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A B S T R A C T   

Ti–6Al–4V scaffolds have attracted much attention for biomedical applications owing to their bone-mimicking 
mechanical properties and better bone tissue in-growth and additive manufacturing can be employed to fabri
cate complex geometry scaffolds. The present study aimed to investigate the effects of scaffold architecture on 
the mechanical, electrochemical, and permeability behaviour of Ti–6Al–4V scaffolds fabricated by electron beam 
powder bed fusion (EB-PBF). For this, scaffolds with diamond and rhombic dodecahedron cell types, having 
various cell sizes, were designed and successfully fabricated. Chemical etching minimized the surface defects and 
improved the geometric fidelity of the scaffolds compared to the original designs. The larger the cell size, the 
coarser the dual α/β phase microstructure due to the higher heat accumulation in thicker struts. The scaffold 
architecture proved significant effects on the mechanical properties, where all scaffolds were mechanically 
comparable with human bone. Short/long-term electrochemical corrosion tests indicated that the corrosion 
performance significantly improved with an increase in cell size, irrespective of the cell type; this was attributed 
to the lower exposure of surface area to the electrolyte, coarse microstructure and a higher fraction of β phase. 
This study recommended that the EB-PBF Ti–6Al–4V scaffolds are promising candidates for orthopaedic implant 
applications from mechanical and electrochemical points of view.   

1. Introduction 

Over the last few decades, various processes have been developed to 
fabricate scaffolds with targeted geometry to mimic the mechanical 
behaviour of bone. Nowadays, special attention is paid to additive 
manufacturing (AM) techniques as an emerging and promising method 
that provides fast ways to fabricate metallic scaffolds [1–5]. Electron 
beam powder bed fusion (EB-PBF), which is commonly called electron 
beam melting (EBM), is able to manufacture complex scaffolds using an 
electron beam as the heat source to melt metallic powder in a 
layer-by-layer manner [6–10]. In this regard, various regular strut-based 
lattices like cubic, diamond, rhombic dodecahedron, and octahedral 
have been fabricated using EB-PBF, making them desirable scaffolds for 
biomedical applications [6,7,11,12]. Moreover, triply periodic minimal 

surfaces (TPMS), including the Schwarz gyroid, sheet gyroid, Schwarz 
primitive, and Schwarz diamond, have recently gained prominence in 
the fabrication of porous structures. These TPMS-based designs have 
been considered as promising designs for scaffold development [13]. 
Notably, researchers such as Yánez et al. [14], Koptyug et al. [13,15], 
Polley et al. [16], and Ataee et al. [6] have successfully manufactured 
TPMS-based Ti–6Al–4V porous structures using EB-PBF. These struc
tures exhibit favourable mechanical properties and promote bone tissue 
ingrowth. As a result of these efforts, the scaffolds have been designed to 
possess the mechanical properties close to the bone to prevent stress 
shielding, osteopenia, and bone fracture and serve ideally for a long time 
or a lifetime without failure or re-surgery. This opens up broad clinical 
applications for AM scaffolds [16–19]. However, to attain minimal risk 
to patients’ health, fabricating newly designed scaffolds to improve the 
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scaffold’s performance is still a hot spot in biomedical applications for 
future works. It was found that three main factors play the most critical 
roles in determining the scaffold’s performance: (i) The materials they 
are made of, (ii) the geometry of scaffolds, and (iii) the relative density. 
In fact, scaffold geometry, including cell type, cell size, pore size, and 
porosity, plays a significant role in modifying the scaffolds to make 
mechanical properties comparable to bone [7,20–23]. In addition, 
geometry-related parameters must be optimized to provide a good bio
logical response and adjust the tissue regeneration rate. Clearly, the 
more the porosity and the pore size are, the better bone ingrowth is 
achieved; however, there are limitations for the upper limit of these 
design parameters, driven by the need for sufficient mechanical strength 
consistent with the implantation site [24,25]. 

Considerable endeavours have been made to understand the archi
tecture of scaffolds to mimic the mechanical properties of bone [6,20,22, 
26–28]. However, it is proved that the human body acts like an aqueous 
solution due to the various ions. Hence, corrosion performance is well 
known as one of the most important criteria for biomedical applications, 
especially from the release of harmful ions and biological responses 
points of view. This is of significant importance for scaffolds, having a 
very large surface area exposed to the electrolyte [29–32]. Therefore, 
well-designed scaffolds require an optimum architecture to satisfy the 
mechanical properties together with an acceptable performance from 
the corrosion point of view. However, a significant research gap exists 
concerning the simultaneous investigation of the interplay between 
corrosion and mechanical behaviour in AM Ti–6Al–4V scaffolds for 
biomedical applications. Limited research has delved into the concur
rent examination of mechanical and corrosion behaviours of scaffolds, 
and they have not only assessed the short-term corrosion behaviour of 
scaffolds but also focused on scaffolds fabricated through laser powder 
bed fusion (LPBF) [33]. Accordingly, this work sought to evaluate the 
effects of scaffold architecture on the mechanical, electrochemical, and 
permeability characteristics of Ti–6Al–4V scaffolds fabricated by 
EB-PBF. Additionally, as yet an unclear issue, the long-term corrosion 
performance of EB-PBF Ti–6Al–4V scaffolds in biological environments, 
which is a decisive parameter in the biocompatibility of Ti-based im
plants, was also examined. 

2. Materials and methods 

2.1. Materials 

Extra-low interstitials (ELI) grade Arcam Ti–6Al–4V powder was 
used as a feedstock material for the EB-PBF process. The chemical 
composition of the Arcam powder is listed in Table 1. Fig. 1 indicates the 
morphology and particle size distribution of the initial Ti–6Al–4V 
powder. The scanning electron microscopy (SEM) analysis confirmed 
that the Ti–6Al–4V powder displayed a spherical shape and smooth 
surface, ensuring excellent flowability for a successful EB-PBF process. 
The particle size distribution, determined via image analysis, revealed D 
(10), D(50), and D(90) values of 50 μm, 66 μm, and 85 μm, respectively, 
as illustrated in Fig. 1 (b). This indicates that particles smaller than 50 
μm constitute less than 10 % of the total. In practical terms, the 
Ti–6Al–4V powder showed a particle diameter ranging from 45 μm to 
106 μm, with an average size of approximately 75 μm. 

2.2. Design and EB-PBF manufacturing 

In the present study, two scaffolds with different cell types and cell 

sizes ((I) Rhombic Dodecahedron (RD, 3 mm, 5 mm) and (II) Diamond 
(DO, 3 mm, 5 mm)) were designed based on the database of the Mate
rialise Magics 21.11 using computer-assisted design (CAD) software, as 
shown in Fig. 2. Accordingly, the scaffolds were called RD3, RD5, DO3, 
and DO5, where the letters designate the cell type and the number in
dicates the cell size. This design of experiments was employed to 
investigate the effects of cell type and cell size on the performance of EB- 
PBF Ti–6Al–4V scaffolds. It is noteworthy that the thickness of struts in 
different samples was chosen in such a way that the porosity of all 
samples remains the same (~80 %). Based on designed models, the 
surface area, as an important factor for scaffolds performance, series in 
sequence as follows: RD3 (5268.31 mm2) > DO3 (3958.88 mm2) > RD5 
(3013.85 mm2) > DO5 (2770.59 mm2). 

All scaffolds with a cubic shape with a dimension of 15 × 15 × 15 
mm3 were fabricated by an Arcam A2X machine. Afterwards, the sam
ples were naturally cooled down inside the EB-PBF chamber to room 
temperature. The EB-PBF process parameters employed in the present 
study are shown in Table 2. All samples were successfully additively 
manufactured using the EB-PBF process and are macroscopically rep
resented in Fig. 3, indicating a regular pore size and shape arrangement 
for all samples. The designed CAD models were compared with the as- 
built scaffolds, and the geometrical characteristics are summarized in 
Table 3. It can be seen that the Ti–6Al–4V scaffolds were reasonably 
similar with respect to the CAD design in terms of geometrical fidelity. 
To eliminate any remaining loose powder and sintered particles, a 
standard post-processing procedure following EB-PBF was employed. 
Initially, all as-built samples underwent blasting using ELI Ti–6Al–4V 
powder [34,35]. Subsequently, these blasted samples were subjected to 
chemical etching by immersion in a solution containing 2 ml of HF, 20 
ml of HNO3, and 78 ml of H2O. Notably, the required etching time 
correlated with the complexity of the cell structure and the reduction in 
cell size. During the chemical etching process, the samples were fully 
immersed in the specified etchant solution, with continuous stirring 
facilitated by a conventional magnetic stirrer. We have tried to enhance 
the penetration of the etchant into the internal lattice of the samples. 
Consequently, the etching times for RD3, DO3, RD5, and DO5 were 
determined as 19, 15, 11, and 10 min, respectively. Additionally, 
regardless of the cell type and size, all samples underwent a final rinse 
with deionized water using bench-top ultrasonic cleaners for a duration 
of 10 min. 

2.3. Characterization of as-built scaffolds 

The microstructural investigations of fabricated Ti–6Al–4V scaffolds 
were performed by X-ray diffraction (XRD, Philips X’PERT diffractom
eter, Cu Kα radiation: λ = 1.542 Å at 20 kV and 30 mA) and scanning 
electron microscopy (SEM, Philips XL30) equipped with energy- 
dispersive x-ray spectroscopy (EDS). The samples were sectioned, 
mounted, well-grounded and mechanically polished using a conven
tional metallographic techniques, and etched by Kroll’s reagent (2 ml 
HF + 6 ml HNO3 + 92 ml distilled water) [32]. The surface roughness of 
struts before and after chemical etching was analyzed by a laser profil
ometer (Fanavari Kahroba Co., vertical resolution = 1 μm); for each 
specimen. It is essential to emphasize that measurements were obtained 
from eight distinct interior and exterior struts of the scaffolds. The Rz 
parameter, which signifies the maximum peak-to-valley height across 
the surface, the Rq parameter, representing the root mean square devi
ation from the profile, and the Ra value, denoting the arithmetic mean 
deviation from the mean line, were all determined. The average of these 

Table 1 
Nominal chemical composition of the Arcam Ti–6Al–4V powder utilized in this study.  

Ti–6Al–4V Al V C Fe O N H Ti 

Standard (ELI) 5.5–6.5 3.5–4.5 <0.08 <0.25 <0.13 0.05 <0.012 Bal. 
Arcam (ELI) 4.16 3.86 0.02 0.19 0.09 0.01 0.002 Bal.  
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parameters serves as an indicator of the roughness characteristics. To 
determine the porosity of the scaffolds, the Archimedes method [36] 
was performed five times, and the porosity (P) was also calculated with 
Eq. (1) based on scaffold volume [21]. 

Fig. 1. (a) SEM morphology and (b) particle size distribution histograms of the initial Ti–6Al–4V powder.  

Fig. 2. The CAD models of Ti–6Al–4V scaffolds with different cell types and sizes.  

Table 2 
The EB-PBF process parameters used to fabricate the Ti–6Al–4V scaffolds.  

Ti–6Al–4V Scan 
speed 
(mm/s) 

Focus 
offset 
(mA) 

Max. Beam 
current 
(mA) 

Number of 
contours 

Hatch 
contour 
(mm) 

Outer 
contour 

450 0 3 1 0.13 

Inner 
contour 

470 0 3 1 0.19  

Fig. 3. The EB-PBF Ti–6Al–4V scaffolds with different cell types and sizes.  
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P= 1 −
VP

V
(1)  

where Vp and V are the volume of the scaffold and the volume of a solid 
cube, having the same size as the scaffold, respectively. 

To evaluate the mechanical behaviour of Ti–6Al–4V lattice speci
mens, a uniaxial compression test was carried out at a fixed strain rate of 
1 mm/min according to ISO 13314 standard [16,36]. During the 
compression test, the scaffolds were centrally placed between two steel 
plates and the test was continued until full densification of the structure. 
To minimize the effects of the build direction on the mechanical 
behaviour, all the samples were compressed along the printing direction 
(Z direction). The compression tests were recorded by a digital camera 
to determine the damage behaviour and failure modes. Stress-strain 
curves were drawn by the initial cross-sectional area of an assumed 
dense sample [16]. The absorbed energy up to the first failure, per unit 
volume of each structure (Wv), was determined with respect to the area 
enclosed by the compressive stress-strain curve and can be calculated as 
follow [7]; 

Wv =

∫

σ(ε)dε . V∗ (2)  

where σ and ε are the stress and strain, respectively. The V* represents 
the mass of the structure to the nominal density of the Ti–6Al–4V (4.43 
g/cm3) ratio. The compression loading was performed three times for 
each sample. The reported mechanical characteristic values represent 
the averages obtained from these three compression tests for each in
dividual sample. To determine the hardness of struts, the Vickers 
microhardness test was performed at the applied load of 100 g and dwell 
time of 10 s. The reported hardness is the average of five indentations on 
the struts for each mounted and polished sample. 

To investigate the dynamic wettability of the samples, a 10 μL water 
droplet was carefully deposited by a microsyringe on the surface of the 
scaffolds. Time-lapse images of samples during wettability tests were 
recorded at different moments according to the cell type and size using a 
digital camera. The falling head method [21,37] was utilized to evaluate 
the permeability of fabricated scaffolds. To do so, a certain amount of 
water gradually dropped inside the standpipe from h1 to h2, which was 
constant for each sample. This test was repeated five times, and the 
average time value was adopted for permeability. The schematic of the 
experimental setup of permeability tests based on the falling head 

method is presented in Fig. 4 (a). 
The permeability of Ti–6Al–4V scaffolds was inferred by Darcy’s law 

and calculated as follows [37]; 

K =
a
A

L
ti − t0

ln
h1μ
h2ρg

(3)  

where a, A, and L are the cross-sectional area of the standpipe, cross- 
sectional area and height of the sample, respectively. μ and ρ repre
sent the viscosity and density of water, respectively, and are equal to 
1.01 × 10− 9 MPa s and 1 g/cm3. The K can be calculated by integrating 
the water flow rate over the measurement time ti-t0 such that h1 and h2 
are the initial height at t0 and the final height at ti, respectively. It is 
important to recognize that for a comprehensive understanding of the 
interaction mechanism between scaffold architecture and permeability 
behaviour, we investigated the pressure drop and permeability of the 
scaffolds across various flow rates. Specifically, we selected four distinct 
flow rates (0.004, 0.006, 0.008, and 0.01 m/s) to establish correlations 
between pressure drop, permeability, and the corresponding flow rate. 
Notably, the permeability values of the scaffolds were determined under 
specific conditions: the inlet-flow velocity was set at the mentioned flow 
rates, while the outlet pressure on the opposite-flow side remained at 
zero. Furthermore, the pressure drop (ΔP), which represents the dif
ference in pressure from the inlet plane to the outlet plane, was calcu
lated using the following equation [38]: 

ΔP=Pinlet plane − Poutlet plane (4) 

The permeability test was repeated five times, and the average time 
value was adopted for permeability. To assess the corrosion behaviour of 
the fabricated scaffolds, a conventional three-electrode system 
comprising a platinum electrode as a counter electrode, a commercial 
saturated Ag/AgCl as a reference electrode, and a fabricated Ti–6Al–4V 
scaffold as a working electrode was employed to measure the open 
circuit potential (OCP), potentiodynamic polarization, as well as elec
trochemical impedance spectroscopy (EIS). All in-vitro corrosion tests 
were carried out by means of PARASTAT 2273 electrochemical system 
(EG&G, USA) in phosphate-buffered saline (PBS, pH = 7.4) at 37 ◦C. The 
composition of the PBS solution is given in Table 4. It is noticeable that 
similar dimensions of all samples were exposed to PBS, and their surface 
area served as the working area. The schematic of the corrosion setup is 
shown in Fig. 4 (b). Before being subjected to corrosion testing, The as- 
built scaffolds underwent a degreasing process with acetone, followed 
by washing with deionized water using bench-top ultrasonic cleaners for 

Table 3 
Comparison of geometrical characteristics of EB-PBF Ti–6Al–4V samples with 
designed models.  

The geometrical characteristics of the designed models 

Sample Dimensions 
(mm3)a 

Cell 
length 
(mm) 

Porosity 
(%) 

Strut 
thickness 
(mm) 

Strut 
length 
(mm) 

RD3 15 × 15 × 15 3 80 0.5 1 
RD5 15 × 15 × 15 5 80 0.74 2 
DO3 15 × 15 × 15 3 80 0.60 2 
DO5 15 × 15 × 15 5 80 1 2.22 

Sample Average 
dimensions 
(mm3) 

Cell 
length 
(mm) 

Porosity 
(%) 

Strut 
thickness 
(mm) 

Strut 
length 
(mm) 

The geometrical characteristics of the as-built models 

RD3 15.32 × 15.23 
× 14.87 

3 74.71 ± 2 0.64 ± 0.06 1.09 ±
0.02 

RD5 15.34 × 15.38 
× 14.83 

5 78.85 ± 3 0.91 ± 0.08 2.11 ±
0.03 

DO3 15.23 × 15.36 
× 14.88 

3 75.65 ± 2 0.72 ± 0.65 2.06 ±
0.06 

DO5 15.30 × 15.28 
× 14.85 

5 78.59 ± 3 1.18 ± 0.11 2.30 ±
0.04  

a The dimensions were reported in the order of X × Y × Z - axes (Z: the build 
direction). 

Fig. 4. (a) The schematic of the experimental setup of permeability tests based 
on the falling head method: (1) Air-valve, (2) Vacuum pump valve, (3) 
Standpipe, (4) Sample holder, (5) Ti–6Al–4V scaffold, (6) Water container. (b) 
Schematic drawing of the setup of corrosion tests. 
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8 min. Subsequently, they were dried and immersed in fresh PBS for 12 h 
at 37 ◦C to allow the corrosion potential to stabilize. The OCP was 
continuously recorded over a period of 4000 s until changes were 
smaller than 50 mV/5 min. The EIS was performed at OCP in a frequency 
range from 10 mHz to 100 kHz with an amplitude of 1 mV and 36 
points/dec. 

All the experimental impedance data were fitted using an appro
priate equivalent electrical circuit using the ZView® software (Scribner 
Associates Inc.). The potentiodynamic polarization was attained in the 
− 250 mV versus EOCP till the final potential of 1.90 V using a scan rate of 
1 mV/s. The corrosion potential (Ecorr), as a thermodynamic parameter, 
and corrosion current density (icorr), representing the corrosion rate 
were determined by the Tafel extrapolation method. As one of the 
innovative aspects of the current study, the long-term corrosion per
formance of scaffolds was herein assessed after immersing in PBS at 
37 ◦C for 1 d and 21 d, where the solution was completely replaced with 
fresh PBS every 7 d. The corrosion tests were repeated three times for 

each sample to ensure the correctness of output and data reproduc
ibility. The ion release of Ti and V elements was detected from 
Ti–6Al–4V scaffolds during long-term immersion in 20 mL of the PBS 
solution at 37 ◦C using inductively coupled plasma mass spectroscopy 
(ICP-MS, USA). To do so, each sample was cleaned and dried prior to 
testing, and was hung vertically in the cylindrical tubes without 
touching the walls and bottom. The immersion tests were conducted for 
3, 7, 14 and 21 d, respectively. 

3. Results and discussion 

3.1. Surface morphology of the Ti–6Al–4V scaffolds 

SEM micrographs of the surface morphology of the Ti–6Al–4V scaf
folds are presented in Fig. 5(a–d), indicating a rough surface of an in
dividual strut, which is typical for EB-PBF parts in the as-built state. The 
surface contained weakly bounded/unmelted/partially melted powder 
particles attached to the scaffold surface, as an inherent feature of any 
powder-based system [39]. This even led to the thickness of the over
sized struts compared to the designed dimensions, leading to a decrease 
in the measured pore size and porosity (Table 3). The findings showed 
that, regardless of cell type, the increase in the cell size caused more 
deviation in the strut thickness from the designed value. Studies showed 

Table 4 
Composition of the PBS solution used in this study.  

Component NaCl KCl Na2HPO4 KH2PO4 

Concentration (g.L¡1) 8 0.2 1.42 0.24  

Fig. 5. SEM micrographs of EB-PBF Ti–6Al–4V scaffolds at different magnifications; (a–d) as-built conditions and (e–h) after chemical etching post-processing.  
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that, under similar EB-PBF parameters, as the strut thickness increased, 
more powder was attached to the strut surface. The reason for this may 
be attributed to the overall heat capacity of the built. As the sample 
thickness increases, it can store more heat energy, which serves as a 
repeated heat source for the sintering process in wider areas surrounding 
the struts. Surface roughness/topography is a key property of the ma
terial to be used as biomaterial. On one hand, the surface-attached 
powders can result in localized stress and crack initiation, significantly 
weakening the mechanical performance and life time of the scaffolds 
[40–43]. On the other hand, the impact of roughness induced by 
attached powder on the biological behaviour of scaffolds remains a topic 
of debate. Numerous studies have demonstrated that attached powder 
can either enhance human bone cell attachment and proliferation or 
pose risks by detaching from the implant surface [32,44,45]. Accord
ingly, in the present study, the as-built scaffolds were chemically etched 
to remove surface-attached powders from the scaffold’s surface as much 
as possible. By doing this, the surface roughness/topography of all the 
scaffolds became almost similar; this would minimize the effects of the 
surface influencing parameters on the scaffold’s properties. The surfaces 
of scaffolds after this post-processing treatment are shown in Fig. 5(e–h). 

The surface roughness parameters—specifically Ra, Rq, and Rz—were 
measured for all scaffolds and summarized in Table 5 as comparable 
characteristics. As can be observed in Fig. 5, the overall surface quality 
of the samples was improved after etching; however, not all attached 
powder particles were completely removed from the surface of the 
scaffolds. From Tables 5 and it can be found that Ra decreased with 
respect to the as-built sample surface for all scaffolds after being etched. 
Surface modification of scaffolds by chemical etching strongly depends 
on etching time, etchant concentration, and the material from which the 
implant is made. Irrespective of other parameters, the etching time is of 
great importance to improve the surface quality of scaffolds; short-time 
etching was found to be insufficient for maximum removal of attached 
powder, and long-time etching can result in serious damage to struts, 
especially on low-thickness struts [34,46]. It appeared that the more 
complex the cell type and the smaller the cell size, the longer was the 
required etching time, which was trended in the following order: RD3 >
DO3 > RD5 > DO5. It is clear that the cell size compared to the cell type 
has played a more decisive role in the chemical etching process because 
the increase in cell size accelerated the etchant movement and pene
tration throughout the scaffold and, as a result, the attached particles 
were removed in a shorter time. The etching time was adjusted to obtain 
an average roughness (Ra) in the range 14–26 μm for all scaffolds, as can 
be seen in Table 5. 

3.2. Microstructure of the Ti–6Al–4V scaffolds 

A hexagonally packed acicular martensitic phase microstructure (α′) 

is usually formed in the as-built Ti–6Al–4V alloy fabricated by the AM 
process, which stems from the nature of this technique as a rapid so
lidification process [47–51]. In the present study, however, the as-built 
Ti–6Al–4V samples fabricated via EB-PBF consisted of only α/β 
dual-phase microstructure, as shown in Fig. 6 (a). As can be distin
guished in Fig. 6, the high-contrast phase region is enriched in heavy 
metals like vanadium, representing β phase and the other one is α phase, 
which is rich in aluminium, as confirmed by EDS analysis. This structure 
is considered to be favoured for titanium implant applications from the 
point of view of mechanical properties [6,52]. The α/β microstructure 
basically is a result of the thermal history experienced by Ti–6Al–4V 
powders, continuously undergoing a preheating–melting–cooling cycle 
during EB-PBF. The melting of the powder layers leads to the epitaxial 
growth of prior β phase grains during EB-PBF; the β grains tend to be 
elongated towards the temperature gradient, that is, the build-direction. 
With further cooling, the elevated temperature β phase can transform 
into a low-temperature α phase via a diffusion less mechanism when the 
temperature is reduced below β→α transition temperature. This might 
result in the formation of the martensitic α′-titanium phase, which grows 
inside the primary β columns in the form of dispersed lamellae. Never
theless, considering that, in the EB-PBF process, the build chamber is 
kept at an elevated temperature of around 650–700 (C), the cooling rate 
is slow. For this reason, α′ phase is decomposed to α/β dual phase, which 
is typical for the diffusion transformation in Ti–6Al–4V alloy [7,35,53, 
54]. Many also suggested that, in EB-PBF, the cooling rate at the 
beginning of solidification is estimated to be about 103–105 ◦C/s, which 
is very high. Therefore, at this stage, the supersaturated α′ phase is 
formed and immediately decomposes into α/β phase at a temperature of 
about 587 ◦C [55]. In addition, it was suggested that α′ phase is also 
decomposed to α and β owing to the preheating step and/or reheating or 
partially re-melting the previously solidified layer when the electron 
beam melts the new layer during the EB-PBF process [7,56]. 

To understand more precisely, Fig. 6 (b) shows the schematic of the 
microstructure evolution of EB-PBF Ti–6Al–4V, involving α′ formation 
and decomposition to α/β. According to Fig. 6, microstructural analysis 
implies that cell type had no remarkable effect on the microstructure of 
the scaffolds. It can be observed that, regardless of cell type, the 
microstructure of the samples was rather identical for the same cell size. 
It is obvious that β spacing increases with an increase in the cell size (i.e. 
thicker struts). The larger the cell size, the coarser is the microstructure. 
This phenomenon can likely be attributed, drawing on prior research 
[40,41,57], to greater heat accumulation in thicker struts. Conse
quently, samples with larger cell sizes exhibit a slower cooling rate and a 
coarser microstructure. It is proved that the α/β interface, acting as a 
barrier against dislocation slips, plays an important role in the 
strengthening behaviour of EB-PBF Ti–6Al–4V alloys [56,58]. The XRD 
patterns of the EB-PBF Ti–6Al–4V scaffolds in Fig. 7 confirm the phase 
constituents consisting of a combination of α/β dual phase in the 
specimens. 

3.3. Mechanical behaviour of Ti–6Al–4V scaffolds 

Fig. 8 presents the stress-strain curves of EB-PBF Ti–6Al–4V scaffolds 
in compression tests; three distinct regions can be distinguished, as they 
are typical for porous metallic specimens [7,21,22]. In all cases, a linear 
elastic deformation region exists up to the first compressive strength 
peak, where the stress drop was closely related to the first failure of the 
scaffolds and the release of a large amount of energy. This region is 
followed by a plateau region characterized by stress fluctuations at a 
relatively constant stress. As shown in Fig. 8, the stress fluctuations of 
DO scaffolds at the plateau region are greater compared to RD scaffolds, 
independent of cell size. As the compressive load reached the ultimate 
strength of the scaffold layers, a larger number of load-bearing struts 
broke during each fracture event. This resulted in a significant and 
noticeable decrease in stress (stress drop) due to the increased number of 
broken struts. As a result, stress fluctuations increased around a specific 

Table 5 
Roughness parameters of EB-PBF Ti–6Al–4V scaffolds before and after chemical 
etching.  

Samples As-built conditions After chemical etching 

Ra (μm)a Rq (μm)b Rz (μm)c Ra (μm) Rq (μm) Rz (μm) 

RD3 85.26 ±
6 

89.41 ±
7 

356.18 
± 21 

24.16 
± 4 

26.75 
± 3 

50.16 
± 7 

RD5 96.18 ±
9 

101.75 
± 9 

461.14 
± 35 

17.20 
± 3 

20.05 
± 1 

49.12 
± 4 

DO3 76.16 ±
5 

81.42 ±
8 

304.44 
± 18 

26.14 
± 5 

25.94 
± 6 

51.45 
± 8 

DO5 100.30 
± 8 

107.26 
± 12 

525.31 
± 31 

14.23 
± 4 

16.84 
± 6 

39.09 
± 6  

a Ra: The arithmetic average of the absolute values of the roughness profile 
heights. 

b Rq: The root mean square of the roughness profile heights. 
c Rz: The maximum peak-to-valley height within a specified sampling length 

on the surface. 
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stress. In addition, it can be found that the stresses in the plateau region 
do not exceed the maximum stress value corresponding to the first 
failure, indicating the higher energy absorption value of the scaffolds in 
the first failure compared to subsequent failures. 

From Fig. 8, all of the stress-strain curves showed a densification 
region which is recognized by a rapid stress increase. The densification 
behaviour of a lattice structure is connected with its architecture and 

porosity in terms of strut thickness and pore size. Results indicated that 
densification occurred at lower strain for scaffolds with small cell sizes, 
regardless of the cell type. The reason can be explained as that for the 
scaffolds with large cell sizes, a large volume of fractured material 
continuously separated from the scaffolds during the compressive 
deformation, and the unbroken volume of the sample was mostly free of 
broken struts. Therefore, for large cell size, the total porosity of the 

Fig. 6. (a) Microstructural features of the four types of EB-PBF Ti–6Al–4V scaffolds, (b) the illustrative depiction of the evolution of microstructure of EB- 
PBF Ti–6Al–4V. 
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Fig. 7. (a) XRD patterns of the EB-PBF Ti–6Al–4V scaffolds.  

Fig. 8. The stress-strain curves under compressive loading for EB-PBF Ti–6Al–4V scaffolds, featuring various cell types and sizes.  
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scaffold was almost unvaried during the compressive loading. This is 
while, for the scaffolds with small cell size, the porosity of the structure 
gradually reduced owing to the remaining broken struts in the unbroken 
volume, thus giving rise to earlier densification [21]. The mechanical 
characteristics of EB-PBF Ti–6Al–4V scaffolds were extracted based on 
the ISO 13314 [36] and are given in Table 6, where σmax represents the 
maximum compressive strength at the first failure and σPlateau corre
sponds to the mean value of the stress at plateau region of the curve. 
Notably, the first maximum compressive strength is commonly defined 
as the ultimate compressive strength (UCS). Obvious differences are 
observed in the mechanical properties of the scaffolds with different 
designed architectures. 

From Table 6, considering the same cell size, the RD scaffolds 
exhibited better mechanical properties than DI scaffolds in terms of 
elastic modulus, yield stress, and ultimate stress. The UCS of RD3 and 
RD5 were measured at approximately 68 MPa and 39 MPa, respectively, 
which are ~70 % and ~48 % greater than that of DO3 and DO5. 
Additionally, the elastic moduli of RD3, 1.13 GPa, and RD5, 0.69 GPa, 
were higher than those of DO3, 0.61 GPa, and DO5, 0.59 GPa. Moreover, 
with the increase in cell size, the mechanical properties of the scaffolds 
were degraded, which is more evident in the RD structure. The me
chanical performance of the scaffolds originated from the parent mate
rial properties, geometrical architecture, and microstructure. It seems 
that parameters related to geometry, including cell type, pore size, strut 
thickness, and porosity, play the most important role [20,59,60]. Here, 
the lower mechanical properties of RD scaffolds compared to DO scaf
folds can be attributed to cell type; it is clear that RD scaffolds, due to 
their more complex cell, have more load-bearing struts in the entire 
scaffolds array, which is consistent for both cell sizes. Although the 
microstructure of scaffolds, which was dependent on the cell size, 
affected the mechanical behaviour, the scaffolds geometry caused more 
profound effects on the mechanical properties. The study confirmed that 
all the scaffolds were mechanically suitable for orthopaedic implant 
applications. Their elastic modulus was low enough to prevent stress 
shielding, while their mechanical strengths were sufficiently high to 
ensure stability. Notably, the EB-PBF Ti–6Al–4V scaffolds exhibited 
mechanical strength comparable to or greater than traditional similar 
lattice cell types reported in previous studies [61,62]. Although their 
Young’s modulus is lower than that of similar lattice structures, it sug
gests their potential as an alternative design to mitigate stress shielding 
in orthopaedic implants. Interestingly, these existing structures not only 
possess Young’s modulus compatible with trabecular bone but also 
exhibit a higher ultimate UCS than trabecular bone. Fig. 9 illustrates that 
the mechanical properties of the scaffolds fall within the range of human 
cortical and trabecular bone. Particularly, their mechanical character
istics closely resemble those of trabecular bone, making them a subject 
of significant interest among researchers for bone implantation [6,18, 
63]. 

It is also observed that, regardless of cell size, the energy absorption 
of RD scaffolds, up to the onset of failure, was greater than that of the DI 
scaffolds. This behaviour can be attributed to the greater number of 
main, load-bearing struts of the RD structures in the cell array located 
along the loading direction [64]. Correspondingly, the decrease in the 

cell size enhanced the energy absorption capacity. 
The microhardness values of EB-PBF Ti–6Al–4V scaffolds were all in 

the same range and in agreement with EB-PBF Ti–6Al–4V samples re
ported in the literature; these are higher than the values for Ti–6Al–4V 
counterpart produced by SLM [6,65]. It is noteworthy that the hardness 
of Ti–6Al–4V scaffolds depends on the microstructure and strut thick
ness. The hardness would decrease with the decrease in strut thickness 
for EB-PBF Ti–6Al–4V scaffolds because a thicker strut provides more 
support to bear the indentation load. Moreover, it could be argued that 
the α/β interface induced by EB-PBF thermal history could be of 
importance in affecting the hardness. The coarser the microstructure, 
the lower is the hardness [35,66]. Hence, it can be concluded that the 
hardness herein was derived from the competition of these two factors. 

3.4. Failure modes analysis of Ti–6Al–4V scaffolds 

The failure modes of the four kinds of scaffolds were investigated to 
further understand the mechanical behaviour of the scaffolds. For that, 
the uniaxial compressive response of the as-built Ti–6Al–4V scaffolds 
was studied by a digital video recorder. The deformation process of all 
the scaffolds at the given compressive strain is shown in Fig. 10. 

It can be observed that the samples exhibited different deformation 
behaviour during the compression process due to their designed archi
tecture. The initial failure of RD3 occurred at an angle of approximately 
45◦ to the loading axis, which is different from others. At the strain of 
0.08, the 45◦ shear band (marked by a red rectangle) acted at the top 
region of RD3, where the load-bearing struts started to fracture, 
mirrored by the first stress drop in the stress-strain curve. With 
increasing compressive strain, the load-bearing struts fractured layer- 
by-layer at the 45◦ shear bands. This is while, unlike RD3, the failure 
initiated from the top layer of RD5 at a strain of 0.11, corresponding to 
the first stress drop in the stress-strain curve. As the compression loading 
continued, the failure region gradually expanded with the fracture of 
load-bearing struts in the form of layer-by-layer, corresponding to the 
stress fluctuations in the plateau region of the stress-strain curve. Unlike 
RD scaffolds, the DO scaffolds, regardless of their cell size, collapsed 
layer-by-layer from the bottom to the top layer. By analyzing the 
deformation behaviour of scaffolds during compression and examining 
the shape of thestress–strain curve, we observe distinct stress concen
trations. Specifically, for RD5, stress accumulates predominantly at the 
top layers, while for DO3 and DO5, it concentrates at the bottom layers. 
As the stress concentration region expands, these localized stresses 
propagate layer by layer along the load-bearing struts. In the case of 
RD3, a stress-concentrated band emerges at a 45◦ angle to the Z-axis, 
indicating that these load-bearing struts bear a heavier load and accu
mulate more energy. Consequently, for RD3, stress concentrations pre
dominantly occur in the direction of 45◦ to the Z-axis during 
compressive deformation. The obvious discrepancies in the failure mode 
of scaffolds during loading come from the mechanical properties of the 
parent material together with the designed architecture. As a useful 
criterion, lattice structures can be classified into two groups based on 
their failure mode: bending-dominated structures and stretch- 
dominated structures [22,27,67]. The bending-dominated structure 

Table 6 
The mechanical features of Ti–6Al–4V scaffolds fabricated by EB-PBF, having different cell types and sizes.  

Scaffolds Yield strength 
(σs-MPa) 

First maximum compressive 
strength (σmax (UCS)-MPa) 

Elastic modulus 
(E-GPa) 

σPlateau 

(MPa) 
Densification 
strain (%) 

Absorbed energy up to first 
failure (W*-kJ) 

Microhardness 
(HV0.1) 

RD3 56.33 ± 4 68.37 ± 6 1.13 ± 0.03 67.42 ±
4.2 

37.14 ± 1 2.33 ± 0.20 325 ± 13 

RD5 29.53 ± 1 39.42 ± 3 0.69 ± 0.02 36.12 ±
3.2 

58.15 ± 1 1.17 ± 0.10 342 ± 9 

DO3 33.38 ± 2 40.13 ± 5 0.61 ± 0.02 34.16 ±
2.1 

39.17 ± 2 1.31 ± 0.10 310 ± 17 

DO5 23.91 ± 1 26.53 ± 2 0.59 ± 0.01 22.21 ±
2.3 

41.14 ± 1 0.52 ± 0.05 326 ± 12  
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was detected by the failure accompanied by the shear bands formed at 
approximately 45◦ with respect to the compression axis, i.e., the RD3 
scaffold, whereas layer-by-layer failure was observed in the 
stretch-dominated structures, i.e., the RD5, DO3, and DO5. This differ
ence originated from how the micro-struts are placed in relation to the 
loading direction and their number in the whole structure, which caused 
the failure type to be different even for the structure with a similar cell 
type. Indeed, the higher the number of parallel micro-struts (or with a 
low slope) to the loading direction, the greater the tendency to buckle, 
resulting in stretch-dominated failure. Whereas, the more the inclination 

of the micro-struts to the loading direction, the higher the probability of 
shear failure, leading to the structure experiencing the 
bending-dominant. 

The SEM images of the fracture surfaces of EB-PBF Ti–6Al–4V scaf
folds after the compression testing are displayed in Fig. 11. 

The fracture surface mostly showed ductile dimple tearing as a sign 
of ductile fracture, but on some sections of the fracture surface, local 
quasi-cleavage type fracture was also observed, referring a mixed mode 
of ductile and brittle fracture. A large population of much finer, deeper, 
and evenly distributed dimples on the fracture surface suggests that 

Fig. 9. Comparing the mechanical properties of the EB-PBF Ti–6Al–4V scaffolds and human bone.  

Fig. 10. The visible failure modes at the macroscopic level in EB-PBF Ti–6Al–4V scaffolds.  
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plastic deformation was significant in the scaffolds. This fracture mode 
was documented in prior studies on Ti–6Al–4V samples fabricated by 
EB-PBF [6,47]. 

3.5. Wettability and permeability of Ti–6Al–4V scaffolds 

For biomedical applications, the surface wettability of scaffolds plays 
a critical role in cell adhesion and proliferation behaviour [19,68]. In 

Fig. 11. The SEM images of the fracture surfaces of the EB-PBF Ti–6Al–4V scaffolds after the compression loading.  

Fig. 12. (a) Time-lapse images of the dynamic wetting behaviour of the EB-PBF Ti–6Al–4V scaffolds and (b) the average pressure drop and permeability of the EB- 
PBF Ti–6Al–4V scaffolds versus the flow rate. 
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the present study, the pore size was designed to be large enough to 
mimic the mechanical properties of bone by the scaffold as much as 
possible by reducing the elastic modulus. The initial droplet deposition 
on the surface of the scaffold alone is not an accurate criterion for the 
wettability of these scaffolds. Accordingly, the contact angle at the first 
moment (θt = 0), the residence time of the drop on the surface (Δt), and 
contact angle variation versus time were particularly interesting only to 
compare the scaffold’s wettability. As shown in Fig. 12 (a), time-lapse 
imaging confirmed that the cell type had no strong effect on the dy
namic wettability, whereas increasing the cell size significantly reduced 
the wettability. The parameters related to the dynamic wettability of the 
scaffolds are listed in Table 7. Permeability plays a crucial role in scaf
folds, directly impacting their interaction with surrounding biological 
tissues. It refers to the scaffold’s ability to allow the passage of fluids, 
gases, and nutrients. Proper permeability is vital because it influences 
biocompatibility, tissue integration, cellular function, and the overall 
success and longevity of the implant. When scaffolds have optimal 
permeability, they facilitate the flow of essential substances, creating a 
conducive environment for tissue integration and minimizing the risk of 
inflammation or rejection. Such well-designed scaffolds contribute to a 
harmonious interaction with the biological environment, promoting 
healing and enhancing overall performance [37,69–71]. Pore size and 
surface area, as two contradictory parameters, are the most important 
factors in the biological behaviour of the scaffolds in terms of cell 
adhesion and transportation of nutrients into the scaffold. The larger 
pore size is suitable for enhancing the permeability of scaffolds and thus 
improving the delivery of nutrients into the scaffold. The larger the 
surface area, the better are the cell adhesion and proliferation [37]. 
According to the Kozeny-Carman equation [72], a traditional per
meability–porosity relationship, porosity is described as the main factor 
parameter in determining the permeability of the scaffold, and the 
surface area is the second place. However, it is revealed that the cell type 
could play a significant role in the permeability of the scaffolds. Fig. 12 
(b) illustrates the pressure drop and permeability characteristics of 
EB-PBF Ti–6Al–4V scaffolds in relation to flow rate. The results clearly 
demonstrate that an increase in flow rate, irrespective of cell type or 
size, led to higher permeability and pressure drop. Furthermore, larger 
cell sizes correspond to reduced pressure drops and increased perme
ability when the flow rate remains constant. This suggests a higher in
ternal fluid flow rate, which could enhance the transport of nutrients 
and facilitate waste material elimination [37]. 

The sequence of the permeability values for EB-PBF Ti–6Al–4V 
scaffolds was as follows: DO5 > RD5 > DO3 > RD3. As expected, the 
permeability enhanced with the increase in cell size (i.e. increase in pore 
size) for each cell type. Moreover, the permeability is different for the 
scaffold with different cell types under the same cell size, which can be 
attributed to the structure complexity. From Table 7, the permeability of 
DO scaffolds was higher than that of RD scaffolds at the same cell size. 
This is because as the fluid moves along the flow direction, it encounters 
more obstacles in the RD structure, which has a more tortuous archi
tectural structure than the DO structure; therefore, fluid flows more 
smoothly in the RD. These findings implied that the channel size of the 
structure and the straight path of the fluid streamline from the inlet to 
the outlet are the first and second factors, respectively, influencing the 
permeability of scaffolds [37,69–71]. With regard to the results, the 

permeability values of all the scaffolds were in agreement with those 
reported for human trabecular bone (5.13 × 10− 9 m2) [37]. Conse
quently, these kinds of structure designs were proven to be beneficial to 
better transport of body fluids and stronger biological fixation by 
facilitating the ingrowth of bone tissue into the interconnected pores of 
implants, ultimately ensuring good osseointegration and long-term 
stability. 

3.6. Electrochemical behaviour of Ti–6Al–4V scaffolds 

Corrosion has the potential to release metallic ions into surrounding 
tissues, which may lead to adverse reactions and inflammation. Ensuring 
optimal corrosion performance is critical for maintaining scaffold 
biocompatibility and preserving tissue health. Over time, corrosion can 
compromise the structural integrity of implants. Therefore, investi
gating the corrosion performance of the fabricated samples is essential 
to ensure long-term stability and functionality, ultimately reducing the 
risk of mechanical failure [30,32,73,74]. Therefore, one of the goals of 
this study was to explore whether the corrosion performance of the 
EB-PBF Ti–6Al–4V scaffolds was favourable as a prerequisite factor for 
implant applications. Fig. 13 represents the EOCP variation as a function 
of time for the scaffolds in PBS at 37◦. EOCP reflects the electrochemical 
reactions occurring at the scaffolds/PBS interface [29]. 

As can be observed, for all scaffolds, the potential exhibited an 
increasing trend towards a nobler potential after being exposed to the 
PBS until it finally reached a nearly constant value, indicating the for
mation and growth of a protective oxide film on the surface of the 
scaffolds over time. Notably, the formation of a passive oxide layer on 
the surface of Ti-based alloys is responsible for their remarkable corro
sion resistance [30,75–77]. The stable EOCP were − 14.49, − 9.34, 
− 14.78, and − 5.20 mV for RD3, RD5, DO3, and DO5 scaffolds, 
respectively. It is clear that the time to reach the stable potential for the 
scaffolds with large cell sizes was less than for scaffolds with small cell 
sizes, which means that the formation of a stable passive layer on their 
surface was faster [76]. Moreover, all the scaffolds showed almost 
similar EOCP; however, the EOCP value was slightly more positive for the 
scaffolds with large cell sizes, confirming their higher thermodynami
cally stability compared to others. The Eocp fluctuations observed in the 
EOCP-t curves of RD3 samples can be related to the simultaneous for
mation and dissolution of its passive layer [30,31]. The potentiodynamic 
polarization curves of as-built Ti–6Al–4V scaffolds in PBS at 37 ◦C are 
shown in Fig. 14. 

No significant difference was found in the cathodic branch, con
firming a similar cathodic reaction for all the scaffolds in PBS [30,53]. 

Table 7 
Parameters related to the dynamic wettability and permeability of EB-PBF 
Ti–6Al–4V scaffolds.  

Scaffolds Contact angle at the 
first moment (θt = 0- 
degree) 

Residence time of 
the drop on the 
surface (Δt-s) 

Permeability at flow 
rate = 0.01 m/s ( ×
10− 9 m2) 

RD3 79.60 ± 0.1 56 ± 4 6.30 ± 0.4 
RD5 56.34 ± 0.3 9 ± 0.6 9.59 ± 0.7 
DO3 65.43 ± 0.3 33 ± 6 8.31 ± 0.5 
DO5 57.70 ± 0.1 6 ± 0.8 10.38 ± 0.8  Fig. 13. The OCP curves for EB-PBF Ti–6Al–4V scaffolds.  
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For all the designs on the anodic branch, three distinct regions, including 
active, passive, and transpassive regions, were observed. Additionally, 
the anodic slop (βa) at the active region was far higher than the cathodic 
slope (βc), which means that the rate of anodic reactions was more 
intense than that of the cathodic reactions, attributing to the formation 
of the protective oxide film. The active region can be influenced by the 
complex nature of the passive film formed on the Ti alloys, having a 
relatively porous outer layer and compact inner layer with the protective 
barrier role. This caused a difference in the active region of the scaffolds 
[30,76]. Corrosion parameters were derived through the analysis of the 
potentiodynamic polarization curves and are listed in Table 8. 

The more negative Ecorr value indicates a higher corrosion suscep
tibility. The passivation potential (Ep), which marks the initiation of the 
passivation region, is typically inversely correlated with the ease of 
passivation film formation. The lower the Ep is, the more readily the 
passivation film is formed. The breakdown potential (Eb) indicates the 
potential where the passive film begins to breakdown, and a higher Eb 
represents the higher stability of the passive film formed on the scaffold 
surface. In this regard, ΔE, i.e. (Eb-Ep), presents the stable passivation 
region, and a greater ΔE suggests that the passive film is more stable on 
the surface of scaffolds. The passivation current density (ip) represents 
the current at which the stability of the passive film is maintained on the 
surface, and the lower it is, the lower the dissolution rate of the film 
[78]. From Table 8, regardless of cell type, the scaffolds exhibited 
relatively similar corrosion behaviour; whereas the corrosion perfor
mance of scaffolds degraded with a decrease in cell size. Namely, with a 
decrease in cell size for DO scaffolds, the Ecorr decreased from - 0.23 V to 
− 0.17 V, and the icorr increased from 3.2 × 10 − 7 A/cm2 to 17.2 × 10 − 7 

A/cm2. In general, the inherent tendency of metals is to revert towards 
their most thermodynamically stable state, which is manifested for 
Ti–6Al–4V by the formation and growth of a protective oxide film under 
corrosive conditions [29,30,78]. All the samples exhibited passive film 

formation as the potential increased towards the passive region. For 
Ti–6Al–4V alloys in the PBS solution, during the anodic polarization, Ti 
starts to dissolve in the PBS, and the Ti ions, in the form of Ti+4, enter the 
solution. At this moment, the current enhances exponentially with the 
increase in potential, as can be observed on the active region of poten
tiodynamic polarization curves. Within the PBS medium, Ti+4 ions react 
with H2O, forming the protective TiO2 film on the scaffold’s surface 
[31]. This protective film covers the surface of the scaffold, playing a 
vital role in the corrosion inhibition of the scaffolds by preventing the 
metal from dissolving. With further anodic reactions, the protective film 
has the potential to envelop the entire metal surface, markedly slowing 
down the rate of metal dissolution. In the following, metal dissolving 
ends at the Ep of metal which is proportional to the ip. At this current, 
namely the current plateau, it can be seen that the current becomes 
independent of potential changes [75], indicating that the scaffolds 
surface was completely covered by a protective passive film. As seen in 
Fig. 14, the scaffolds with large cell sizes exhibited better passivation 
behaviour, which is characterized by a greater current plateau region. 
Findings revealed that the current plateau region of all the scaffolds 
extended to high anode potentials near 1.5 V. This is due to the fact that 
the electrode potential is generally low and does not exceed 1.5 V under 
in-vivo conditions [29]. It can be, therefore, inferred that the EB-PBF 
Ti–6Al–4V scaffolds can be a good candidate for biomedical 
applications. 

The EIS analyses were performed to investigate the electrochemical 
behaviour s of scaffolds at the scaffold/PBS interfaces. Nyquist and Bode 
plots of EB-PBF Ti–6Al–4V scaffolds in PBS at 37 ◦C are depicted in 
Fig. 15(a–c). 

Nyquist plots showed incomplete and distorted capacitive semi
circles for all the scaffolds in the whole frequency range. Clearly, it can 
be found that the cell type had no significant effects on the impedance 
loop, whereas with a decrease in cell size, the diameter of the semicircle 
reduced. This trend indicates that the corrosion resistance of the scaf
folds decreased. The capacitive semicircles are associated with the 
dielectric properties of the oxide film that spontaneously developed on 
the scaffold’s surface [75]. The Bode plots represent the change in the 
absolute value of the impedance and the phase angle as a function of the 
logarithm of the frequency [30]. Two distinct regions can be distin
guished in the plot of log |Z| against log f, where in the frequency range 
of 102–105 Hz (high frequencies), the impedance curves exhibited a 
slope near zero, and, at medium and low frequencies (10− 2-102 Hz), the 
impedance curves demonstrated a linear pattern with an approximate 
slope of − 1. Additionally, for all the scaffolds, according to the phase 
angle vs. log f plot, at high frequencies, the phase shift between current 
and voltage approached 0◦, where the electrolyte resistance (Rs) is 
dominant in determining the total impedance. At low frequencies, the 
maximum phase angle was observed at about − 80◦, attributing to the 
dielectric characteristics of the protective oxide film developed on the 
surface of the scaffolds, and it reflects the capacitive behaviour of the 
electrode [29,30,79]. Therefore, the impedance of all the scaffolds was 
enhanced with the exposure time to PBS. Additionally, it can be found 
that the frequency range of the maximum phase angle for the scaffolds 
with small cell size was narrower than that of the scaffolds with large 
cell size, demonstrating that the decrease in cell size reduced the sta
bility of the passive layer on the surface of scaffolds. The equivalent 
circuit model applied to analyze EIS data is shown in Fig. 15 (d), and the 
fitting parameters are listed in Table 9. 

The equivalent circuit of the scaffolds consists of the Rs, corre
sponding to the solution resistance, in series with two-time constants. 
Both time constants are made of the parallel connection of the constant 
phase element (CPE) and the resistance. In this scheme, it is accepted 
that the oxide layer formed on the scaffolds’ surface consists of two 
layers, including a barrier inner layer (CPEb/Rb) and a porous outer 
layer (CPEp/Rp), corresponding to those previously suggested for Ti- 
based alloys [53,75]. In the fitted equivalent circuit, the first-time 
constants (CPEp/Rp) described the properties of the outer porous oxide 

Fig. 14. Potentiodynamic polarization curves depicting the corrosion behav
iour of EB-PBF Ti–6Al–4V scaffolds in PBS at 37 ◦C. 

Table 8 
The corrosion parameters obtained from polarization curves of EB-PBF 
Ti–6Al–4V scaffolds in PBS at 37 ◦C.  

Scaffolds icorr 

(μA/ 
cm2) 

Ecorr (V 
vs. Ag/ 
AgCl) 

Ep (V vs. 
Ag/ 
AgCl) 

Eb (V vs. 
Ag/ 
AgCl) 

ip (μA/ 
cm2) 

ΔE (V vs. 
Ag/ 
AgCl) 

RD3 1.63 − 0.37 0.66 1.13 88.30 0.47 
RD5 0.58 − 0.26 − 0.14 0.86 2.24 1 
DO3 1.72 − 0.17 0.44 1.17 81.90 0.73 
DO5 0.32 − 0.23 − 0.13 1.09 1.14 1.32  
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film, and the second-time constants (CPEb/Rb) represented the inner 
barrier oxide film. CPEb and Rb represent the capacity and the resistance 
of the inner barrier film, respectively, and CPEp is the capacity, and Rp is 
the resistance of the outer porous film. It is worth noting that, herein, the 
outcomes showed a deviation from the ideal behaviour, for example, the 
Bode’s slope was not exactly equal to − 1, originating from the roughness 
of the surface of the electrode and inhomogeneities in the oxide film. 
Therefore, CPE is employed as a substitute for an ideal capacitor, whose 
impedance (ZCPE) is characterized as follows [30]; 

ZCPE = [Q(jω)
n
]
− 1 (5)  

where Q represents a frequency-independent constant and is attributed 
to the surface condition. n is the exponent of a CPE and ranges from − 1 
to +1. CPE represents a pure resistor for n = 0, an inductor for n = − 1, 
and a capacitance for n = +1. ω and j are the circular frequency of the 
alternating current (AC) signal (ω = 2πf) and imaginary number (j =
√− 1), respectively. The fitting error, represented by the sum of chi- 
squared (χ2), was less than 2 × 10− 4, which confirmed that quite a 
good fit was achieved for EIS data. From Tables 9 and it can be seen that, 
for all the scaffolds, the inner barrier layer exhibited extremely high 
resistance, whereas the outer porous layer had significantly lower 
resistance. This indicated that the inner oxide film played a main role in 
preventing further metal dissolution in the first few days of exposure to 

PBS. For the inner film, the value of n2 was closer to 1, showing a 
relatively ideal capacitive behaviour for the inner layer. In general, re
sults indicated that, in PBS, the cell type had little effect on the elec
trochemical behaviour of EB-PBF Ti–6Al–4V scaffolds. However, it is 
revealed that the smaller cell size led to the degradation of corrosion 
resistance. Several reasons can be proposed for the higher corrosion rate 
of the scaffolds with small cell sizes, to mention a few. (i) The larger the 
exposed surface area, the greater the electrochemical reactions between 
the PBS electrolyte and the Ti–6Al–4V scaffolds, leading to a higher 
corrosion rate [30]. Considering that the scaffolds with small cell sizes 
have a larger surface area than the others, it can be argued that the 
corrosion rate of scaffolds with small cell sizes was higher. (ii) It is clear 
that the geometrical structure of the scaffolds with small cell sizes is 
more complex than those with large cell sizes because the pore size is 
very small, and the struts are very close together. As a result, the PBS 
solution may hardly flow inside such a complex structure, assisting the 
trapping of the electrolyte ions and promoting the exhaustion of oxygen 
supply, which in turn resulted in the formation of a thin passive layer 
and the decrease in corrosion resistance. This is while electrolytes flow 
easily throughout the scaffolds with large cell sizes, replenishing the 
oxygen supply during the passivation process and avoiding the change in 
microenvironment concentration. Thereby, this helps to minimize the 
risk of corrosion of scaffolds [30]. (iii) It is known that in Ti alloys, β 

Fig. 15. EIS spectra of EB-PBF Ti–6Al–4V scaffolds in PBS at 37 ◦C: (a) Nyquist plots, (b, c) Bode plots, (d) the equivalent electric circuit.  

Table 9 
EIS fitting results of the EB-PBF Ti–6Al–4V scaffolds in PBS at 37 ◦C.  

Scaffolds Rs (Ω.cm2) Rp (Ω.cm2) CPEp (Ω− 1.cm− 2.Sn) n1 Rb (Ω.cm2) CPEb (Ω− 1.cm− 2.Sn) n2 χ2 

RD3 71.32 21.38 2.79 × 10− 5 0.85 4.73 × 106 2.95 × 10− 5 0.88 0.0004 
RD5 54.67 271.80 8.39 × 10− 4 0.55 5.54 × 106 9.91 × 10− 5 0.90 0.0002 
DO3 94.42 29.49 2.71 × 10− 5 0.82 5.73 × 106 2.38 × 10− 5 0.88 0.0009 
DO5 41.68 182.30 9.20 × 10− 5 0.56 6.28 × 106 13.09 × 10− 5 0.90 0.0003  
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phase is more capable of forming a more stable protective oxide film 
than (phase). Moreover, in the dual α/β phase, the finer the structure is, 
the more likely it is to form a galvanic cell at the α/β interface, ulti
mately accelerating the corrosion rate [53,80]. As the scaffolds with 
large cell sizes not only have a high volume fraction of β phase but also 
exhibit a coarser structure, they can be expected to show better corro
sion resistance. 

The corrosion behaviour of all the scaffolds was also monitored by 
EIS analysis on day 21 after immersion in PBS at 37 ◦C. As can be seen in 
Fig. 16, the corrosion behaviour of the scaffolds on day 21 was almost 
the same as the behaviour of those on day 1, suggesting that the 
corrosion resistance did not significantly change with the increase in 
immersion time in PBS. This is a sign of the high stability of the oxide 
films after long-term immersion of the scaffolds in PBS. Notably, the 
equivalent circuit utilized to analyze the impedance data on day 21 was 
similar to that on day 1, and the fitting parameters are listed in Table 10. 

Titanium and vanadium release from the scaffolds were measured 

after immersion for 21 days in PBS at 37 ◦C, as shown in Fig. 17. It can be 
seen that the total release of Ti and V ions was enhanced with the in
crease in immersion time (Fig. 17 (a and b). 

In return, Fig. 17 (c and d), which presents the average content of Ti 
and V release per day derived from statistical analysis, disclosed the ion 
release gradually decreased from day 1 to day 14 and reached an almost 
constant value on day 14 for all the scaffolds. This means that the 
macroscopic corrosion rate of the scaffolds in PBS gradually decreased 
over immersion time. These findings showed that the cell type did not 
have much effect on the ion release, and the decrease in cell size 
increased ion release from EB-PBF Ti–6Al–4V scaffolds in PBS to some 
extent. The reasons for that have already been rehearsed above. It is 
important to recognize that while the surface chemistry of biomaterials 
fundamentally influences ion release, the surface area significantly 
magnifies this impact. A larger surface area offers more sites for inter
action between the scaffold material and the surrounding biological 
environment. This heightened interaction increases the likelihood of ion 

Fig. 16. Comparison of EIS results of EB-PBF Ti–6Al–4V scaffolds in PBS solution at 37 ◦C after days 1 and 21.  
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release from the scaffold. Furthermore, a greater surface area exposes 
more material to the corrosive effects of bodily fluids, potentially 
leading to increased corrosion and the subsequent release of ions from 
the scaffold material [81,82]. 

4. Conclusions 

In the current study, the effects of cell type and cell size on the 
performance of Ti–6Al–4V scaffolds fabricated via EB-PBF were inves
tigated in detail. For this purpose, diamond (DO) and rhombic dodeca
hedron (RD) cell type-based scaffolds with various cell sizes were 
designed and fabricated by the EB-PBF process. The scaffolds were 
characterized from the perspective of application aspects, including the 
microstructural and mechanical properties, permeability, and short/ 
long-term corrosion behaviour for orthopaedic implants. Our findings 
are outlined as follows.  

1 Chemical etching, as a post-processing stage, plays an effective role 
in removing surface defects and improving the surface quality of 
scaffolds. Herein, optimal etching time is crucial depending on the 
cell type and size; in larger cells, less etching time is required 
regardless of the cell type.  

2 The microstructure of all the scaffolds consisted of a dual α/β phase, 
almost similar for the same cell size, irrespective of cell type. The β 
spacing increases with an increase in the cell size (i.e. thicker struts). 

As the cell size increases, the resulting microstructure becomes 
coarser. 

3 Mechanical characterization indicated that the RD scaffolds exhibi
ted higher mechanical properties at the same cell size as DI scaffolds 
regarding elastic modulus, yield stress and first maximum compres
sive strength. With the increase in cell size, the mechanical strength 
of the scaffold decreased, but all scaffolds were mechanically quali
fied for orthopaedic implant applications.  

4 The permeability values of EB-PBF Ti–6Al–4V scaffolds, which are 
compatible with the permeability of human trabecular bone, are in 
the order of DO5 > RD5 > DO3 > RD3. RD structure has a more 
tortuous architectural structure than the DO structure; therefore, 
fluid flows more slowly and encounters more obstacles in the RD 
structure. The permeability increases with the increase in cell size (i. 
e. increase in pore size), regardless of cell type.  

5 The cell type experiences little effect on the corrosion behaviour of 
the scaffolds. For both cell types, as the cell size decreases, the 
scaffolds exhibit an inferior corrosion resistance in PBS solution, 
mainly relating to the greater surface area exposed to the electrolyte, 
more α/β interfaces, and lower volume fraction of β phase. The 
corrosion resistance does not significantly change with the increase 
in immersion time in PBS. The ion release of Ti and V from the 
scaffolds gradually decreases, approaching an almost constant value 
after a certain time (on day 14) for the scaffolds. 

Table 10 
EIS fitting results of EB-PBF Ti–6Al–4V scaffolds in PBS at 37 ◦C on day 21.  

Scaffolds Rs (Ω.cm2) Rp (Ω.cm2) CPEp (Ω− 1.cm− 2.Sn) n1 Rb (Ω.cm2) CPEb (Ω− 1.cm− 2.Sn) n2 X2 

RD3 71.76 22.41 3.75 × 10− 5 0.82 4.36 × 106 2.40 × 10− 5 0.88 0.0009 
RD5 80.43 414.10 4.66 × 10− 4 0.53 7.63 × 106 6.75 × 10− 5 0.90 0.0003 
DO3 59.95 19.45 4.29 × 10− 5 0.81 4.02 × 106 3.46 × 10− 5 0.89 0.0009 
DO5 89.20 470.70 1.94 × 10− 4 0.55 7.79 × 106 6.03 × 10− 5 0.90 0.0002  

Fig. 17. The ion release of EB-PBF Ti–6Al–4V scaffolds in PBS solution at 37 ◦C versus time: (a) the total release of Ti, (b) the total release of V, (c) the release of Ti 
per day, (d) the release of V per day. 
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[53] Szymczyk-Ziółkowska P, Hoppe V, Gąsiorek J, Rusińska M, Kęszycki D, 
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