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Abstract
Lattice structures are 3D open topologically ordered geometries that repeat an elementary cell in a predefined 3D space. 
Struts connected in specific nodes define the cell. Lattice structures are typical geometries that represent the design freedom 
unlocked by additive manufacturing (AM) and are unachievable with traditional processes. By tuning the morphometric 
parameters of the cell, its mechanical response can be significantly altered. Because of that, an accurate understanding of the 
process capabilities is crucial for achieving the nominally designed properties. Considering an electron beam powder bed 
fusion process, in this work, the same nominal lattice structure is produced under different processing conditions to determine 
the relationship between the process parameters, the actual cell morphometric parameters, and its mechanical response. Strut 
dimension, relative density and cross-section are measured using advanced X-ray computed tomography scanning analyses. 
Uniaxial compressive tests describe the mechanical performance. Inferential and descriptive statistical analyses are applied 
to investigate the effect of process parameters on the actual strut dimension and infer regression models. The results show 
that even slight variations of the process parameters significantly affect the morphometric structure parameters that result 
deviated from the nominal ones. The work demonstrates a strong correlation between all morphometric structure parameters 
and corresponding mechanical properties. The obtained regression model can predict the strut dimension from the process 
parameters, which can be then used to estimate the actual relative density and strut size. With this control and without any 
complex design procedure, a fine-tuning of process parameters allows a precise 3D spatial and localised control of structure 
properties to produce functionalised structures directly.

Keywords  X-ray CT-scan analysis · Titanium alloy · Additive manufacturing · Electron beam melting · Compression test · 
Lattice structures

1  Introduction

In the past few years, industrial sectors, such as aerospace, 
automotive and medical, have been attracted by the additive 
manufacturing (AM) approach to produce high-performance 
metallic components [1]. In the aerospace and automotive 
fields, the main driver is the production of lightweight com-
ponents, integrated parts and high-performance materials 
with tailored microstructure [2]. For medical applications, 
the possibility of producing structures with specific design, 

mass and stiffness has drawn the development of materi-
als and customised implants with better tissue integration 
[3]. The interconnected porosity of unit cells is the closest 
structure that mimics trabecular bones [4]. A lattice struc-
ture is a 3D open topologically ordered geometry obtained 
by repeating an elementary cell in a predefined 3D space. 
The cell is defined by thin elements, called struts, connected 
in specific nodes and forming a predefined topology [1]. 
Ashby [5] identified that the characterising parameters of 
the cellular structure are as follows: material, cell topology 
and corresponding arrangement, and relative density. The 
material properties influence the physical behaviour of the 
structure, particularly for biomedical and structural applica-
tions. The cell topology indicates the structural deforma-
tion under a specific load. The relative density is defined as 
the ratio between the density of the lattice structure and the 
density of a corresponding volume of bulk material. By this 

 *	 Manuela Galati 
	 manuela.galati@polito.it

1	 Department of Management and Production Engineering 
(DIGEP), Integrated Additive Manufacturing Center (IAM), 
Politecnico Di Torino, Corso Duca Degli Abruzzi, 24, 
10129 Turin, Italy

http://orcid.org/0000-0001-6508-2594
http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-022-00339-x&domain=pdf


	 Progress in Additive Manufacturing

1 3

parameter, the lattice structure behaves as a homogenised 
meta-material [6].

Producing such reticular and complex structures is fea-
sible using powder bed fusion (PBF) AM technology [7]. 
Among AM technologies, the electron beam powder bed 
fusion process (EB-PBF) is extensively used because it 
allows the production of such structures without oxygen 
contamination and supports [8]. Additionally, there is the 
possibility to nest multiple parts easily in the same build job 
[8]. However, the high energy involved in the electron beam 
may cause deviation from the nominal dimensions of such 
thin structures, and, therefore, the selection of the process 
parameters may play a key role in determining the actual 
structure geometries. Cansizoglu et al. [9] showed that the 
minimum strut dimension was detected when the angle of 
the struts with respect to the build platform was over 20 
degrees. Lower build angles resulted in thinner struts but 
without structural integrity. On the other hand, the increase 
in the building angle caused thicker struts. In agreement 
with Cansizoglu et al. [9], Zhang et al. [10] showed that both 
the diameter and building angle of the strut affect the final 
accuracy of the structure. Wu et al. [11] measured the strut 
dimension in a graded porous structure, remarking a system-
atic difference between the nominal and manufactured strut 
dimensions. Epasto et al. [12] found a correlation between 
cell dimension morphological parameters and strut diameter 
and length. Béraud et al. [13] attempted to investigate the 
relationship between the final part thickness, the focus offset 
and the beam diameter, which is not a parameter set directly 
in the machine [14]. The focus offset was the most influential 
process parameter in determining the beam diameter and, 
therefore, the final part thickness.

In summary, these studies and others on different AM 
processes (e.g. [15–17]) emphasised a relevant effect of the 
process tuning on the final geometry of the lattice structures 
regarding the nominal one. In light of those results, it is 
presumable that if the process conditions vary, the actual 
structure morphometric parameters significantly change, 
affecting both the mechanical [16, 18] and the biological 
performances of the structure [19–21].

The mechanical properties (elastic and flexural modu-
lus, compression and bending behaviour) [5, 9, 10, 13, 18, 
22–24] and the biological quality (influence of cell type and 
size, material, relative part density) [11, 12, 20, 25, 26] of 
lattice structures made by EB-PBF have been extensively 
investigated. In general, when lattice structures are tested at 
room temperature under compression, they exhibit a typical 
three stages behaviour (Fig. 1) [18]: an initial elastic behav-
iour (red line), a progressive collapse of the layers (blue line) 
and a final collapse with the same trend of the bulk material 
(green line).

All studies on mechanical characterisation refer to the 
work carried out by Ashby [27], which correlated the 

mechanical response of the structure (Young’s modulus and 
yield under compression) and its relative density. Addition-
ally, Murr et al. [24] proved that the lattice properties are 
greatly influenced by unit cell topology and its dimensions. 
All works reported in the literature on the mechanical char-
acterisation of lattice structures refer only to the correlation 
between the mechanical properties and the relative density 
of the structure (Ashby-Gibson model [28]). To the best of 
the authors’ knowledge, all studies calculated the mechani-
cal properties from the nominal CAD dimensions of the 
structure [4, 7, 9, 18, 29]. These approaches exhibit some 
critical points. Comparing results in literature which used 
the same material, structures with the same relative density 
showed remarkably different mechanical properties [18, 30, 
31], which was not justified. In addition, the actual morpho-
metric parameters may depend on the processing condition 
and deviate from nominal designed ones. Consequently, the 
structure properties will be altered with respect to the ones 
of the nominal counterparts. Therefore, it is crucial to iden-
tify the role that the process parameters play in determining 
the morphometric parameters of the structure and the rela-
tionship with its actual mechanical response.

This paper analyses the variation of the lattice mechani-
cal properties in relation to all morphometric parameters 
that describe a lattice structure. The same nominal struc-
ture is produced by the EB-PBF process and varying the 
EB-PBF process conditions to observe relevant differences 
in the final manufactured structure. The beam current, the 
focus offset and the scan speed were investigated using two 
designs of experiments (DoE). The first DoE serves as an 
explorative study, while the second, narrower than the first, 
is a confirmation run. X-ray computed tomography analyses 
are used to measure the main morphometric parameters of 
the structures, such as the struts size, the relative density 
and the resistant cross-section. Uniaxial compressive tests 
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Fig. 1   Typical compressive behaviour of a generic lattice structure 
(adaptation from Fig. 1 [18])
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are performed, and the correlation between the structure 
morphometry (relative density, resistant cross-section and 
relative density) and the corresponding mechanical prop-
erties is investigated. In addition, the effect of processing 
conditions on the morphometric parameters of the structure 
with specific concern to the strut dimension was investigated 
using descriptive and inferential statistical tools. Models are 
inferred from the process parameters for forecasting the strut 
size.

2 � Material and methods

2.1 � Design of the experiments

A diamond unit cell lattice structure was selected for the 
study (Fig. 2), being one of the most commonly used in 
industry [32]. In addition, this structure is self-supported 
[4]. The elementary cell has a dimension of 2 mm, with a 
nominal strut size equal to 0.420 mm. The nominal rela-
tive density with respect to the corresponding bulk volume 
was equal to 20%. The elementary cell was repeated in an 
ordered manner into a cubic volume of 20 mm edge.

The influence of process parameters on the mor-
phometric features of the structure was investigated by 
designing two full factorial design of experiments (DoEs) 
plans. For the EB-PBF process, the most common param-
eters are the acceleration voltage, the scanning strategy, 
the layer thickness, the beam current, the scan speed 
and the spot size [33]. The EB-PBF systems available 
on the market operate at constant acceleration voltage 
and, in most cases, cannot be varied. In this work, an 
Arcam Q10plus was adopted, operating at 60 kV. Only 
a contour strategy has been used due to the small size 
of the struts and thus the small sections to be melted. 
When only contours are used to melt the cross-section, 
the beam manual current, the spot size, the scan speed, 
and the distance (offset) between adjacent contours are 

the most important parameters influencing the melting 
quality. The manual current (with a constant acceleration 
voltage) and the scan speed define the amount of energy 
provided in the unit of time, while the spot size provides 
information on the dimension of the area in which this 
energy is distributed. However, in the EB-PBF systems, 
the spot size cannot be set directly, but it is controlled 
by jointly varying the beam current and the focus offset. 
Therefore, the challenging aspect when selecting the level 
of each experimental design factor is the evaluation of the 
existing relationship between the manual current, focus 
offset and actual beam spot size. The exact relationship 
is unspecified, but it is known that it is not linear. This 
means that, for example, at a fixed current, increasing 
focus offset does not always mean bigger spot size and 
vice versa. As a guideline, the parameters reported in 
Ref. [18] (manual current 3 mA, focus offset 0 mA and 
scan speed 450 mm/s), correspond to the Standard Arcam 
parameters for the Ti6Al4V lattice structures, and the 
parameters reported in Ref. [14] (manual current 5 mA, 
focus offset 0 mA and 5 mA and scan speed 450 mm/s, 
550 mm/s and 650 mm/s) have been used for the selec-
tion. In particular, Galati et  al. [14] reported that the 
obtained width of the melted line for the selected focus 
offset and beam current values ranged between around 
0.400 mm and 0.300 mm, which were considered accept-
able with respect to the designed strut dimension in this 
work (0.420 mm). In that study, higher focus offset values 
corresponded to larger melt pools and thus larger melted 
lines [14]. Therefore, to explore the effect on structure 
morphometric parameters, the focus offset and the scan 
speed values have been varied remarkably from the stand-
ard Arcam parameters while the beam manual current was 
kept in a narrow, low range to avoid overheating effect. 
The offset between adjacent contours has been set equal 
to the default parameter (0.3 mm).

The first DoE (DoE1) consists of two levels for the beam 
manual current and the beam scan speed and three for the 
focus offset (Table 1). At least two replicas have been fab-
ricated for each process parameter combination to monitor 
the replicability of the process (Appendix 1).

From the results obtained by DoE1, a second experimen-
tal plan has been designed (DoE2), consisting of a narrow 
range of levels (Table 2) within the variation range of DoE1. 
In particular, the observations from DoE1 showed only 
decreasing strut size by increasing the focus offset, meaning 
that the combination between the selected focus offset and 
manual current values always corresponded to decreasing 
spot size (see Sect. 3.2). For this reason, DoE2 considered 
a variation between positive and negative values of focus 
offset in a narrow range, closer to the standard value, to 
obtain the non-linear trend stated in the literature [14]. The 
manual current, the scan speed and the focus offset have Fig. 2   Diamond lattice structure from Materialize Magics database
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been investigated at two, three and four levels, respectively. 
At least one replica for each process parameter combina-
tion has been fabricated (Appendix 2). The combination of 

parameters from DoE1, corresponding to manual current 
2 mA, scan speed 450 mm/s and focus offset 0 mA, has also 
been included in DOE2 to make the experiment more robust 
with respect to the process replicability.

Fixing the Z-axis as the build direction, each cubic lat-
tice specimen was tilted by 45 degrees with respect to the X 
and Y axes to avoid using supports (Fig. 3). In addition, the 
samples were positioned at 5 mm from the building platform 
to avoid any thermal effect. The replicas were also equally 
spaced to avoid any thermal interaction between each other. 
Figure 3 shows the job design for DoE1, in which spatial 
randomization of the replicas was proposed to avoid loca-
tion-dependent influences.

The production was performed using an Arcam Q10plus, 
an EB-PBF system. Standard Arcam Ti-6Al-4 V powder 
was used with a particle size distribution between 45 μm 
and 106 μm, and the layer thickness was set equal to 50 μm. 
After the production, the samples were cleaned from sin-
tered powder by shoot blasting using a pressure of 4.5 bar 
and with the same powder used in the production phase.

2.2 � Strut characterization

The strut size of each replica of DoE1 and DoE2 was meas-
ured using X-ray computed tomography (CT-scan GE Phoe-
nix v|tome|x s). The scans were performed using a voltage of 
240 kV, a current of 150 μA and a voxel size of 0.035 mm. 
1001 2D projections were collected for each sample, and the 
3D volume was reconstructed using VGStudio Max 3.4. A 
large portion of the structure, called region of interest (ROI), 
has been extracted for each sample, and the tool “wall thick-
ness analysis” has been applied to automatically evaluate the 
average dimension of the strut using the sphere method. The 

Table 1   Process parameters DoE1

Process parameter 
index

Manual current 
[mA]

Scan speed 
[mm/s]

Focus 
offset 
[mA]

I 2 450 0
II 2 450 9
III 2 450 15
IV 2 750 0
V 2 750 9
VI 2 750 15
VII 4 450 0
VIII 4 450 9
IX 4 450 15
X 4 750 0
XI 4 750 9
XII 4 750 15

Table 2   Process parameters DoE2

Process parameter 
index

Manual current 
[mA]

Scan speed 
[mm/s]

Focus 
offset 
[mA]

I 2 450 −2
II 2 450 0
III 2 450 3
IV 2 450 5
V 2 550 −2
VI 2 550 0
VII 2 550 3
VIII 2 550 5
IX 2 650 −2
X 2 650 0
XI 2 650 3
XII 2 650 5
XIII 3 450 −2
XIV 3 450 0
XV 3 450 3
XVI 3 450 5
XVII 3 550 −2
XVIII 3 550 0
XIX 3 550 3
XX 3 550 5
XXI 3 650 −2
XXII 3 650 0
XXIII 3 650 3
XXIV 3 650 5
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Fig. 3   View of the arrangement of the replicas of DoE1 on the build-
ing platform. Details on the correspondence between the structure 
index and the parameters can be found in Appendix 1
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output is a histogram of wall thickness occurrences that pro-
vides the mean dimension of the struts with the correspond-
ing deviation. The smaller values were excluded from the 
subsequent analyses because they referred to the ROI border. 
On the other hand, the largest values were also excluded 
because they referred to the connection nodes of the struts. 
To identify the upper threshold, a preliminary measurement 
of the node section was performed from the CT extracted 
cross-sections (see, e.g., Fig. 5). Therefore, the struts dimen-
sion and its deviation are obtained as the average of at least 
500,000 measurements.

For validation purposes, additional measurements (at 
least five) were acquired manually in several areas of the 3D 
reconstructed volume and using the cylinder fitting instru-
ment. The diameter of the fitted cylinder was assumed as the 
width of the strut.

For each specimen, a second portion of the whole vol-
ume, including multiple elementary unit cells, has been 

considered (e.g., Fig. 4) to compute the effective relative 
density as the ratio between the volume occupied by the 
material and the volume of the ROI.

The struts shape has been evaluated in terms of round-
ness and straightness along its axis using the cylindricity 
tolerance. With this scope, the cylinder fitting tool present in 
VGStudio Max 3.4 has been used on at least 10 struts located 
in different positions of the structure. The obtained toler-
ances ranged between 0.15 mm and 0.20 mm, independently 
of the process parameters. Therefore, the process parameters 
did not affect the strut shape significantly.

2.3 � Mechanical characterisation

Uniaxial compression tests have been performed for the sam-
ples produced in DoE1 and using an AURA 10 T | EASY-
DUR ITALIANA with a maximum load capacity equal to 10 
tons. During the test, a constant strain rate equal to 1.5 mm/
min was applied up to the complete collapse of the structure. 
The stress/strain curves have been derived from the load/dis-
placement data collected with a 500 Hz sampling frequency.

The data have been referred to the linear elastic law using 
the analytical approach.

σ = E · ε
where, σ [MPa] = L/A0: load, L, variation referred to the 

initial section, A0.
ε [−] = (l−l0)/l0: actual length, l, after the compressive 

test referred to the initial length, l0.
The curve has been computed using the strain defor-

mation function of the stress level, and the elastic region 
has been interpolated with a linear regression model. The 
angular coefficient of the linear equation corresponds to the 
elastic modulus.

Fig. 4   Example of ROI extracted used for calculating the relative 
density

Fig. 5   Example of resistant 
cross-section analysis using 
ImageJ software. The white area 
is the actual cross-section of the 
lattice structure
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To consider the actual geometry of the lattice sample, the 
sample height, l0, and cross-section, A0, have been extracted 
from the 3D reconstruction obtained by the CT scan analy-
sis. In particular, the actual resistant cross-section has been 
evaluated by selecting the cross-section with the minimum 
area corresponding to the section that includes the structure 
nodes, and its area has been evaluated by image analysis 
(e.g., Fig. 5).

3 � Results and discussion

The collected morphometric parameters (struts dimension, 
structure relative density and structure cross-section) have 
been collected in an open-access database [34].

3.1 � CT‑scan measurements

Figure 6 compares CT-scan 3D reconstructions of three 
portions of samples built with different process parameter 
settings. The wall thickness map was plotted overlapping a 
part of the illustrated portions for completeness. The warmer 
colours represent the thicker dimensions, whereas colder 
colours represent the thinner ones. As observed, a variation 
of the process parameters significantly caused the structure 
morphometry variation.

Figure 7 shows two selected stereomicroscope images for 
comparing the strut dimensions obtained under two differ-
ent processing conditions. As it can be observed, the effect 
on the struts is evident. The thinner strut appears slimmer, 
while the thicker one is more stocky.

0.90 0.82 0.74 0.66 0.58 0.50 0.42 0.34 0.26 0.18 0.10

IXIIXXIVXProcess 
parameter index
Strut dimension [mm]
Relative density [%]

0.78
64%

0.70
57%

0.60
48%

Fig. 6   Examples of the variation of strut dimension obtained with different process parameters settings (lattices from DoE2)

Fig. 7   Stereomicroscope images 
of lattices with different strut 
dimensions: a index VI DoE2 
and b index XXII DoE2

(b)(a)

0.5 mm 0.5 mm

0.49 mm

0.70 mm

Manual current 2 mA
Scan speed 550 mm/s
Focus offset 0 mA

Manual current 3 mA
Scan speed 650 mm/s
Focus offset 0 mA
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3.2 � Morphometric parameters and mechanical 
properties

Figure 8 represents the lattice structure topology behaviour 
during the uniaxial compression. The stress level progres-
sively increases with increasing strain (region 1 in Fig. 8). 
At the UCS level, the structure presents the first failure at 
45 degrees due to the collapse of an intermediate layer. The 
increasing strain leads to a failure of the specimen, at the 
same angle, at several different layers (region 2 in Fig. 8). 
After those stages, the sample behaviour is similar to a bulk 
material (region 3 in Fig. 8).

The resulting compression curve can be explained by the 
structure design: when a single strut fails, the load drops rap-
idly (region 2 in Fig. 8). This result agreed with the literature 
(e.g., Ref. [18, 35]). The stress level fluctuates by increas-
ing the strain level, and this behaviour can be attributed to 
a stretch-dominated effect [35, 36]. The recurring twitches 
of the compression curve represent the subsequent fails on 
different planes. This behaviour can be compared to a cor-
responding brittle structure [18].

Figure 9 depicts the average morphometric parameters 
(cross-section, strut size and relative density) of each struc-
ture with the corresponding process parameters and mechan-
ical performance (Young’s modulus (E), strain (ε) and ulti-
mate compressive strength (UCS)).

Except for samples V and VI, the average strut dimension 
is always larger than the designed nominal one (0.420 mm). 
Manual current equal to 4 mA produced the thickest struts. If 
it is combined with the lowest value of scan speed (samples 
such as VIII and IX), the strut dimension is almost twice 
larger than the nominal counterpart, with a strut dimension 
increasing by increasing the focus offset. Instead, the strut 
dimensions are comparable at scan speed equal to 750 mm/s 
and varying the focus offset. At manual current equal to 
2 mA, the strut dimensions are closer to the nominal value. 

For scan speed equal to 750 mm/s and focus offset equal to 
0 mA, the deviation between the actual and nominal size is 
the smallest (7%).

Contrary to the observed results for manual current equal 
to 4 mA, the strut dimension decreases by fixing the scan 
speed and increasing focus offset. In particular, at scan speed 
equal to 750 mm/s, the strut dimension at 9 mA and 15 mA 
of focus offset are equal and 20% smaller than the nominal 
one. It is reasonable to suppose that, in this case, the beam 
diameter decreases by increasing the focus offset; therefore, 
the measured strut dimension (0.32 mm) value may repre-
sent the technological limitation of the system. Overall, the 
manual current seems to affect the most strut dimension.

The cross-section area (A0), namely the resistant cross-
section, follows the strut width. In fact, the connection areas 
(nodes) are larger when joining larger struts. For example, 
Fig. 10 compares the samples with indexes V and IX, cor-
responding to a strut dimension equal to 0.32 mm and 
0.80 mm, respectively. Chief among the process parameters 
for determining the resulting cross-section still seems to be 
the level of manual current. A variation in the focus offset 
level for fixed manual current and scan speed levels has a 
negligible effect on the cross-section area. A remarkable 
trend is not evident for manual current equal to 2 mA, vary-
ing the focus offset. For manual current equal to 4 mA, the 
larger cross-sections have been detected at the intermediate 
level of focus offset, 9 mA.

As a consequence of the strut dimension and cross-sec-
tion area, the relative density of the structure depends on 
the process parameters as well. In all cases, the measured 
value of relative densities was over the nominal value (20%). 
The highest manual current or lower scan speed produced a 
more dense structure. The most significant deviation from 
the nominal relative density was observed for manual cur-
rent equal to 4 mA and scan speed equal to 450 mm/s, which 
produced highly dense structures with a relative density 
of over 60%. The lowest values of relative densities were 
detected when the strut dimensions fell below the nominal 
value (samples V, VI).

As can be observed in Fig. 9, the mechanical properties 
are strictly connected to the morphometric parameters of the 
structure and, therefore, to the processing condition.

Unlike the literature data based on Ashby and Gibson’s 
model [28] and reviewed in Ref. [18], no remarkable rela-
tionship between the relative density and the mechanical 
properties has been detected. Therefore, it is presumable 
that the relative density alone cannot explain the mechanical 
properties. The strut dimension and relative cross-section 
should be considered as well. There is a threshold limit of 
relative density for which the same topological structure 
behaves mechanically differently. In particular, a system-
atic variation can be observed between open structure (rela-
tive density below 50%) and bulky samples (relative density 
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Fig. 8   Example of a compression curve (sample process parameter 
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above 60%). For the open structures, the Young’s modulus 
follows the variation of the strut width, while for the bulky 
ones the Young’s modulus follows the variation of the rela-
tive density. Bulky samples are described by high value of 
the relative density due to the thick and stocky struts, with 
connection nodes approximately of the same dimension 
(Fig. 10b), that fill the empty spaces of the lattice struc-
ture almost completely. Their mechanical behaviour can be 
roughly approximated by stocky beam, and, therefore, highly 
resistant to the bending. In the open structure, the strut is 
thin, with a reasonable ratio between the diameter and its 
length. The elastic behaviour is therefore more like a slender 
beam and thus affecting the Young’s modulus. Similarly, the 
UCS values of bulky samples follows their relative densities, 
instead the UCS of an open structure is proportional to its 
cross-section area. Therefore, the effect of the relative den-
sity is predominant for the bulky samples. The strain values 
follow approximately the trend of the strut dimensions up to 
the technological limit (0.32 mm). This finding is reasonable 
because the strut geometry may contribute the most to the 
structure deformation.

Another difference between the open and bulky struc-
ture can be noticed regarding the standard deviation of the 
mechanical properties’ values. In most cases, the values 
for the open structures are more dispersed. Also, in this 
case, these results may be explained by the strut geometry. 
Slender struts may be more sensitive to the presence of 
process-induced defects due to powder particles attached 
to the external surface, which, randomly distributed, may 
jeopardise the mechanical behaviour of the structure for the 
increased surface roughness (see also Del Guercio et al. [30], 
Figs. 12 and 13).

The manual current is still the factor producing the most 
remarkable difference. Practically, a manual current equal 
to 2 mA always produces open structures, while bulky ones 
correspond to a manual current of 4 mA. Therefore, at 2 mA, 
Young’s modulus, strain and UCS values are systematically 
lower with respect to the corresponding counterpart at 4 mA. 
Within a specific value of manual current, Young’s modulus 
and UCS values are higher at lower values of scan speed. 
For the produced structures, fixing the manual current, at 
scan speed equal to 750 mm/s, Young’s modulus and the 
UCS decrease by increasing the focus offset. At 2 mA of 
manual current and scan speed equal to 450 mm/s, the effect 
of focus offset on Young’s modulus variation is negligible, 
while the UCS values follow the decreasing focus offset. 
The same cannot be affirmed in the scan speed conditions at 
a manual current equal to 4 mA. Young’s modulus and the 
UCS assumed a minimum value at 9 mA in this case. The 
strain values significantly differ between manual current at 
2 mA or 4 mA. However, at 2 mA, the strain values vary in 
an extremely limited range, within the standard deviation 
of the measurements in most cases. At 4 mA, a significant 

effect of scan speed is noticeable; higher values produced 
structures with a lower strain.

The Pearson coefficient (Table 3) and ANOVA (Table 4) 
have been calculated to quantitatively evaluate the correla-
tion between the morphometric parameters and the mechani-
cal properties. Adjusted R squared (R2 adj in Table 4) has 
been used as a goodness-of-fit index to identify the percent-
age of variance in the target field explained by the factors 
used in the experiments.

The Pearson coefficients showed a remarkable positive 
correlation between the mechanical properties and all mor-
phometric parameters., particularly in the case of E and 
UCS. In agreement with the discussion reported above, the 
ANOVA (Table 4) shows that the morphometric parameters 
of the structure influence the mechanical properties differ-
ently. Contrary to the Ashby and Gibson model, the ANOVA 
test revealed that the significant factors for the variation of E 
(p-value ≤ 0.05) are the cross-section and the strut measure 
and their interaction. As detected in Fig. 9, the relative den-
sity is significant for the UCS variation, which confirms the 
categorisation between open and bulky structures. In addi-
tion, the UCS values are also influenced by the cross-section 
and its interaction with the strut measure, which could be 
considered as an index of the beam shape (stocky or slen-
der). The ANOVA test (Table 4) detected significant factors 
for the variation of ε, the relative density and its interaction 
with the structure cross-section. The R2 adj values showed 
that, in the target field, the investigated parameters explain 
very well the variation of mechanical properties (70% of 
the variation of E, 90% of the variation of UCS and 60% 
of the variation of ε). The residual from the model can be 
explained by an effect of the cell topology, according to Ref. 
[24].

Figure 11 compares the discussed experimental results of 
this study with the results of previous investigations reported 
in the literature for Ti6Al4V. The mechanical properties, 
essentially the relative Young’s modulus (ratio between 

Table 3   Quantitative correlation analysis between mechanical proper-
ties and morphometric parameters

Variable 1 Variable 2 Pearson 
coefficient

Young's modulus Cross-section 0.70
Young's modulus Strut measure 0.71
Young's modulus Relative density 0.71
UCS Cross section 0.90
UCS Strut measure 0.86
UCS Relative density 0.93
ɛ Cross section 0.67
ɛ Strut measure 0.66
ɛ Relative density 0.69
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Young’s modulus of the structure, E, and of the material, 
E0), were reported according to Ashby and Gibson [28] as 
a function of the relative density (ratio between the density 
of the structure ρ and the material density of the structure, 
ρ0). The analysis also considered different topologies, as 
reported in the graph legend.

As far as the experimental data presented in this work, 
despite the same topology and material have been used for 
producing the lattice structure, the experimental data of this 
study do not fit a linear relationship between the relative 
Young’s modulus and relative density as proposed by Ashby 
and Gibson [28]. The data seems to lay on a second-order 
polynomial in the form E/E0 = a (ρ/ρ0) 2 + b (ρ/ρ0) + c, where 
the coefficients a, b and c are equal to 0.0989, 0.1308 and 
-0.0185, respectively.

Comparing cells with similar or same relative density, 
it can be noticed that the mechanical properties are, in the 
same case, significantly different. This could depend on 
the topology of the structure [31]. However, even the same 
topology and similar relative density (e.g., Ref. [37] vs Ref. 
[38]) showed different mechanical properties. Previous stud-
ies have also detected this discordance, such as [18, 37–43]. 
In these cases, therefore, the Ashby and Gibson [28] model 
fails to comprehensively capture the variation of mechanical 
properties. These data could be completed with the obser-
vations presented in this study, and the variation of such 
mechanical properties could be better justified if analysed 
jointly with other morphometric parameters of the structure. 
However, it should also be noticed that actual Young’s mod-
ulus and relative density could differ from the data reported 

Table 4   ANOVA of mechanical 
properties as a function of the 
morphometric parameters of the 
structure and ANOVA of the 
estimated regression models for 
the mechanical properties

The significant factors (p values < 0.05) are highlighted in bold

Source Degree of 
freedom

p-value

E UCS ɛ
Cross-section [mm2] 1 0.017 0.049 0.596
Strut measure [mm] 1 0.039 0.060 0.222
Relative density [−] 1 0.609 0.035 0.020
Strut measure [mm] × Cross-section [mm2] 1 0.033 0.016 0.124
Strut measure [mm] × Relative density [−] 1 0.302 0.097 0.235
Relative density [−] × Cross-section [mm2] 1 0.944 0.061 0.030

R2 adj
6 70.28% 88.24% 60.31%
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Fig. 11   Relative Young’s modulus as a function of the relative density where E refers to the structure Young’s modulus and E0 refers to the 
material Young’s modulus; ρ refers to the structure density and ρ0 refers to the material density
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in the literature because only the nominal dimension has 
been used in those studies.

4 � Statistical analysis of the effect of process 
parameters on the struts dimension

The collected experimental struts dimensions data for DoE1 
and DoE2 were statistically analysed using Minitab 17 soft-
ware. As mentioned above, DoE2 aimed to investigate the 
effect of process parameters in the range of variation of 
DoE1.

For both DoEs, the normality of the data distribution has 
been checked to validate the primary hypothesis for applying 
the descriptive and inferential statistics. As shown in Fig. 12, 
the data were normally distributed, indicating the absence 
of a systematic effect on the measurements. The skewness 

coefficients equal to 0.30 and -0.34 for DoE1 (Fig. 12a) and 
DoE2 (Fig. 12b), respectively, indicate nearly symmetric 
distributions, in which the left limit represents the techno-
logical limit of the production process [44].

Figure 13 shows the main effect plots obtained by group-
ing the data according to the investigated factor. According 
to the qualitative analysis reported in the previous section, 
as far as DoE1 is concerned, all the investigated factors sig-
nificantly affect the struts dimension. Increasing values of 
manual current produce larger struts while increasing scan 
speed and focus offset values generate a thinner strut. This 
result can be explained by qualitatively considering the melt 
pool dimension and the heat transfer between the melt pool 
and the surrounding. Considering a fixed offset between 
adjacent contours used to melt the strut cross-section, higher 
values of manual current involve a higher amount of ther-
mal energy supplied during the melting in the same area, 
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which produces a larger melt pool and thus larger contours. 
On the contrary, a higher scan speed involves less energy 
supplied in a unit of time, meaning slimmer melt pools and 
a thinner contour. The monotonic decreasing trend of the 
strut dimension by varying the focus offset can be explained 
by the unintentional choice of combination of beam cur-
rent and focus offset values which produced only decreas-
ing spot size. In fact, the more detailed analysis in a nar-
row range included in DoE2 showed that the focus offset 
effect assumed a like-parabolic trend with a maximum strut 
dimension around 3 mA (Fig. 13). Above this value, the 
slope became negative in agreement with the observations 
between 9 and 15 mA in DoE1. This means that in the range 
of investigated manual current values, the variation of focus 
offset produced different beam spot diameters and thus vari-
ations of the strut dimensions. In a narrow range, the scan 
speed effect is almost negligible. However, the segment 
between 550 mm/s and 650 mm/s has a negative sloping 
according to the results observed in DoE1.

Figure 14 shows the significance of the interaction among 
the investigated factors graphically. For DoE1, only a weak 
interaction between the focus offset and the manual current 
can be observed. For DoE2, this interaction became more 
evident. This result is explained because the beam diameter 
is controlled by the manual current and the focus offset [14] 
and confirms the above findings. In DoE2, a strong inter-
action between the focus offset and the scan speed is also 
noticeable for a fixed beam current value. The significance 
of this interaction can be explained by considering that the 
melt pool size and the heat transfer between the melt pool 
and the surrounding depend on the amount of heat supplied 
by the beam in the unit of time, and the area on which this 
heat is distributed.

Behind the descriptive analysis, ANOVAs were per-
formed under the null hypothesis that the investigated 
parameters and their interaction do not affect the strut 

dimension. The ANOVA confirms the findings obtained 
by the descriptive analysis. Regarding the DoE1, it is pos-
sible to affirm, with a risk level equal to 5%, that the null 
hypothesis is rejected, and all the investigated factors affect 
the dimensions of the struts (Table 5). In addition, the sig-
nificance of the interaction between the manual current 
and the focus offset is confirmed. For DoE2, the statisti-
cal test fails to reject the null hypothesis regarding the scan 
speed (Table 6), meaning a weak effect of the scan speed 
in the investigated range on the strut dimension. Accord-
ing to Fig. 14, both interactions involving the focus offset 
are significant and recap the effect of the amount of energy 
supplied in the unit of time per unit of surface (Scan speed 
[mm/s] × Focus offset [mA]) and the beam spot (Manual cur-
rent [mA] × Focus offset [mA]). Furthermore, as the residu-
als are normally distributed (Fig. 15a and Fig. 15c) and the 
correspondent distribution (Fig. 15b and Fig. 15d) does not 
provide evidence of any data clustering.

4.1 � Focus offset and struts dimension modelling

The focus offset is an additional current running through 
the respective electromagnetic lens. During the process, 
this additional current operates only a geometrical transla-
tion of the focal plane of the electron beam from its zero 
position [45]. This translation results in beam diameter 
variations for a fixed value of manual current [33]. As 
mentioned above, the relationship between the focus offset 
and manual current, or between the focus offset and beam 
diameter, is not linear and is not known [33]. Because of 
that, from a statistical point of view, this parameter must 
be considered a categorical variable rather than a quanti-
tative one. Practically this means that, in a generic model 
inferred from experimental data, for example, a manual 
current equal to 0 mA will correspond to a strut dimen-
sion equal to zero because no energy is applied to melt the 
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material, while the same cannot be inferred for focus offset 
equal to 0 mA. Considering the focus offset as a categoric 
variable, the experimental data are grouped according to 
the focus offset, and regression models of the strut dimen-
sion are inferred. The models, valid within the investigated 
range of scan speed and manual current, are reported in 
Table 7 with the corresponding R-squared (R2), Adjusted 
R-squared (R2 adj) and the standard error of the regres-
sion (S). As can be observed, the models inferred from 
DoE1 showed a higher R2 adj, meaning that the data fit the 
obtained models well. The lower values of R2 adj for the 
DoE2 can be explained by the parabolic effect of the focus 
effect and the strong interaction between focus offset and 
the scan speed (Fig. 14). The constant term in the models 
could presumably be associated with the minimum beam 

area size at that specific focus offset. According to Fig. 13, 
an increasing manual current leads to thicker struts, while 
higher speed produces thinner struts. These results agree 
with the findings reported by Galati et al. [46], in which 
the effect of the current and scan speed has been analysed 
by producing single-line tracks.

For focus offset equal to 0 mA analysed in both DoEs, 
the strut measure was differently affected by the scan 
speed. The variation in the manual current contribution 
is marginally affected among the considered ranges, indi-
cating that its energy contribution toward the powder bed 
is similar for different combinations of process param-
eters. However, the calculation of strut measure using the 
obtained models provides similar values within the esti-
mated deviation S.

Table 5   ANOVA of strut 
dimension as a function of the 
process parameters (DoE1)

The significant factors are highlighted in bold

Source DoF Variance F-ratio Fmax

Model 11 0.089 17.52
Linear 4 0.206 40.66
Manual current [mA] 1 0.637 125.44 4.001
Scan speed [mm/s] 1 0.118 23.18 4.001
Focus offest [mA] 2 0.036 7.01 3.150
2-Way Interactions 5 0.023 4.53
Manual current [mA] × Scan speed [mm/s] 1 0.001 0.26 4.001
Manual current [mA] × Focus offest [mA] 2 0.044 8.66 3.150
Scan speed [mm/s] × Focus offest [mA] 2 0.013 2.53 3.150
3-Way Interactions 2 0.019 3.74
Manual current [mA] × Scan speed [mm/s] × Focus 

offest [mA]
2 0.019 3.74 3.150

Error 60 0.005
Total 71

Table 6   ANOVA of strut 
dimension as a function of the 
process parameters (DoE2)

The significant factors are highlighted in bold

Source DoF Variance F-ratio Fmax

Model 23 0.047 18.78
Linear 6 0.092 36.30
Manual current [mA] 1 0.272 107.73 3.920
Scan speed [mm/s] 2 0.002 0.63 3.072
Focus offset [mA] 3 0.092 36.27 2.680
2-Way Interactions 11 0.047 18.78
Manual current [mA] × Scan speed [mm/s] 2 0.001 0.50 3.072
Manual current [mA] × Focus offset [mA] 3 0.041 16.10 2.680
Scan speed [mm/s] × Focus offset [mA] 6 0.066 26.21 2.175
3-Way Interactions 6 0.003 1.25
Manual current [mA] × Scan speed [mm/s] × Focus 

offset [mA]
6 0.003 1.25 2.175

Error 120 0.003
Total 143
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5 � Conclusions

The work presented a study on the effect of EB-PBF pro-
cessing conditions on the morphometric parameters and, 

therefore, on the corresponding mechanical proprieties. 
The same nominal geometry has been produced by varying 
manual current, scan speed, and focus offset. The morpho-
metric parameters of strut dimension, relative density and 
cross-section have been measured using X-ray CT-scan 
analysis. Overall, this work showed a significant effect of 
the process parameters on the morphometric parameters 
of the lattice structures. The main findings of the work can 
be resumed as follows:

–	 The process parameters systematically affected the 
dimensional accuracy of the lattice structure and its mor-
phometric parameters.

–	 All mechanical properties are strongly affected by all 
morphometric parameters of the produced structure. This 
finding may also answer the open questions in Ref. [18, 
37–43] regarding the incomplete description provided by 
the Ashby and Gibson model

–	 The manual current level is the leading factor in deter-
mining the strut dimension. In particular, a threshold of 
manual current exists for which the structure can be con-
sidered open or bulky, according to the relative density. 
The class of relative density predominantly affects the 
properties of the structure, and structures with lower val-
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Table 7   Regression models inferred from experimental data grouped 
according to focus offset levels (mc: manual current and ss: scan 
speed)

FO value Strut measure [mm] R2 R2 adj S

−2 (DoE2) 0.2570 + 0.0494 
mc + 0.000246 ss

23.82% 19.20% 0.059

0 (DoE2) 0.1040 + 0.1128 
mc + 0.000392 ss

49.76% 46.72% 0.068

0 (DoE1) 0.5183 + 0.0908 mc-0.000317 
ss

71.56% 68.85% 0.069

3 (DoE2) 0.4647 + 0.0172 
mc + 0.000217 ss

15.95% 10.86% 0.047

5 (DoE2) 0.6881 + 0.1683 mc-0.001021 
ss

87.93% 87.20% 0.046

9 (DoE1) 0.4075 + 0.1383 mc-0.000394 
ss

87.88% 86.73% 0.060

15 (DoE1) 0.4275 + 0.0529 mc-0.000097 
ss

30.00% 23.34% 0.090
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ues of relative density showed poorer mechanical proper-
ties.

–	 Within a specific class of relative density, the strut geom-
etry was also a significant parameter to be considered. 
Young's modulus and UCS values follow relative den-
sity variation when the produced struts are large and 
stocky and the corresponding relative density is above 
60% (bulky structure). The Young's modulus and UCS 
values followed the strut dimension variation for more 
slender struts, corresponding to relative density below 
50%. These findings explain the deviations observed in 
many literature works (e.g. [18, 30]) from the Ashby-
Gibson models [28].

–	 At a fixed manual current level, only significant varia-
tions of the scan speed produce considerable variations 
of the strut dimension.

–	 The focus offset variation marginally affects the strut 
dimension.

–	 The interaction between manual current and focus offset 
is significant for the strut dimension, and the variation of 
the beam diameter may explain this.

–	 The results obtained in this work for the effect of the 
process parameters on the morphometric parameters of 
a diamond cell are independent of the selected structure. 
The melt pool formation is crucial. On the other hand, 
the values of the other morphometric parameters (rela-
tive density and the cross-section) depend on the strut 
dimension and how the struts are combined in the 3D 
space and, therefore, are specific to the structure topol-
ogy. The values of E, UCS and ε depend on the material, 
and the structure topology, but the observed effects are 
generally independent of the structure. As an example, 
a larger strut dimension results in a stiffer component. 
Also, even using other elementary cells, an increase in 
relative density (e.g. Fig.11) results in an increased rela-
tive Young’s modulus.

–	 For a given topology, the inferred models in this study 
could be used to estimate the dimensions of the struts 
and perform a rapid process tuning and optimisation. 
Correspondingly, without modifying the nominal geom-
etry, structure for biomedical applications in which a low 
Young’s modulus is required may be obtained with thin 
struts (low manual current and high speed); on the con-
trary, higher structural performance with small deforma-
tion may be produced using lower speed or higher beam 
current, obtaining thicker struts. Similarly, functionalised 
graded structures with a 3D spatial and localised varia-
tion of the inherent properties may be produced directly 
only by fine-tuning the process parameters and without 
designing any complex CAD file. On the contrary, the 
forecasted strut dimension could also be used to modify 
the nominal CAD geometry and directly calculate the 
corresponding relative density and cross-section of the 

structure. This information can be then used to evaluate 
the mechanical properties qualitatively.

These considerations highlight the need for a new, more 
complex and comprehensive approach to characterising 
lattice structures. New models of mechanical structure 
behaviour should jointly consider the strut dimension, 
cross-section, and relative density structure. Therefore, 
the process-aware optimisation for this kind of complex 
geometries is a critical point for properly tuning the lattice 
structure properties.

Appendix 1

Process parameters–DoE 1.

ID Process 
parameter 
index

Manual cur-
rent [mA]

Scan speed 
[mm/s]

Focus 
offset 
[mA]

1 (2 and 3) I 2 450 0
4 (5) II 2 450 9
6 (7 and 8) III 2 450 15
9 (10 and 11) IV 2 750 0
12 (13) V 2 750 9
14 (15 and 16) VI 2 750 15
17 (18 and 19) VII 4 450 0
20 (21) VIII 4 450 9
22 (23 and 24) IX 4 450 15
25 (26 and 27) X 4 750 0
28 (29) XI 4 750 9
30 (31 and 32) XII 4 750 15

Appendix 2

Process parameters–DoE 2.

ID Process 
parameter 
index

Manual 
current 
[mA]

Scan 
speed 
[mm/s]

Focus 
offset 
[mA]

40 I 2 450 −2
7 II 2 450 0
30 III 2 450 3
26 IV 2 450 5
5 (24) V 2 550 −2
15 (21) VI 2 550 0
1 (41) VII 2 550 3
11 (34) VIII 2 550 5
22 (27) IX 2 650 −2
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ID Process 
parameter 
index

Manual 
current 
[mA]

Scan 
speed 
[mm/s]

Focus 
offset 
[mA]

10 (33) X 2 650 0
3 (39) XI 2 650 3
25 (36) XII 2 650 5
32 XIII 3 450 −2
2 XIV 3 450 0
38 XV 3 450 3
12 XVI 3 450 5
6 (9) XVII 3 550 −2
13 (29) XVIII 3 550 0
18 (31) XIX 3 550 3
14 (16) XX 3 550 5
4 (42) XXI 3 650 −2
23 (28) XXII 3 650 0
19 (37) XXIII 3 650 3
8 (35) XXIV 3 650 5
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