additively manufactured Ti6Al4V lat-
tice structures can achieve substantial reductions in elastic modulus,
mitigate stress shielding, and promote bone in-growth through
controlled porosity and permeability, while retaining the favourable
biocompatibility of titanium alloys [1-12]. Recent studies have fur-
ther demonstrated the potential of additively manufactured Ti6Al4V
lattice structures in orthopaedic applications, including load-bearing
implants and bone scaffolds, where controlled porosity enhances
osseointegration and long-term biological performance [13-16].In

parallel, increasing attention has been devoted to the characterisation of
Ti6Al4V lattice structures, particularly in terms of fatigue behaviour,
and defect-driven mechanisms [17,18] However, despite these advan-
tages, the long-term reliability of lattice-based implants remains domi-
nated by their resistance to cyclic loading under physiological
conditions, where fatigue rather than static strength controls failure
[2,4,5].

The fatigue behaviour of lattice structures differs fundamentally
from that of bulk components. Replacing solid geometry with networks
of slender struts and nodal junctions reduces the effective load-bearing
area and introduces highly localised stress concentrations, particularly
at surfaces and geometric discontinuities. As a result, fatigue damage in
lattice structures is a strongly localised phenomenon, with crack initi-
ation typically occurring at specific struts or nodal regions rather than
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being governed by global material properties [2,4,5,10,19,20]. This
localisation makes systematic fatigue characterisation of full lattice as-
semblies challenging, both experimentally and analytically, and is made
more challenging by the lack of standardised fatigue testing procedures
for additively manufactured (AM) cellular materials [2,4,10,11,21].

Among AM technologies, laser Powder Bed Fusion (L-PBF) has
become the most widely used manufacturing technique for producing
Ti6Al4V lattice structures due to its geometric flexibility and industrial
maturity [2,3,5,22,23]. Nevertheless, the layer-by-layer nature of the
process inevitably introduces manufacturing-related imperfections,
including surface roughness, internal porosity, residual stresses and
systematic geometrical imperfections [2,3,19,20,24-27]. These defects
are particularly pronounced in lattice structures due to their small
feature sizes and short melt line in manufacturing process, and their
severity depends strongly on build orientation and local thermal
changes caused by laser melting [20,25-27]. Even under optimised
processing conditions, such imperfections cannot be fully eliminated
and therefore represent an inherent characteristic of L-PBF lattice
structures [2,22,23,26].

Among these imperfections, surface roughness and geometrical de-
viations of struts play a dominant role in fatigue performance. In L-PBF
Ti6Al4V strut-based lattices, rough as-built surfaces, partially melted
powder particles and orientation-dependent cross-sectional distortions
act as micro-notches, leading to high local stress concentrations under
cyclic loading [19,20,28]. Fatigue cracks have consistently been shown
to initiate at these surface features or internal defects [20,27]. The
strong sensitivity of fatigue behaviour to as-built geometry highlights
the need for quantitative characterisation of geometrical imperfections
rather than reliance on nominal CAD dimensions.

Given the localised nature of fatigue damage, increasing attention
has been directed towards testing miniaturised specimens that replicate
lattice sub-unital elements, such as individual struts, instead of full
lattice assemblies [19,20,25,26,28,29]. Thin-strut specimens provide a
controlled experimental framework for isolating surface-driven fatigue
mechanisms while avoiding the geometric complexity and load redis-
tribution effects that present in complete lattices. This approach allows
systematic investigation of manufacturing-induced variability,
including surface texture, porosity and geometrical imperfections, under
well-defined uniaxial loading conditions [19,20,25-28]. While such
specimens do not fully replicate the multiaxial stress states at nodal
junctions, they are particularly effective for studying crack initiation
behaviour, which dominates fatigue life in the high-cycle regime rele-
vant to orthopaedic implants.

In addition to manufacturing-related imperfections, the service
environment plays a critical role in determining fatigue performance.

Lattice unit
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Orthopaedic implants operate in aqueous, ion-rich physiological envi-
ronments where cyclic mechanical loading interacts with electro-
chemical processes at the material surface due to cell adhesions and
harsh body fluid environment (Fig. 1). Under such conditions, corrosion
fatigue can occur, leading to accelerated crack initiation and propaga-
tion compared to fatigue in air [30,31]. In Ti6Al4V, cyclic disruption of
the protective oxide layer exposes fresh metal to the environment,
enabling corrosion-assisted damage even when individual stress cycles
remain below thresholds for stress corrosion cracking [30,31]. These
effects are naturally time-dependent and become more pronounced at
low loading frequencies, which are representative of physiological
conditions during activities such as walking [31-33].

The characteristics of lattice structures are expected to worsen
corrosion fatigue effects compared to bulk materials. The high surface
area-to-volume ratio of cellular architectures increases the fraction of
material exposed to the environment. Also, complex geometries may
create geometrical regions where fluid becomes trapped or poorly
exchanged, creating a local chemical environment that is different from
the surrounding bulk fluid and promote corrosion processes [31,34,35].
Manufacturing-induced surface roughness and geometrical imperfec-
tions further provide preferential sites for localised corrosion and sub-
sequent fatigue crack nucleation. Despite this, corrosion fatigue of AM
lattice structures has received limited attention [36], and most existing
studies consider either fatigue behaviour in air or corrosion effects under
static or monotonic loading conditions [2,19,20,28,29,34,37-41].

Fracture surface analysis, i.e. fractography, of L-PBF Ti6Al4V lattices
and strut specimens have shown that fatigue cracks predominantly
initiate at surface defects, including roughness valleys, partially melted
particles and geometric discontinuities, with crack paths strongly
influenced by build orientation and surface morphology
[19,20,28,29,37]. Environmental exposure can further modify fracture
surface features, by encouraging corrosion-assisted crack initiation and
altering crack propagation behaviour [30-32,42-45]. However, sys-
tematic studies combining three-dimensional characterisation of
geometrical imperfections, using Micro-CT, with Scanning Electron
Microscopy (SEM) fractography under simulated physiological envi-
ronments remain infrequent.

The present work investigates the tensile and fatigue behaviour of L-
PBF Ti6Al4V strut-based lattice sub-unital elements manufactured at a
60° build orientation. Fatigue tests were conducted under ten-
sion-tension loading (R = 0.1) both in air at room temperature and in
phosphate-buffered saline (PBS) at 37 °C using a bespoke environmental
test vessel that accounts for fluid flow, temperature control and mini-
misation of air entrapment. Micro-CT was employed to quantify
geometrical imperfections of the as-built struts, and SEM fractography
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Fig. 1. Corrosion fatigue process at the orthopaedic medical implants.
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was used to identify fatigue crack initiation and propagation mecha-
nisms. By correlating geometrical deviations, environmental exposure
and fracture behaviour, this study aims to improve understanding of
corrosion fatigue failure in additively manufactured Ti6Al4V lattice
structures relevant to orthopaedic implant applications.

2. Materials and methods
2.1. Specimen manufacturing and design

Dog-bone specimens mimicking the sub-unit strut of a lattice truss
were designed with a nominal diameter of 670 um and a gauge length of
2.4 mm, as shown in Fig. 2a. The reader is referred to [20,27] for a
comprehensive description of the specimen design rationale and its
geometric features. Briefly, the specimen consists of a single cylindrical
gauge section connected to enlarged gripping regions through filleted
transition zones, designed according to the streamline fillet principles
described in [46] to minimize stress-concentration effects and prevent
premature failure at the grips. The purpose of this specimen geometry is
to isolate and investigate the mechanical and corrosion-fatigue behav-
iour of a single strut, without accounting for the influence of the node/
junction region [28,29], which will be addressed in future work.

Biomedical-grade Ti-6Al-4V thin-strut specimens (Grade 5, Oz <
0.2%, spherical powder 15-45 pm) were manufactured via L-PBF using
an EOS M290 system equipped with a 400 W laser, layer thickness of 60
um, and a printing orientation of 60° with respect to the job plate. The
60° build orientation was intentionally selected as a representative in-
termediate inclination that well falls within the range of strut

a)

Thin Strut

{ Printing Direction

b)

Giripping
System
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inclinations encountered in typical truss-based lattice architectures. This
orientation presents an intermediate level of manufacturing-induced
geometrical imperfections, arising from stair-stepping and gravita-
tional effects, between the vertically built (90°) and more inclined (45°
or 15°) configurations previously characterized in [20]. The printing
parameters were industrially optimized to balance productivity and
manufacturing quality and are proprietary to our industrial partner,
Lincotek Medical S.p.A. The decision to employ these industrially opti-
mized parameters, rather than more accuracy-oriented, research-grade
settings, was motivated by the intent to test components representative
of real industrial applications. Using thinner layers or highly refined
parameter sets would lead to improved geometric accuracy but at the
expense of substantially higher build times and reduced industrial
relevance.

After manufacturing, a heat treatment above 800 °C was carried out
to promote the transformation of the o martensitic structure into the a
+ B lamellar microstructure. This treatment also served to relieve re-
sidual stresses induced during the L-PBF process. The specimens should
be regarded as as-built, as no surface finishing treatments were per-
formed. This choice was motivated by two considerations. First, the
inherent surface roughness of L-PBF parts is beneficial for orthopaedic
applications, as it enhances cell adhesion and proliferation, thereby
promoting osteointegration [4]. Second, surface treatments aimed at
reducing surface roughness are not always feasible for complex lattice
geometries and may not be always compatible with biomedical re-
quirements. It is also worth noting that the as-built surface texture pri-
marily originates from partially melted particles that are metallurgically
bonded to the structure, while loosely attached powder particles are
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Fig. 2. (a) On the left, schematic of the as-designed specimens built at 60° with respect to the job plate and an optical image of an exemplificative as-built printed
specimen., The location of the supporting structures (light grey), placed exclusively on the gripping sections, is highlighted in the as-designed schematic. On the right,
3D isometric view and 2D technical drawing of the thin-strut dog-bone specimens with dimensions reported in mm. The gauge length is 2.4 mm and the nominal
diameter is 670 um. (b) Experimental set-up for quasi-static tensile testing, showing the custom-designed clamping system and the pre-compressed LVDT integrated
into the grips for axial deformation measurement. (c) Schematic representation of the corrosion-fatigue testing apparatus, including the PBS reservoir, peristaltic
pump, and closed-loop circulation system supplying the testing vessel mounted on the Bose ElectroForce 3200 machine.
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typically removed during routine cleaning and sterilization procedures.
Supporting structures were placed only at the gripping regions, leaving
the gauge length fully unsupported to reproduce the typical printing
conditions of lattice components. These supports were then removed
using Electrical Discharge Machining (EDM) and wire cutters. Speci-
mens exhibiting unexpected geometrical deviations from the nominal
design or interruptions in the gauge length were excluded from the
analyses presented in this work.

2.2. Experimental analysis

2.2.1. Morphological characterization

The stereo-optical approach described in [20,28] was employed for
the morphological characterization of the thin-strut specimens. Briefly,
the as-built cross-section of each sample was evaluated from two stereo-
optical images using an in-house MATLAB (R2024b, The MathWorks,
Inc., Natick, MA, USA) image-analysis routine. This procedure enables
the extraction of both the “average” cross-sectional area (obtained by
averaging all cross-sectional measurements along the gauge length) and
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the “minimum” cross-sectional area (the smallest value within the gauge
region). In addition, the routine quantifies the eccentricity and de-
viations from the as-designed geometry by assuming that
manufacturing-induced effects deform the nominal circular cross-
section into an elliptical one. Such deviations arise from gravity-
related distortions and stair-stepping effects, which promote parasitic
mass accumulation and dross formation on the struts’ lowerskin
[20,28].

2.2.2. Micro-CT analyses

Three-dimensional Micro-computed tomography (micro-CT) scan-
ning was carried out on 4 samples using a Zeiss Xradia Versa 620 system
operated at 70 kV and 120 pA, yielding a voxel size of 2.5 pm. The
reconstructed volumes were processed using Dragonfly 3D World 2025.1
(Comet Technologies Canada Inc., Montreal, QC, Canada; non-
commercial license) for surface extraction and porosity analysis.

In method A (Fig. 3a), following reconstruction, segmentation of
solid and void phases was performed in Dragonfly using Otsu’s thresh-
olding method. From both the upper and lower skin surface of each

A) Linear Roughness Calculation Work Flow

1. Slab extraction from micro-CT

(10 slabs on each side; thickness of slab equal to 10 pm)

2. Profile acquisition in MATLAB for each
slab

waviness filters

B) Areal Roughness Calculation Work Flow

3. Tilt correction, high-frequency noise, and low-pass

4. Final roughness profiles after filtering

1. STL map extraction
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Fig. 3. Workflow for surface roughness analysis using micro-CT data. (a) Linear roughness calculation: (1) extraction of radial slabs from reconstructed micro-CT
data; (2) extraction of surface line profiles; (3) application of tilt correction, high-frequency noise filtering, and low-pass waviness filtering; and (4) generation of
final filtered roughness profiles. (b) Areal roughness calculation: (1) extraction of the surface mesh from micro-CT; (2) import and elliptical cylinder fitting; (3)
computation of radial deviation maps; (4) cylindrical unwrapping into a 2.5D height map; (5) removal of form, noise, and waviness using Gaussian filters; and (6)
final areal roughness map representing the spatial distribution of surface deviations.
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specimen, 10 regions of interest (ROIs) were defined by extracting slabs
with 10 pm thickness (equivalent to four voxels).

Each ROI was analysed using Dragonfly’s “slice analysis” function to
determine the voxel count per micro-CT slice. The resulting data were
exported and processed using an in-house MATLAB script (R2024b, The
MathWorks, Inc., Natick, MA, USA) to generate and analyse surface
profiles. Surface profiles were tilt-corrected and filtered according to
ISO 21920 guidelines [47-49]. Gaussian smoothing (smoothdata,
Gaussian kernel) was applied to remove high-frequency noise (S-filter)
and long-wavelength waviness (L-filter). A short-wavelength cutoff of A
= 9 pum (~3 x voxel size) was selected following the approach of
Thompson et al. [50]. A long-wavelength cutoff of A, = 800 um was
chosen following ASTM F3624-23 [51] which has been shown to
sensitively capture surface asperities and adhered particles [50,52]. An
evaluation length of 4.4 mm, corresponding to the total measurable
length on the sample, was selected. This choice was supported by the
findings of Nagalingam et al. [53], which demonstrated that reducing
the evaluation length to the minimum cut-off length in AM components
does not significantly affect the roughness results (Fig. 3a).

In method B (Fig. 3b), a triangular mesh (.STL) was generated from
the micro-CT data using Dragonfly’s surface determination tool and
imported into MATLAB. An elliptical cylinder was fitted to the mesh
using nonlinear least squares method, defining the nominal reference
geometry. Radial deviations of each mesh vertex from the fitted cylinder
were computed and unwrapped into a 2D coordinate frame, producing a
height map z(x,y), where x represents circumferential arc length and y
the axial coordinate. Following ISO 25178-2 [54], the unwrapped
height map was treated as a 2.5D areal surface. Three filtering steps
were performed sequentially based on the ASTM F3624-23 [51]: (1)
Surface form was removed using polynomial detrending. (2) A Gaussian
S-filter (As = 9 um) removed high-frequency noise. (3) A Gaussian L-filter
(AL = 800 um) removed long-wavelength waviness.

Subtracting the L-filtered surface from the S-filtered surface yielded
the S-L surface containing roughness within the 9-800 pum spatial
bandwidth. Areal parameters were computed from the detrended, mean-
centred surface according to ISO 25178-2 [54] (Fig. 3b). To further
explore this approach, additional methods (Methods C and D) for
calculating linear roughness are provided in the Supplementary
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Materials.

The concept of unwrapping cylindrical structures into a 2.5D surface
representation has previously been explored by Oosterbeek et al. [55].
In the present work, we further developed and adapted this approach for
our specific samples. All data processing and analysis code used in this
study was independently developed by our group.

To identify surface valleys, the “Fill Connected Pores” function was
applied to the solid-phase ROI, connecting open surface pores below
100 pm in diameter. This operation connects voxels within a defined
distance threshold, effectively linking all open surface pores with di-
ameters below a specified value, depending on the sample’s surface
imperfections. Subtraction of the “connected pore ROI” and the “solid-
phase ROI” was considered as the “valleys ROI”.

The Multi-ROI measurement tool was used to rank valleys’ depth
based on minimum intensity values, reflecting distance from the strut’s
central axis. Valley depth was computed as the intensity difference be-
tween the valley peak and pitch. The deepest 10% of valleys were
classified as “critical valleys.” Porosity identification followed standard
micro-CT practices involving segmentation of void and solid phases
[56-59]. Otsu’s method was used for thresholding.

Critical valleys were then investigated for possible internal pores in
the vicinity. Pores located within a radial distance equivalent to each
valley’s depth were defined as “critical pores” [60]. Pore-to-valley dis-
tances were then calculated. Notably, pores larger than 27 voxels (3 x 3
% 3) were analysed to minimize noise. Critical valleys with or without
critical pores in the proximity were investigated as potential fatigue
initiation sites (Fig. 4).

Accurately characterizing defect size and morphology remains one of
the major challenges in AM components. A commonly adopted approach
for quantifying the effective size of an initial defect is the Murakami’s
parameter, \/area, which defines the defect area as the projected area of
a smooth, equivalent contour perpendicular to the loading direction
[61]. However, for defects located near the surface, distinguishing be-
tween fully internal defects and those connected to the surface can be
challenging, particularly when non-propagating cracks are present and
may create an apparent link between a subsurface flaw and the exterior.
In this study, the assessment framework provided in BS 7910:2019 [62]
was employed to differentiate between single defects and paired

B 3D render of selected valley

2D cross section (XY)

2D cross section (XZ)

2D cross section (YZ)

Fig. 4. (a) Workflow for identifying critical surface valleys and associated internal pores using micro-CT analysis. (1) Identification of all surface valleys; (2) selection
of the deepest 10% of valleys (critical valleys); (3) segmentation of all internal pores; and (4) identification of pores located within the depth range of the critical
valleys (critical pores). (b) A representative critical valley with its associated pores, displayed as a 3D render and orthogonal 2D cross-sections (XY, XZ, and YZ),

illustrating pore proximity to the valley and potential crack-initiation geometry.
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interacting defects for valleys located in proximity to pores. To simplify
the analysis, interactions among neighbouring valleys were not
considered, as the valley identification approach inherently treats a
cluster of adjacent valleys as a single potential fracture site. Fig. 5 il-
lustrates the relevant section of the BS 7910:2019 standard that defines
the criteria for interaction between pores and valleys. Using these
criteria, each flaw was classified as either a single defect or an inter-
acting pair for subsequent evaluation. The diameter of each defect was
estimated using the “equivalent spherical diameter” function in
Dragonfly.

As illustrated in Fig. 5 of the standard [62], the effective area of
interacting defects is calculated as the surface area of a rectangle that
encloses both defects. Although this approach is widely adopted, several
recent studies argue that determining the exact projected surface area of
defects provides greater accuracy [17,63]. Accordingly, in this work the
projected surface area of each defect was computed directly on the plane
perpendicular to the stress direction, using “slice analysis” function in
XY plane of micro-CT. For interacting pores and valleys, however, the
effective area of the distance between the defects, was determined using
the criterion specified in [62], consistent with procedures applied in
previous studies [62-64].

The effective defect size, ,/areds, was computed following Mur-
akami et al. [65] and as widely applied in prior literature [63,64,66].
The parameter is defined as:

Jareag - { max (/arelg max , /A€ max ) ifS1 > @1 + @z o

\/Areag max + /Ar€Apmax +$ ifs1 < a3 +az

where /@redp mqx is the maximum projected size of the internal pore,
and ,/areag mqx is the maximum projected equivalent size derived from
the valley depth [63]. The term s; represents the shortest distance be-
tween the valley and its adjacent pore, while s represents its vertical
component [64]. The terms a; and ay represent diameter of the pore and
diameter of the valley, respectively.

2.2.3. Monotonic Properties: Tensile tests

Quasi-static tensile tests were performed on three specimens using an
Instron 5969 universal testing machine (Instron Inc., Norwood, MA,
USA) equipped with a 10 kN load cell. Tests were conducted at a con-
stant crosshead speed of 0.5 mm/min, with a data acquisition rate of 2
pts/s. Due to the small dimensions of the miniaturized specimens, a
dedicated clamping system was designed and manufactured in-house
(see Fig. 2b). The use of a conventional extensometer was not feasible;
therefore, axial deformation was monitored using a linear variable dif-
ferential transformer (LVDT) with a displacement range of 2.5 mm. The
LVDT was integrated directly into the custom grips and preloaded prior
to each test to ensure measurement repeatability (see Fig. 2b). The
Young’s modulus was determined from the linear elastic portion of the
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stress-strain curve, while the yield stress oy was obtained using the 0.2%
offset method.

2.2.4. Fatigue tests

Two types of fatigue tests were conducted in this study: (i) fatigue
tests in air at room temperature and (ii) corrosion-fatigue tests in
Phosphate Buffered Saline (PBS) at 37 °C, to simulate physiological
conditions [67,68]. PBS was selected since its ionic composition and pH
resemble those of human body fluids, as shown in Table 1 in comparison
with human blood plasma [68]. Of particular relevance is the compa-
rable concentration of chloride ions (C1™), which are known to induce
local breakdown of the passive oxide film on titanium alloys, thereby
playing a key role in the initiation of corrosion processes under cyclic
loading [32]. A 0.01 M PBS solution at pH 7.4 was prepared by dis-
solving 10 g pouches of PBS powder (P3813, Sigma-Aldrich, USA)in 1 L
of distilled (DI) water.

Fatigue and corrosion-fatigue tests were carried out using a Bose
Electroforce 3200 testing machine equipped with stainless-steel me-
chanical grips and a 200 N load cell (sensitivity + 0.05 N). Both test
types were performed under load-controlled tension-tension conditions
(R = 0.1) using a sinusoidal waveform at a nominal frequency of 1 Hz.
The chosen frequency reflects typical physiological loading rates during
human gait (1-2 Hz [33]) while ensuring adequate interaction time
between the corrosive medium and the specimen.

Corrosion—fatigue tests were performed using the apparatus illus-
trated in Fig. 2c, consisting of a PBS-filled chamber connected to a cir-
culation system made of PUMPSIL silicone tubing (1.6 mm inner
diameter, Watson-Marlow Ltd., UK) and a Rainin Dynamax RP-1 peri-
staltic pump (Rainin Instruments LLC, USA). This system enables initial
chamber filling, drainage of the exhausted solution, and continuous
closed-loop circulation throughout testing. The pump was operated at a
flow rate of 1.2 mL/min, consistent with values adopted in previous
studies [69,70]. The heating system was designed to keep the temper-
ature at 37 + 1 °C throughout the fatigue test. PBS was pre-heated
through a heating plate before the beginning of the test.

Table 1

Chemical composition and pH of human blood plasma [68] and PBS [67].
Composition Blood Plasma PBS
Na* (mM) 142.0 157
K* (mM) 5.0 4.5
Mg (mM) 1.5 -
Ca* (mM) 2.5 -
ClI™ (mM) 103.0 139.7
HCO3 (mM) 27.0 -
HPO3 (mM) 1.0 11.8
S03™ (mM) 0.5 -
pH 7.2-7.4 7.4

Schematic flaws

Criteria for interaction

Effective dimensions
after interaction

26

e

0f W ri_ 2_7 _;231
ama

2C2

22|

51 < ay + a3

d) Coplanar surface and embedded flaws (interaction in thickness direction)

a=2a;+a;+s
2¢ = max. (2¢,, 2¢3)

Fig. 5. Defect interaction criteria between surface and internal defects according to BS 7910-2019 standard [62], where s; is the minimum distance between defects

and s represents its vertical component.
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Tests were conducted until specimen failure or until reaching a
predefined runout of 10° cycles. This runout limit balances the pro-
longed test durations associated with the low testing frequency with a
fatigue life representative of comparative assessment between the two
environments. Specimens that survived the runout were indicated with a
horizontal arrow on the corresponding S-N curve. It is also worth noting
that specimens were not re-tested after runout. Indeed, despite re-testing
these specimens could provide additional experimental points and
further insight into fatigue resistance mechanisms, they may already
contain accumulated damage or corrosion-induced surface modifica-
tions, which would influence their subsequent response and limit direct
comparison with virgin specimen data. For each Wohler curve, at least
12 specimens were tested, with 2-3 specimens allocated to each load
level. The Wohler curves were obtained by fitting the experimental data
using Eq. (2):

Ga= G+ @

Ny

where Ci, Cy, and Cjs are fitting constants, Ny is the number of cycles to
failure (or runout), and o, is the applied stress amplitude. The 10-90%
failure-probability scatter bands were derived according to Eq. (3) using
a uniform regression variance over the entire tested range.

> (Ga,i - 3@‘)2
n—p

§* = 3

where o,; denotes the i-th measured fatigue stress amplitude and &,; its
corresponding regression estimate. The parameters n and p represent,
respectively, the total number of experimental data points and the
number of fitting coefficients used in Eq. (2), which in this case is three.
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2.2.5. Fracture surface analysis

A Zeiss Supra 40 (Zeiss, Germany) field-emission scanning electron
microscope (FE-SEM) was used to examine the fatigue fracture surfaces
of specimens tested both in air and in PBS. Images were acquired in
secondary electron mode at an accelerating voltage of 5.00 kV. Prior to
analysis, specimens tested in air were ultrasonically cleaned in ethanol
for 10 min to remove loose debris, whereas specimens tested in PBS were
either cleaned in acetone for 10 min to eliminate residual medium or
analysed without any cleaning treatment.

Energy-dispersive X-ray spectroscopy (EDXS) was conducted using a
JEOL® JSM-IT300LV SEM (JEOL Ltd., Tokyo, Japan) equipped with a
Bruker® QUANTAX EDX system featuring an XFlash® 630 M silicon
drift detector (Bruker Nano GmbH, Berlin, Germany). A working dis-
tance of 10 mm was employed, and spectra were acquired over an en-
ergy range of 0-10 keV using ESPRIT® 2.0 microanalysis software
(Bruker Nano GmbH).

3. Results and discussion
3.1. Morphological characterization

Fig. 6a presents the bar plot of the cross-sectional measurements
obtained from the stereo-optical image analysis described in Section
2.2.1. For each specimen, both the minimum cross-section, defined as
the smallest cross-section along the gauge length, and the average cross-
section, defined as the mean cross-section over the entire gauge length,
were computed. These quantities were then averaged over the produc-
tion batch and compared with the nominal CAD design value. The cor-
responding percentage deviations from the nominal geometry, together
with the cross-sectional eccentricity, are reported in Table 3.

The results indicate that the 60° struts systematically exhibit average
cross-sectional areas (0.398 + 0.035 mm?) larger than the nominal
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Fig. 6. A) bar plot (mean and standard deviation) of the average and minimum cross-sections measured for the 60° thin strut specimens. the red dashed-dot line
indicates the as-design nominal cross-section. (b) comparative plot of the main morphological features (average cross-section, minimum cross section and eccen-
tricity) of thin-strut specimens at 60° (grey area) with respect to thin strut specimens at different building orientations reported in [20]. (c) Stress—strain curves of the
quasi-static tensile tests performed on three specimens. (d) SEM fracture surface images of the tested specimens. Scale bars set to 100 um.
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value (0.352 mmz), whereas the minimum cross-section is slightly un-
dersized (0.331 £+ 0.033 mmz), corresponding to an average deviation of
—6 + 9% with respect to the nominal target. Such behaviour highlights
the coexistence of localized geometric thinning within some gauge
length regions with an overall increase in material accumulation along
the strut length.

Fig. 6b compares the morphological descriptors, namely average and
minimum cross-sectional areas and eccentricity, of the 60° thin-strut
specimens with those of thin struts manufactured using the same pro-
cess parameters but oriented at different building angles (90°, 45°, 15°,
and 0°), as reported in [20]. The 60° specimens clearly follow the
orientation-dependent trends observed for AM struts, exhibiting an in-
termediate response between the vertically built (90°) and moderately
inclined (45°) configurations.

Notably, the 60° struts retain the relatively low eccentricity and
higher cross-sectional accuracy typical of the 90° orientation, while
simultaneously showing a tendency toward more elliptical cross-
sections, characteristic of inclined geometries. Despite this shift to-
ward elliptical shapes, the eccentricity of the 60° specimens remains
markedly lower than that of the more steeply inclined and horizontal
struts. When considered together with the reduced scatter in cross-
sectional measurements and the lower average cross-sectional values
compared to the 45° specimens, these results suggest that the lower skin
of the 60° struts is less affected by dross formation and parasitic material
accumulation. This behaviour can be attributed to a more stable and
homogeneous melt pool, in which gravitational and capillary effects are
less pronounced than in the 45° orientation. Nevertheless, due to the
inclined nature of the 60° specimens, stair-stepping effects are still
present, as evidenced by the deviations in cross-sectional size and shape
relative to the vertically built (90°) struts.

Table 2 also summarizes the surface roughness values, as mean value
and standard deviation on the four CT-scanned specimens. Linear
roughness descriptors (Ra, deepest valley Rv, and maximum peak-to-
valley Rz) are reported for both the upper and lower strut surfaces of
each sample, while areal roughness parameters (Sa, Sv, and Sz) repre-
sent the overall surface texture across the entire area. The measured
values are consistent with those reported in previous studies on AM
lattice structures [27,41,71]. As expected, lowerskin surfaces generally
exhibit higher roughness, reflecting the inherently rougher morphology
of downward-facing regions generated during the printing process. The
influence of surface orientation is more pronounced in Rv and Rz
compared with Ra, given that Ra represents an averaged roughness
value and is therefore less sensitive to local valleys and peaks [27]. The
areal roughness values obtained from the unwrapped Micro-CT-derived
surface were slightly higher than the linear roughness values measured
along single profiles. This outcome is expected because areal measure-
ments capture height variation in two directions, while a line profile
samples only one [72]. As a result, areal analysis includes more surface

Table 2

Average and minimum cross-sectional areas, percentage deviation from the
nominal CAD design, and eccentricity of 60° thin-strut specimens obtained from
stereo-optical image analysis. Data are reported as mean =+ standard deviation.
Linear (Ra, Rv, Rz) and areal (Sa, Sv, Sz) surface roughness parameters, reported
as mean =+ standard deviation over four CT-scanned specimens. Linear rough-
ness metrics were evaluated separately for the upper and lower specimen skins.

Cross-Section (mm?) Dev. From CAD (%) Eccentricity (%)

Average Minimum Average  Minimum  Average  Minimum
0.398 + 0.331 + 0.033 13+10 -6+9 0.385 + 0.282 +
0.035 0.03 0.106

Surface Roughness

Location Ra Rv Rz (pm) Sa (um) Sv (um) Sz (um)
(um)  (pm)

Upperskin 12.7 48.4 94.0 + 154 + 71.5 + 184.9 +
+1.3 +£65 151 0.5 4.8 30.3

Lowerskin 14.3 41.4 100.1 &+

+1.7 +4.2 11.5
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Table 3

Mechanical properties of 60° thin-strut specimens obtained from quasi-static
tensile tests considering the average and the nominal cross-sections: Young’s
modulus (E), yield stress (o), yield strain (gy), ultimate tensile strength (cyrs),
strain at UTS (eyrs), fracture stress (of), and total elongation to fracture (eg).
Values are reported as mean =+ standard deviation.

Cross E Gy ey Guts euTs 73 ef
Section (GPa) (MPa) (%) (MPa) (%) (MPa) (%)
Average 52 + 733 £ 1.6 794 + 3.6 + 632 + 4.9

3 28 +0.1 18 0.3 13 +0.5
Nominal 63 + 880 + 1.9 954 + 4.4+ 760 + 5.9

4 25 +01 12 0.3 9 +0.6

asperities and provides a more complete representation of topography.
This effect is amplified on AM surfaces, which contain multi-directional
features, such as partially melted particles, stair-stepping, and melt-pool
textures, that may be only partially intersected by a single scan line.
Therefore, the higher areal roughness measured here reflects the more
comprehensive sampling of surface morphology provided by 2D anal-
ysis, rather than processing artifacts.

3.2. Tensile behaviour

Fig. 6¢ reports the stress—strain curves of three 60° thin-strut speci-
mens tested under quasi-static tensile loading, while the corresponding
mechanical properties (mean values and standard deviations) are sum-
marized in Table 3. Stress values (Fig. 6¢) were computed using the
average cross-sectional area of each individual specimen, as determined
by the stereo-optical approach described in Section 2.2.1. The specimens
exhibit an average Young’s modulus of 52 &+ 3 GPa, which is markedly
lower than values typically reported for bulk L-PBF and wrought Ti-6Al-
4V, yet consistent with elastic moduli measured for specimens of com-
parable miniaturized dimensions [20,27,73,74]. Although a consensus
regarding the dominant origin of this effect has not yet been reached
within the scientific community, it is commonly attributed to one or a
combination of factors, including uncertainties in defining the effective
load-bearing cross-section [73], the influence of surface roughness and
internal defects [75], and size effects associated with the high surface-to-
volume ratio intrinsic to miniaturized geometries and their impact on
microstructural development.

Yielding occurs at a stress of 733 + 28 MPa and a corresponding
strain of 1.6 + 0.1%, followed by a limited strain-hardening regime
leading to an ultimate tensile strength of 794 + 18 MPa at 3.6 + 0.3%
strain. Final failure occurs at an average stress of 632 + 13 MPa and a
total elongation to fracture of 4.9 + 0.5%. For comparison, Table 3 also
reports the properties obtained using the nominal cross-section. The
nominal area significantly underestimates the actual load-bearing area
of the 60° struts, whose measured average cross-section is 0.398 +
0.035 mm? due to manufacturing-induced material accumulation
(Table 2), hence resulting in a systematic overestimation of all stress
metrics by approximately 16%. The mechanical properties calculated
with the average cross-section (Table 3) are in good agreement with
those reported for thin L-PBF struts manufactured with the same print-
ing parameters at other inclined orientations [20].

The relatively narrow scatter observed in both strength and strain
metrics suggests that, despite the geometric variability typical of L-PBF
components (see Fig. 6a-b), the tensile response of the specimens is
predominantly ruled by their global structural behaviour rather than by
isolated extreme defects. This observation further supports the adoption
of the average cross-section as a representative geometric parameter for
the interpretation of tensile results, whereas the minimum cross-section,
more sensitive to localized geometrical extremes, is employed for the
fatigue analysis (Section 3.3), where damage initiation is governed by
the most critical cross-section along the gauge length. These data are
also corroborated by the SEM fracture surfaces shown in Fig. 6d. All
specimens exhibit a cup-and-cone fracture morphology, indicative of a
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ductile failure mechanism. Gas pores are also observed on the fracture
surfaces, suggesting that porosity, combined with cross-sectional shape
variations and surface waviness along the gauge length, may act syn-
ergistically as the dominant contributors to failure under tensile loading.

3.3. Fatigue behaviour

Fig. 7a presents the S-N curves of L-PBF Ti-6Al-4V thin-strut speci-
mens tested in laboratory air and in PBS solution at 37 °C, considering
the minimum cross-sections of each tested specimen. A clear
environment-induced degradation in fatigue performance is observed
across most of the fatigue life. In the low-cycle fatigue (LCF) regime,
fatigue strength remains comparable between the two environments,
with only a marginal 3% difference at 2.5 x 10 cycles, where PBS-
tested specimens exhibit slightly higher strength. However, in the
high-cycle fatigue (HCF) regime, PBS exposure causes pronounced fa-
tigue strength reductions of 18% at 10° cycles and 25% at 10° cycles
relative to air-tested specimens (see Fig. 7b).

This cycle-dependent degradation reflects the interplay between
multiple damage mechanisms. While fatigue resistance in air is pri-
marily ruled by as-built surface roughness and L-PBF characteristic in-
ternal defects [20,26], PBS testing also introduces additional
electrochemical effects. The more consistent fatigue strength reduction
observed in the HCF regime can be rationalized by considering that, at
the fixed testing frequency of 1 Hz, increasing fatigue life directly cor-
responds to longer exposure times to the physiological environment. As
discussed in greater detail in Section 3.4, crack initiation remains pri-
marily governed by surface-connected geometrical defects in both en-
vironments. However, under HCF conditions, where crack propagation
constitutes a larger fraction of the total fatigue life, the prolonged
exposure allows the PBS environment to interact more extensively with
the crack tip, thereby promoting environment-assisted crack propaga-
tion through repeated passive film disruption and localized chemical
attack. Each cycle of passive film rupture exposes fresh metal to the
chloride-rich solution, facilitating localized dissolution and environ-
mentally assisted crack advance. In addition, the longer test duration
favors the diffusion of aggressive species into crack tips, further
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enhancing the electrochemical contribution to crack growth.
Conversely, in the LCF regime, the limited number of cycles provides
insufficient time for sustained crack-tip/environment interaction,
thereby restricting repeated passive film breakdown and preserving fa-
tigue strengths comparable to those measured in air. Based on the data
in Fig. 7a, the onset of an appreciable environmental effect can be
identified at around 5 x 10* cycles (corresponding to approximately 14
h of testing at 1 Hz), where the fatigue strength reduction is of about 9%.
Further electrochemical characterisation (e.g., Electrochemical Imped-
ance Spectroscopy (EIS) or Potentiodynamic Polarisation (PDP)) could
provide additional insight into the corrosion behaviour of the structures
prior to the application of cyclic loading. Such analyses would help to
decouple purely electrochemical effects from corrosion-fatigue mecha-
nisms and will be considered in future work.

Results reported in Fig. 7 are consistent with literature data on cor-
rosion—fatigue behaviour of conventionally manufactured Ti-6Al-4V.
Baragetti and Arcieri [43], for instance, reported an approximately
20% reduction in fatigue strength for notched wrought Ti-6Al-4V
specimens tested in a 3.5 wt% NaCl solution compared to inert condi-
tions, with the degradation remaining largely independent of the
severity of the nominal stress concentration factor (Kt). This observation
aligns well with the present findings, indeed, although the tested strut
specimens are not notched by design, they inherently exhibit stress
concentrations arising from as-built surface irregularities characteristic
of the L-PBF process (see Fig. 8), which effectively act as intrinsic micro-
notches. Consequently, the Kt-independent environmental degradation
reported in [43,45] remains applicable and supports the PBS-induced
fatigue strength reduction observed in the present AM components.
While the corrosive environments are not identical to [43], PBS contains
high concentrations of chloride ions, recognized as the primary agents
responsible for corrosion-assisted fatigue damage, thereby further vali-
dating this comparison.

The following discussion provides further interpretation of the
observed results. When focusing specifically on L-PBF Ti-6Al-4V, it is
worth noting that relatively few studies have systematically addressed
corrosion fatigue behaviour under physiological environments. Among
these, Singh et al. [36] reported a fatigue endurance limit reduction of
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Fig. 7. (a) S-N curves of L-PBF Ti-6Al-4V thin-strut specimens tested in laboratory air and in PBS solution at 37 °C, calculated using the minimum cross-section of
each specimen. Run-out specimens at 10° cycles are indicated by horizontal arrows. Solid lines represent the fitted Wohler curves, while shaded bands denote the
10-90% failure probability scatter. (b) Trends derived at 50% failure probability for a fixed number of cycles (N¢ = 2.5 x 10%, 5 x 10%, 1 x 10°,5 x 10°,and 1 x 10°).
The reported percentage values indicate the relative difference in fatigue strength between specimens tested in PBS and laboratory air.
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Fig. 8. Representative fracture surfaces of Ti-6A1-4V thin-strut specimens tested in air (a—c) and in PBS at 37 °C (d-i). For PBS, fracture surfaces are shown before
(d-f) and after acetone cleaning (g-i). Both specimens failed at about 5 x 10° cycles. (a) Air-tested specimen overview showing multiple crack initiation sites at
surface-connected defects (orange regions, white arrows) and ductile dimples in the final overload zone (blue region). Scale bar at 100 pm. Red and blue box-
es indicate regions shown in (b) and (c), respectively. (b) High-magnification image showing crack branching, transgranular propagation through the o/p lamellar
microstructure, and surface-connected notches acting as stress concentrators (image collected from the other fracture half). Scale bar at 10 um. (c) Fatigue striations
near the tip of a lack-of-fusion surface defect. Scale bar at 10 pm. (d) Overview of the uncleaned PBS-tested fracture surface showing NaCl crystallization (dark
regions). Scale bar at 100 um. Red and blue boxes indicate regions shown in (e) and (f). (e-f) High-magnification views of geometrically regular NaCl crystals
deposited on the fracture surface. Scale bars at 20 and 2 pm. (g) Overview of the acetone-cleaned PBS-tested fracture surface showing multiple crack initiation sites
and ductile dimples. Scale bar at 100 um. Red and blue boxes indicate regions shown in (h) and (i). (h) Crack propagation region showing transgranular crack-
ing without branching, localized pits, and corrosion products. Scale bar at 10 um (i) High-magnification view showing fatigue striations and secondary cracks
confined to o/p lamellar boundaries perpendicular to the main crack growth direction. Scale bar at 2 pm.

approximately 30% for L-PBF Ti-6Al-4V Neovius lattices tested in 3.4. Fracture surface analysis
simulated body fluid (SBF) compared to air. Notably, this degradation

persisted even after surface post-processing by shot peening, high- Fig. 8 presents representative fracture surfaces of specimens tested in
lighting that SBF can markedly compromise fatigue resistance even air (Fig. 8a-c) and in PBS solution (Fig. 8d-i). For the PBS condition,
despite the substantial improvements in surface condition respect to an fracture surfaces are shown both before (Fig. 8d-f) and after acetone
as-built state. In contrast, Hogg et al. [76] investigated corrosion fatigue cleaning (Fig. 8g-i). The two selected specimens failed at a comparable
behaviour of L-PBF Ti-6Al-4V using rotating-bending tests in Dulbecco’s number of cycles (approximately 5 x 10° cycles). Fractographic analysis
Modified Eagle’s Medium (DMEM) and reported a limited influence of reveals that fatigue failure initiates from surface-connected defects in
the corrosive medium on fatigue performance for as-built specimens. both environments, where manufacturing-induced irregularities and as-
Fatigue failure was shown to be primarily ruled by internal porosity built surface roughness create stress concentration sites. Multiple crack
rather than surface-assisted corrosion mechanisms. This apparent initiation sites are indeed observed at or near the surface in both con-
discrepancy can be explained by key differences in specimen geometry ditions, consistent with previous observations on Ti-6Al-4V specimens
and testing conditions. The rotating-bending specimens had a nominal tested under tension-tension loading at R = 0.1 [20]. Subsurface
gauge diameter of approximately 3.6 mm, for which the relative impact porosity, as keyhole-type defects, is also present and contributes to crack
of as-built surface roughness is reduced compared to the sub-millimetric nucleation and propagation, as evidenced in Fig. 8c, where well-defined
strut specimens investigated in the present work and in lattice-based fatigue striation marks radiate from the pore edges. Nevertheless, the
studies such as [36]. Moreover, the high testing frequency employed critical defects responsible for final failure are predominantly surface-
by the authors (50 Hz) may have limited the effective interaction time connected valleys, as illustrated in Fig. 8b.

between the corrosive medium and the crack tip, thereby reducing the Comparison of the crack propagation regions in Fig. 8b (air) and
contribution of corrosion-assisted crack nucleation, which is sensitive to Fig. 8h (PBS) reveals distinct differences in cracking behaviour. In both
the loading frequency, as reported by Jesus et al. [44]. environments, crack growth proceeds transgranularly through the a/p
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lamellar microstructure. However, specimens tested in air (Fig. 8b)
exhibit crack branching with secondary crack fronts deviating from the
main propagation direction. In contrast, this branching phenomenon
appears to be suppressed (or limited) in PBS (Fig. 8h), where crack
advance follows a more tortuous but direct path. Similar behaviour was
reported by Zhao et al. [42] for wrought Ti-6Al-4V compact tension
specimens tested in simulated body fluid. The authors demonstrated that
crack branching and deflection in air increase energy dissipation and
effectively reduce fatigue crack growth rates, whereas SBF exposure
suppresses secondary crack propagation, resulting in more localized
crack advance and consequently in accelerated fatigue crack growth.
The higher-magnification view in Fig. 8i shows the crack propaga-
tion region near one of the initiation sites indicated in Fig. 8g (blue box).
Secondary cracks are visible along a/p lamellar boundaries oriented
perpendicular to the main fatigue crack direction, defined from the clear
striation marks. Notably, these secondary cracks remain confined to the
fracture surface and do not propagate deeply into the bulk material. This
observation is consistent with findings reported in [42], who demon-
strated that physiological environments make the o/f lamellar micro-
structure highly susceptible to corrosion-assisted cracking, with
particularly pronounced sensitivity at the a/p phase boundaries. Addi-
tionally, the overall fracture surface of specimens tested in PBS (Fig. 8g)
appears rougher than those tested in air (Fig. 8a), further highlighting
environment-assisted degradation along interphase boundaries during
corrosion fatigue. The influence of the corrosive medium is also clearly
evident looking at the uncleaned PBS specimen surface (Fig. 8d-f),
where darker regions, composed of geometrically regular precipitates,
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indicate NaCl crystallization on the fracture surface, as shown in Fig. 8f.
Moreover, localized pitting and residual corrosion products (likely
Al,O3 or TiO, agglomerates), potentially associated with crevice-
induced corrosion [44], are visible on the acetone-cleaned surface
(Fig. 8h) near the crack nucleation sites.

To interpret the driving mechanisms ruling the corrosion-fatigue
failure behaviour observed in the PBS-tested specimens, detailed EDXS
analysis was performed on the fracture surfaces. Fig. 9 reports a
comprehensive elemental characterization of a representative specimen
that failed at approximately 5 x 10* cycles, lying in the transition region
where the environmental effect first becomes appreciable (see Fig. 7b).
The back-scattered SEM image in Fig. 9a reveals the fracture
morphology of the uncleaned specimen, where two distinct regions
(Area 1 and Area 2) can be identified based on their different surface
characteristics. The corresponding elemental distribution maps (Fig. 9b-
j) provide a qualitative information on the spatial distribution across the
whole fracture surface of both the main alloying elements (Ti, Al, and V)
and the constituents of the PBS medium (Na, CI, Ca, K, P, and O).

Titanium (Fig. 9b) and vanadium (Fig. 9d) exhibit relatively homo-
geneous distributions across the fracture surface, with locally weaker or
absent signals in correspondence with internal and surface regions
enriched in sodium and chlorine. These regions show a pronounced co-
localization of Na and Cl within the same spatial domains, preferentially
aligned with features corresponding to crack propagation fronts, and are
therefore consistent with the formation of NaCl salt crystals. This
interpretation is further confirmed by the EDXS spectrum (Fig. 9m and
Table 4) acquired from “Area 2”, in Fig. 9k, which reveals elevated Na
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Fig. 9. EDXS elemental characterization of a representative PBS-tested specimen that failed at approximately 5 x 10* cycles. (a) Back-scattered SEM image showing
the overall fracture morphology of the uncleaned specimen. Scale bar is set at 200 um. The red circle indicates the region shown in (k). (b—j) Elemental distribution
maps showing the spatial distribution of Ti (b), Al (c), V (d), Na (e), Cl (f), Ca (g), K (h), P (i), and O (j) across the entire fracture surface. Scale bar is set at 200 pm. (k)
High-magnification view of the fracture surface showing two distinct regions analysed by EDXS (Area 1 and Area 2) near the crack nucleation site. Scale bar set at 10

um. (1) EDXS spectrum acquired from Area 1. (m) EDXS spectrum acquired from Area 2.
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Table 4

Elemental composition (wt%) from EDXS analysis for Area 1 and Area 2.
wt(%) C (6] Na Al P Cl K Ti \Y
Area 1 0.00 44.88 16.72 3.37 9.86 3.92 2.61 17.73 0.27
Area 2 0.00 8.41 27.71 0.86 1.03 46.17 0.97 14.29 0.55

and Cl contents of 27.71 wt% and 46.17 wt%, respectively. The localized
nature of this Na-Cl enrichment is particularly significant. If salt depo-
sition were solely the result of post-test drying of the PBS solution, a
more uniform distribution of residues would be expected across the
exposed fracture surface. Instead, the preferential concentration of
chloride-containing species along specific fracture features suggests that
Cl™ ions were actively involved during cyclic loading rather than acting
merely as passive post-failure residues. Chloride ions are well known to
promote the local destabilization of the protective TiO, passive film on
titanium alloys, facilitating localized electrochemical activity under
cyclic mechanical stresses and contributing to the observed reduction in
fatigue performance in physiological environments.

Further insight into the crack initiation mechanisms is provided by
the spatial distribution of aluminium. Unlike Ti and V, aluminium
(Fig. 9¢) does not display a uniform distribution but shows localized
enrichment, most extensively detected near surface notches that are
likely associated with crack nucleation sites. In these same regions,
increased signals of oxygen (Fig. 9j) and phosphorus (Fig. 9i) are
observed, indicating a localized interaction between the alloy and the
PBS environment at the early stages of damage development. This is
corroborated by the EDXS spectrum (Fig. 91 and Table 4), acquired from
“Area 1” depicted in Fig. 9k. The elemental composition of this region
shows increased oxygen (44.88 wt%) and phosphorus (9.86 wt%) con-
tents together with a higher aluminium-to-titanium ratio compared with
the spectrum obtained from “Area 2” (Fig. 9m). Such compositional
differences indicate a localized chemical modification of the surface at
the crack nucleation site, likely associated with corrosion-related sur-
face reactions involving aluminium and/or phosphate oxides. While
these features do not necessarily imply the formation of stable corrosion
oxides, their presence suggests that environmentally induced surface
processes might also contributed to crack initiation, particularly at
lower cyclic stress amplitudes, as in the case of the exemplificative
specimen in Fig. 9. The relatively short exposure time of this specimen
allowed the preservation of such localized corrosion features near
nucleation sites, which may not be retained at longer fatigue lives due to
prolonged contact with the PBS medium and continued cyclic loading.

Additional factors influencing the corrosion-fatigue response of the
investigated specimens are the microstructural state and geometrical
size inherent to L-PBF Ti-6Al-4V lattice components. In contrast to
wrought alloys, which can be tailored to exhibit equiaxed or bimodal
a/p microstructures, L-PBF Ti-6Al-4V typically presents a lamellar a +
microstructure resulting from martensitic annealing treatments during
post-processing. This microstructural condition has been shown to be
particularly susceptible to corrosion-assisted damage in chloride-
containing physiological environments, due to the high density of o/p
interfaces that facilitate environmentally assisted crack propagation
[44]. These effects are further amplified in lattice-based components,
where the miniaturized strut dimensions not only lead to a markedly
increased surface-to-volume ratio, but also to higher local cooling rates
during L-PBF processing, resulting in refined o-lath thickness and
reduced microstructural length scales, which have been shown to
decrease corrosion resistance in physiological environments relative to
bulk specimens [77]. In this context, the present results suggest that the
physiological environment primarily accelerates fatigue crack propa-
gation rather than fundamentally altering crack nucleation mechanisms,
as initiation remains governed by surface-connected defects intrinsic to
the as-built condition. These observations highlight the need for future
work integrating fatigue crack growth testing and fracture mechanics-
based approaches to define safe design criteria for lattice-based AM
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prosthetic devices operating under physiological conditions.

3.5. Deepest valley failure analysis

Figs. 10 and 11 present the deepest-valley failure analysis for the four
specimens characterised by micro-CT. Fig. 10 shows the results for the
two specimens fatigue-tested in air (Samples A17 and A19), which failed
at approximately 4 x 10% and 5 x 10 cycles, respectively. Fig. 11 shows
the corresponding analysis for the two specimens fatigue tested in PBS
(Samples A18 and A20), which failed at approximately 1 x 10° and 3 x
10* cycles, respectively. For each specimen, Figs. 10-11 display the 3D
reconstructed micro-CT volume, where the 10% critical valleys identi-
fied by the proposed workflow are highlighted in black, and the actual
killer valley in red. Notably, the method typically identifies fewer than
20 candidate valleys per sample, representing a substantial reduction in
potential failure locations and demonstrating the practicality of the
approach.

The scatter plots in Figs. 10 and 11 show the relationship between
the effective defect size ,/ared,s and the distance between each valley
and the most critical pore. For valleys that did not satisfy the proximity
requirement of the first interaction criterion, the pore-valley distance
was assigned a value greater than the valley depth (“> valley depth”),
consistent with our initial assumption for classifying non-interacting
defects. This effective defect size parameter is directly related to the
local stress intensity factor and was calculated using the equation pre-
sented in Section 2.

For the air-tested sample A17 (see Fig. 10a), fatigue failure origi-
nated from the valley associated with the second highest , /area,; value,
indicating a strong correlation between the predicted critical defect
parameter and the actual failure location. SEM and micro-CT cross-
sectional images of the fracture surface show consistent features across
both techniques, including comparable surface morphologies and pore
spatial distributions, as clearly visible in all three section planes.

In sample A19 (see Fig. 10b), fatigue failure initiated at the valley
ranked fourth in terms of ,/area. This observation further supports the
predictive capability of the proposed valley-based fracture assessment
approach. SEM and micro-CT images confirm consistent defect charac-
teristics at the failure site. Also in this case, the interaction between a
surface valley and a sub-surface pore is likely to have promoted fatigue
crack initiation, suggesting that pore-valley interaction plays a critical
role in defining the effective fatigue-critical defect, providing physically
meaningful basis for identifying high-risk crack initiation sites. Never-
theless, it is worth noting that fatigue failure did not originate from the
highest-ranked valley. This behaviour can be attributed to the intrinsi-
cally statistical nature of fatigue crack initiation, for which a strict
maximum-based criterion is not necessarily expected to be universally
predictive. Moreover, local microstructural features may further
modulate the local fatigue response and interact with geometrical de-
fects, thereby influencing the effective criticality of individual valleys.

For the PBS-tested samples (see Fig. 11), the prediction accuracy
varied between the two specimens. In Sample A20 (see Fig. 11b), the
fatigue failure initiated from the valley with the second highest , /ared.sy,
consistent with the behavior observed in the air-tested samples. In
contrast, Sample A18 (see Fig. 11a) did not fail at one of the valleys with
the highest , /area,; values. Micro-CT analysis revealed that the fracture-
initiating “killer” valley does not belong to the 10% deepest valleys but
instead falls within approximately the deepest 40% of the valley popu-
lation. Consequently, the identification of the killer valley using the
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proposed depth-based method was not successful for this specimen. The
differing behaviour observed between Samples A18 and A20 can,
however, be rationalized in terms of their respective fatigue regimes.
Sample A18 failed at approximately 1 x 10° cycles, a fatigue life range
in which specimens tested in PBS already exhibit an 18% reduction in

13

fatigue strength (see Fig. 7b). Conversely, Sample A20 experienced
predominantly low-cycle fatigue conditions, for which the exposure
time is insufficient for the physiological environment to exert a pro-
nounced effect. As a result, the influence of PBS on Sample A20 is ex-
pected to be limited or negligible compared to Sample A18, which may
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explain why Sample A20 exhibits fracture behaviour more closely
resembling that of Samples A17 and A19.

Under environmental testing conditions, a surface valley that is not
classified as critical based solely on depth may nevertheless become
critical. In the case of Sample A18, the fact that the fracture-initiating
valley lies within approximately the 40% deepest range, rather than
among the deepest 10%, can be rationalized by considering two com-
plementary aspects. First, the current framework relies solely on a
valley-depth ranking, not accounting for the valley’s local notch root
radius. Moderately deep valleys with sharper notch geometries can
exhibit higher local stress concentrations than deeper but blunter ones,
and may thus govern crack initiation despite a lower depth ranking.

Furthermore, we attribute part of this deviation to limitations
inherent to the liquid-chamber setup, which likely restricted PBS flow
near the extremities of the strut. As a result, although some valleys near
the grips were among the 10% deepest, their limited exposure to the
corrosive environment may have reduced their criticality in favour of
mid-span valleys with lower depth but subjected to sustained fluid flow.
As a matter of fact, it cannot be fully neglected that a prolonged
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exposure to the corrosive medium, as in the case of specimen A18, may
enhance susceptibility to corrosion-assisted degradation at the valley
notch root. Such progressive notch sharpening could further increase the
effective criticality of valleys not originally considered critical. More-
over, fatigue failure is governed not only by defect severity but also by
the local intrinsic material resistance, which is stochastic by nature [78].
In light of these observations, future work will focus on extending the
proposed framework by incorporating local stress concentration analysis
and reliability-based approaches [78], leveraging CT data acquired both
before and after environmental exposure to better characterize the role
of the corrosive medium on the evolution of the critical valley notch root
radius.

Quantitative assessment of pore size distribution and porosity frac-
tion using micro-CT is now well established, typically relying on seg-
mentation and thresholding of the solid and void phases [56-59]. While
pore morphology and total porosity are well studied, the relative spatial
positioning of pores within a structure and its influence on mechanical
performance remains less understood. Pascual et al. [79] quantified
porosity features such as volume, shape, spacing (“gap”), and minimum
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edge distance (distance between a pore boundary and the specimen
surface), and integrated these parameters into finite-element models to
predict tensile behaviour. Although minimum edge distance was
included, the study did not investigate how pore proximity to surface
valleys affects local stress states, which ultimately limited the fracture-
site prediction accuracy to 37.5%. Wits et al. [80] likewise identified
defect size, shape, and location as primary factors influencing fatigue
life, differentiating between surface and subsurface defects but without
quantifying precise pore-to-surface distances.

Current literature primarily addresses surface and internal defects
independently, leaving a limited understanding of how deep surface
valleys (open pores) interact with adjacent internal pores and how their
proximity or merging influences crack initiation. Overall, the proposed
method in this study demonstrates strong predictive capability, partic-
ularly for air-tested specimens. Nevertheless, several opportunities for
improvement remain. Increasing the precision of valley identification,
refining segmentation protocols, and improving micro-CT resolution,
particularly for larger specimens, would likely enhance robustness and
reduce uncertainty in the predictions. It is important to emphasize that
this method was developed specifically for as-built surfaces, where de-
fects are abundant and valleys are expected to be the most likely
fracture-initiating sites. Future work should therefore explore how the
approach performs on polished or post-processed surfaces, where the
defect landscape differs significantly. One major limitation is the valley-
identification process. Because no automated tool currently exists for
this purpose, substantial manual intervention was required during seg-
mentation. This procedure is not only time-consuming but also suscep-
tible to reduced precision and lower repeatability. Additionally, the
method occasionally identified clusters of valleys rather than isolating a
single critical valley, indicating another area where refinement is
needed. Finally, there is currently no consensus in the literature
regarding the appropriate calculation of the Murakami parameter for
interacting defects. Although the present study followed the guidance of
the BS 7910 standard, further research is needed to establish a more
rigorous and universally accepted approach for such cases.

4. Conclusions

This work examined the corrosion-fatigue behaviour of L-PBF Ti-6Al-
4V lattice sub-unit struts manufactured at a 60° build orientation, with
specific focus on the role of geometrical imperfections. A combined
experimental approach involving micro-CT-based defect characterisa-
tion, monotonic tensile testing, fatigue testing in air and in phosphate-
buffered saline (PBS) at 37 °C, and detailed fractographic and chemi-
cal analyses was adopted.

Morphological analyses revealed systematic geometrical deviations
from the nominal design, characterised by pronounced surface rough-
ness, deep surface valleys, and localised minimum cross-sections. While
the average cross-section exceeded the nominal value, fatigue perfor-
mance was governed by extreme geometrical features rather than by
mean geometry. Surface-connected valleys, sometimes interacting with
near-surface pores, were identified as the dominant fatigue crack initi-
ation sites.

Fatigue tests showed a clear environment-dependent response. While
fatigue strength in PBS was comparable to that in air in the low-cycle
regime, a pronounced reduction was observed in the high-cycle
regime, with a decrease of approximately 25% at 10° cycles. This
cycle-dependent degradation indicates that environmental effects
become increasingly relevant as exposure time increases, consistent
with corrosion—fatigue mechanisms.

Fractographic analyses confirmed that crack initiation mechanisms
were similar in both environments and controlled by as-built surface
defects intrinsic to the L-PBF process. In contrast, the physiological
environment significantly influenced crack propagation behaviour.
Specimens tested in PBS exhibited reduced crack branching, more
localised crack advance, and evidence of corrosion products and
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chloride-rich deposits along crack paths. EDXS analyses indicated active
involvement of chloride ions and local chemical modification near crack
initiation and propagation regions, consistent with repeated breakdown
of the passive oxide film under cyclic loading.

A deepest-valley failure analysis based on micro-CT data demon-
strated good agreement between predicted critical defect severity and
experimentally observed failure locations, both in air and in PBS. This
finding supports the use of Micro-CT-derived geometrical metrics as a
physically meaningful basis for defect-tolerant fatigue assessment of
additively manufactured lattice components.

Overall, the results show that the corrosion-fatigue behaviour of L-
PBF Ti-6Al-4V lattice struts is controlled by surface-driven crack initi-
ation at geometrical extremes and by environment-assisted crack prop-
agation in physiological media. These findings highlight the necessity of
accounting for both manufacturing-induced geometrical imperfections
and service environment effects in fatigue design and life prediction of
additively manufactured lattice structures. Future work will focus on
several directions. First, fatigue crack growth tests on miniaturized strut
specimens under both air and PBS conditions should be conducted to
quantitatively decouple crack initiation and propagation contributions
and to establish environment-specific crack growth rate relationships.
Second, the deepest-valley failure prediction methodology can be
refined by incorporating automated local stress concentration analysis,
progressing from depth-based ranking toward stress-intensity-based
criticality assessment. Third, the investigation should be extended to
additional build orientations to determine whether the orientation-
dependent trends observed in air, where, for R = 0.1 loading, fatigue
strength decreases monotonically with decreasing build angle, are pre-
served, amplified, or altered under corrosion—fatigue conditions.
Finally, extending the experimental campaign to full lattice components,
including nodal junctions, would provide further insight into how the
corrosion-fatigue mechanisms identified at the single-strut level can be
translated to the structural response of complete lattice architectures.
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