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Abstract

Porosity-graded lattice structures are used in bone implants to mimic natural bone properties. Rather than having uniform pore
size distribution, the size distribution is gradually changed in a certain direction to achieve specific mechanical and biological
properties. Selective laser melting (SLM) has been used to print uniform metallic lattice structures with high accuracy. However,
the accuracy of SLM in printing lattice structures with a wide range of pore sizes and volume fractions needs to be defined. The
effect of SLM process scanning strategies on morphological properties of graded porosity metallic lattice structures is investi-
gated in this study. Three different scanning strategies are proposed, and their effect on volume fraction, strut size, and surface
integrity is investigated. Characterization of the printed parts reveals that the effect of different scanning strategies on the
morphological quality is highly dependent on the design volume fraction for the chosen unit cell design. It was noted that using
hatching strategies results in better dimensional accuracy and surface integrity in high-volume fraction lattice structures. While
the use of total fill scanning strategy resulted in significantly distorted geometries in high-volume fractions. However, in lower-
volume fractions, the dimensional accuracy as well as the surface integrity are comparable to that of hatching strategies. This
work highlights the importance of understanding the limitations and capabilities of the SLM process in this application, and to

enhance the printing quality of porosity-graded metallic lattice structures.
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1 Introduction

Additive manufacturing (AM) technology is capable of print-
ing customized biomedical implants, precisely tailored to the
anatomy of each patient. Compared to other implant
manufacturing methods, AM can print implants with lower
costs, less material waste, and shorter times [1, 2]. Another
important advantage beside customization is its ability to print
implants from lattice structures instead of bulk/solid parts. The
use of lattice structures in orthopedic implants accomplishes
two important functional enhancements to the implants. The
first is that lattice structures reduce the stiffness of the implant,
therefore avoiding the stress shielding phenomena [3]. The
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second is that the presence of interconnected pore structure
in the contact surface between the implant and the bone facil-
itate the bone tissue growth [4]. Selective laser melting (SLM)
is an AM technology that is widely used for printing metallic
parts, reaching an accuracy of 0.2 mm or less [5]. This has
made it one of the most suitable techniques for printing lattice
structures used for bone implants.

Porosity-graded lattice structures can be designed using
computer-aided design (CAD) software or based on implicit
equations [6]. Implicit equations are used to create triply pe-
riodic minimal surface (TPMS) unit cells [7], which are
known for their biomorphic design, high surface area to vol-
ume ratio, interconnected pore channels, high permeability,
and adequate mechanical integrity [8]. Furthermore, TPMS
unit cells are considered self-supporting structures and there-
fore are well suited to be manufactured by SLM. Compared to
CAD-based designs, the implicit-based unit cells can be
manufactured with fewer defects [9]. These types of unit cells
are also known for their ability to be designed in a continuous
porosity gradation in contrast to the discontinuity between
layers resulting from CAD unit cells.
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Lattice structures are formed from repetitive unit cells. The
amount of porosity in these unit cells affects the mechanical
and biological properties of lattice structures [10]. Large pore
size (high porosity) allows more flow of nutrients and there-
fore enhances tissue growth [11]. However, this affects the
mechanical properties of the lattice structure, and may become
inadequate for bone implant applications [12]. To avoid this
trade-off between mechanical and biological properties,
porosity-graded lattice structures represent a good alternative.
The mechanical properties of linear porosity-graded lattice
structures show better mechanical properties than uniform
ones [13, 14]. Onal et al. [15] tailored the porosity in the linear
direction to obtain mirror-like structures with porosity increas-
ing towards the center and vice versa. The authors suggested
that the most suitable design would have high porosity on the
outer volumes to enhance biological properties and prevent
cell occlusions. Their results proved that small porosity in
the inner volumes would enhance the mechanical integrity
of the structures.

Although experimental results are promising, improper
choice of SLM process parameters can lead to inconsis-
tency and low repeatability. Investigating the effect of
process parameters on the quality of printed lattice struc-
tures is required to optimize them. Few studies address
the effects of SLM process parameters on the dimensional
accuracy of lattice structures, and these studies primarily
focused on uniform CAD-based lattice structures. A sta-
tistical approach to determine the manufacturability of
Ti6Al4V CAD-based lattice structure was performed by
Sing et al. [16, 17], where the laser power was found to
be the most significant parameter influencing dimensional
accuracy and mechanical properties. Ahmadi et al. [18]
studied the effect of laser power and exposure time on
the dimensional and mechanical properties of CAD-
based lattice structures. It was found that for the intervals
used in their study, increasing the laser power and expo-
sure time increases the strut size and relative density of
lattice structure. Therefore, the mechanical properties im-
prove as well. The highest laser power used was 128 W,
although higher laser powers can be used with Ti6Al4V.

The laser beam scan path can be varied in SLM
process, as the laser path changes the thermal distribu-
tion and thermal history also changes. This leads to
change in powder melting and solidification rates and
thus affects the morphological and mechanical properties
of printed parts [19]. The effect of scanning strategy on
the quality of lattice structures is usually overlooked.
Ghouse et al. [20] studied the influence of SLM scan-
ning strategies and process parameters on stochastic lat-
tice structures. Three scanning strategies were investi-
gated: contouring, point, and pulsing strategies. The au-
thors observed that those scanning strategies had no
major effect on the strut thickness. It is assumed that
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changing the unit cell design (geometry) will change the
effect of scanning strategies on the strut morphology.

Most of the afore-mentioned results targeted either CAD-
based lattice structures or uniform graded ones. The lack of
knowledge and understanding about TPMS lattice structure
design makes it less understood than CAD-based lattice struc-
tures. Therefore, this study aims to investigate the manufac-
turability of porosity-graded TPMS lattice structures. First, the
design space of one type of TPMS unit cells is investigated,
relating the biological needs for bone implants and SLM ca-
pabilities with the unit cell’s morphology. Then the effect of
scanning strategy on the morphology of graded lattice struc-
tures is investigated. The density, dimensional accuracy, and
surface integrity are examined, since they are the main con-
tributing factors that affect lattice structures’ mechanical and
biological properties for bone implants.

2 Design of porosity-graded lattice structures

Gyroids are one type of TPMS that have been studied exten-
sively over the past decade. Compared to other TPMS unit
cells, gyroids are known for their comparatively good me-
chanical and biological properties [21, 22]. Gyroid surface
can be defined by the parametric equation:

G = cos (2—7r -x) sin (2—7T 'y) + cos (2—7T -y) sin (2_7r 'z> (1)
L L L L
2 . (27
~+cos <T -z) sin (T 'x) —t=0

where L is the size of each unit cell as shown in Fig. 1 and ¢ is
the “level constant” that controls the volume fraction of each
unit cell. Volume fraction is the ratio between the volume of
material and volume of the unit cell (L3 ). Like sine and cosine
waves, the gyroid surface has a period that could be scaled to
control the lattice size and number of pores. By changing the
value of ¢, the volume fraction of each unit cell changes as
well.

The mathematical equation provides insight into the mor-
phology of gyroids which allows for better understanding of
gyroid lattice structures. The relationship between the equa-
tion inputs, ¢ and L, and the gyroid lattice outputs, volume
fraction, strut size, and pore size, were investigated. A
MATLAB® code was written to create gyroid lattice struc-
tures in STL (stereolithography) format. Then the file was
imported to Netfabb®, for post-processing and measurements.
Thirty single-unit cells were created at different values of #; the
volume fraction relationship with ¢ is plotted in Fig. 2a. As the
value of 7 increases, the volume fraction increases as well.
When ¢ =0, the gyroid surface divides the space into two equal
domains; thus, the unit cell would have a volume fraction of
50%. For ¢ values greater than 1.5, the unit cell turns into solid,
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Fig. 1 Morphology of a single gyroid unit cell

while for values of # below — 1.5, the gyroid equation does not
exist.

The strut and pore sizes are also measured using Netfabb®;
the strut size of the gyroid would differ in each location.
Therefore, all the measurements were taken at the intersection
between a vector in the direction of [111] and the gyroid unit
cell as explain by Walker et al. [28]. As illustrated by Fig. 2b,
as the value of ¢ increases, the volume fraction increases, the
pore size increases, and the strut size decreases. As the equa-
tions for regression were obtained, the morphology (i.e., vol-
ume fraction, strut size, and pore size) can be determined
using two input parameters, ¢ and L. Volume fraction, pore
size, and strut thickness play an important role to define the
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bone cell attachment to the bone implant. Therefore, the per-
missibility design space would vary from one unit cell to the
other [23]. The minimum strut thickness to be manufactured
using SLM can be defined by 0.2 mm [24]. The bone volume
to total volume (volume fraction) of trabecular bone is in the
range of 5 to 60% (95-40% porosity), while that of cortical is
85-95% (5-15% porosity). The morphological requirements
for trabecular and cortical bone differ according to the region
of the body [25]; for example, the average pore size for tra-
becular bone in a femoral head is in the range of 0.456—
0.982 mm, while that of the vertebrae is around 0.922 mm.
For bone growth requirement, porosity higher than 50% is
essential, and pore size between 0.609 and 0.110 mm is need-
ed [26, 27]

Figure 3 illustrates the permissible design space for gyroid
unit cells. Pore and strut size distributions are plotted in dotted
lines for different unit cell sizes. The biological requirements
for successful implants are represented in the red lines, while
the SLM capability is presented in black line. The shaded arca
represents the allowable design space for gyroid lattice struc-
tures for bone implant applications. The map acts as a guide to
determine the gyroid’s morphological outputs from the equa-
tion inputs (¢, L). It facilitates the choice of the correct param-
eters to match the bone implants’ requirements and capabili-
ties of SLM.

3 Experimental work

3.1 Materials and methods

The porosity-graded gyroids (PGGs) printed in this study
were obtained using the gyroid equations. By replacing the

constant value of 7 to a linear function, the porosity
gradation/change in volume fraction design is displayed
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Fig. 2 a Volume fraction. b Strut and pore size as a function of level constant (¢) for gyroid unit cell
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in Fig. 4. By setting the value of L to 1 mm and using boundary
limits (— 0.5 to 9.57r), 10 x 10 x 10-mm cubes were created in a
stereolithography “STL” format. A solid base layer of 5 mm
was added to the part, to facilitate adhesion and removal from
the build plate. One major advantage of that type of structure is
that the change in the geometry is continuous. Therefore, no
sudden interruptions between layers occur, ensuring a continu-
ous change between layers.

A Renishaw AM400 machine (Renishaw Solution
Center, Kitchener, ON, Canada) equipped with 400-W
pulsed fiber laser was used to manufacture the PGGs.
Titanium is one of the most common alloys to be used for
bone implant applications [29]; for this study, Ti6Al4V
ELI-0406 powder supplied by Renishaw was used. Three

Fig. 4 Porosity-graded gyroids (PGGs)
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Table 1 SLM process

parameters Power 200 W
Exposure time 75 um
Point distance 50 pm
Hatch distance 65 um
Layer thickness 30 pm
Layer power at boarder 100 W
Contour offset distance 60 pm

PGGs were printed using fixed process parameters, reported
in Table 1. For each PGG, a different scanning strategy was
used. As built, PGGs were ultrasonically cleaned in acetone
and ethanol for 10 min each. Then compressed air was used to
make sure no trapped powder was stuck inside the structures.

=== Layer 10: 20 %

--- Layer 7: 30 %

__Layer 3:40 %

_____ Layer 1: 50 %
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Fig. 5 SLM scanning strategies
used for printing the PGGs

7

. 7

Hatch with Boarders
(HB)

3.2 Scanning strategies

Three different scanning strategies were investigated: hatch-
ing with boarder (HB), hatching with no boarders (HNB), and
total fill (TF). Figure 5 represents the schematic laser path for
each of these strategies. The HNB scan strategy consists of
scanning stripes oriented with 67° in the first layer. The sec-
ond layer is rotated by 67° relative to the first one to reduce the
residual stresses [30]. Residual stresses are caused when high
thermal stresses are introduced to the part, while the part vol-
ume is not free to expand or contract [31]. In the HB strategy,
the hatching is first scanned by the same strategy as HNB, and
at the end one final contour is scanned around the hatches. In
TF strategy, the layer is printed by making concentric contours
of the geometry until the whole part is covered. In this strate-
gy, the laser moves from inner contours to outer ones, and
there is no rotation between two successive layers.

3.3 Volume fraction

Four different methods were used to obtain the density of the
PGGs: dry weighting, Archimedes principle using water,
Archimedes using acetone, and microcomputed tomography
(1CT). Dry weighing simply weighs the part and divides it by

Hatch with no Boarders

(HNB)
B
>
A !

A
A E 1

> <t
Total Fill (TF)

its measured volume to obtain the calculated density. The
volume fraction is calculated by dividing the calculated den-
sity on the theoretical density of the material used [16].
Archimedes principle was used to determine the density of
the porosity graded lattice structures. The weight of each part
was measured in the air and water using a digital scale (accu-
racy of +£0.01 g); the process was repeated three times for
reliability. The relative density was calculated by dividing
the calculated density of the lattice structure by the relative
density of Ti6Al4V alloy (4.42 g/cm’). Next, acetone was
used instead of water, and the whole process was repeated,
replacing the density of water by that of acetone. A Bruker
SkyScan1172 X-ray tomography scanner was used for quan-
titative analysis for the printed lattice structures at 100 kV
using an Al/Cu filter. The total volume (10 x 10 x 10 mm®)
of the PGGs was scanned allowing a voxel resolution of
8.4 um’. Additionally, the volume fraction of each layer was
evaluated using 1CT, by obtaining the ratio between material
and voids in each layer.

3.4 Dimensional accuracy

The reconstructed scans from the nCT were used to investi-
gate the dimensional accuracy of the porosity-graded lattice

@ Springer



2920

Int J Adv Manuf Technol (2019) 100:2915-2927

structures. Netfabb® was used for virtual measurements and
post-processing of reconstructed scans. Reconstructed strut
sizes in different layers were measured and compared to the
design values. For consistent results, the strut size was mea-
sured in the direction of the [111] vector as described by
Walker et al. [28]. Five randomly distributed readings were
obtained in each layer of measurements to reduce errors. To
obtain a better understanding of the strut variation, mesh com-
parisons were used to evaluate the overall variation between
the design and the as built specimens.

3.5 Surface integrity

Due to the relatively small size of the struts and the large
amount of partially melted powder, the roughness on some of
the internal struts was inaccessible using optical methods.
Surface roughness was characterized via stylus profilometry
(Surftest Sj-410) on the outer flat surface of the PGGs. Side
roughness was measured along the layer’s direction; 5 mm of
the surface was evaluated. A cutoff wavelength of 0.8 mm was

Fig. 6 Visual evaluation of PGGs

Hatch with Boarders
(HB)
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used to determine the arithmetic average roughness “R,,”; this
value ensured the proper distinguish between wave form rough-
ness and the high-frequency ones. Five measurements were
taken in each layer to reduce the errors and ensure reliability
of results. A scanning electron microscope (SEM) was used to
investigate the surface of the printed graded lattice structures.

4 Results and discussion
4.1 Visual evaluation

The primary focus of this work is to evaluate the effect of
scanning strategies on the quality of porosity-graded lattice
structures. Figure 6 represents the macroscopic evaluation of
the as built PGGs. The PGG scanned using TF strategy failed
in the first six layers; since the contours are concentric, con-
tour overlapping may occur increasing the amount of laser
input energy delivered to the powder [32]. The PGG scanned
with HB strategy had better defined structure than the HNB

Hatch with no

Boarders (HNB)

" Total Fill (TF)
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Fig. 7 Total volume fraction obtained from different measurement
methods compared to corresponding design values

strategy; this is attributed to the final contour used for enhanc-
ing surface finish in this strategy [33]. Overall, the geometry
of the pores appeared to be deviated from the design, and
some pores appeared to be clogged. This may indicate that
the process parameters chosen need some tuning to obtain
more accurate geometry.

4.2 Volume fraction

The deviation in volume fraction using the four measurement
methods for the three PGGs is illustrated by Fig. 7; all mea-
surements were found to be greater than the designed volume
fraction. Dry weighing overestimated the volume fraction due
to the omission of the internal porosity. This method gives an
indication of the general trend of the volume fractions. Using
water as a suspension liquid in the Archimedes method gave
an over estimation of the volume fraction as well. This can be
attributed to the high surface roughness of the parts. Rough
surfaces may lead to the formation of air bubbles and therefore
results in inconsistent measurements [34]. Very low deviations
between volume fraction measured using the Archimedes
method using acetone and uCT were observed. These

Fig. 8 Layer’s volume fraction 100
obtained via uCT and compared
to corresponding design values
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Fig.9 Strutsize obtained via pCT and compared to corresponding design
values

methods were therefore considered more reliable than the oth-
er two methods. The variation between the two methods can
be related to several factors such as the inability of acetone to
penetrate the pores and the rough surface of the struts
preventing the liquid to fully fill the voids. The presence of
internal voids as well could not be detected using Archimedes
methods. Some errors that might occur in uCT scanning in-
clude image thresholding, beam hardening, misalignment er-
rors, and limited resolution [35].

Overall, the obtained volume fraction is higher than expect-
ed; this suggests that the PGGs are less porous than designed.
This agrees with the findings of Ataee et al. [36] and Han et al.
[37]. The volume fraction increase is attributed to the errors
resulting in the small strut sizes, small pore sizes of the parts,
and the partially melted powder to the struts. The PGG
scanned by the HB strategy resulted in the least deviation,
while the PGG scanned by TF strategy resulted in the largest
deviation.

M Design

HB

4-40% 5-37% 6-33% 7-30% 8-27% 9-23% 10-20%

Layer - Designed volume fraction
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The deviation in volume fraction obtained from puCT re-
construction for each layer of the PGGs is plotted in Fig. 8.
Visual evaluation of the first six layers in the PGG scanned
using TF strategy gave the highest deviation. However, after
the sixth layer (volume fraction = 30%), the deviation reduced
significantly, reaching better results than the PGGs printed
using HB and HNB strategies. The PGGs scanned using HB
and NHB strategies show the same trend in volume fraction
deviation. An average increase in volume fraction of 27 and
32% was evaluated for PGGs scanned by HB and HNB, re-
spectively. The last layers in the three PGGs show less devi-
ation in volume fraction. This can be attributed to the accu-
mulative shrinkage in each layer of the PGGs, which was
amplified in only the last layer. It might also be attributed to
misalignment errors while CT scanning the PGGs. The varia-
tions can be better understood by evaluating dimensional ac-
curacy of printed struts.

Fig. 10 Laser scanning strategies
along different layers of PGGs

Layer 1

4.3 Dimensional accuracy

The strut sizes were measured in four different reconstructed
layers (volume fractions = 50%, 40%, 30%, and 20%). The
deviations in size between the design struts and the recon-
structed struts are plotted in Fig. 9. The PGG scanned using
TF strategy had significantly high size deviation in lower
layers (high-volume fraction); these deviations are reduced
significantly at upper layers (low-volume fraction). The
PPGs scanned using HB and HNB strategies again show sim-
ilar trends, with the HB strategy being more accurate. The
measurements taken were randomly distributed from the same
layer to make sure the results were consistent and reduce the
errors resulting from misalignment while scanning. Average
errors were in the order of 0.07 mm in the first layers (large
struts), reaching a maximum of 0.25 mm in the last layers
(small struts).

Layer 3

Layer 7

Layer 10
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The TF strategy resulted in the highest errors in strut sizes
in the first layers (high-volume fraction), when compared to
HB and HNB strategies. By analyzing the scan path of the
three scanning strategies as shown in Fig. 10, in the TF strat-
egy, three contours are needed to cover the strut size geometry
at the first layers. The process parameter settings determine
the amount of energy delivered to the powder, therefore af-
fects the meltpool size generated in each scan. The higher the
laser energy input is, the larger the meltpool size is. The dis-
tance between hatch spacing and contours affects the
meltpools to overlapping. Although overlapping is required
to ensure good melt structure, too much overlapping can cause
accumulation of energy [38]. It is assumed that the collapse of
the first six layers is a result of large amount of energy gener-
ated from overlapping from concentric contours. In addition to
the fact that no rotation occurs between successive layers in
this strategy, which also accumulates the energy [32], this
energy might be transferred to the layer below and re-melt it,
thereby changing the strut dimensions, pore distribution, and
volume fractions.

Fig. 11 Mesh comparison of
UCT reconstruction and the CAD
model for last layer of the three
PGGs; red and blue represent the
plus and minus errors.
Histograms represent the
occurrence of each value,
dimensions in mm

Large errors in small struts are attributed to the fact that the
length of laser hatches is short and frequently repeated, and
consequently, the small printed struts has no time to cool down.
Kruth et al. [39] explained this phenomenon; the repetitive short
scans increase the amount of laser energy input added to the
small parts. Therefore, some accumulated energy may be con-
ducted to the printed part sides leading to the adhesion of pow-
der and resulting in an increase the measured volume fraction
and strut size. This can be demonstrated by comparing the three
laser scan paths used in this study, as illustrated by Fig. 10.
Since repetitive scans are performed in HB and HNB strategies,
more errors were found in these parts than the part scanned with
the TF strategy. The TF strategy compared to HB and HNB
needed almost one contour to fully build the strut.

It was noted that the struts on the corner of the last layers
were highly deviated from other struts in the middle of this
layer. Therefore, reconstruction of the last layer (volume frac-
tion 20%) from the three parts were all compared to the design
reference layer. The mesh comparison tool in Netfabb® was
used to evaluate the difference between the reference (design)
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Fig. 12 Mesh comparison of one row from the last layer obtained via uCT and compared to the CAD model for the three PGGs; red and blue represent
the plus and minus errors. Histograms represent the occurrence of each value, dimensions in mm

and the printed (reconstructed) layers. Figure 11 shows the
mesh comparison for the last three layers of the printed
PGGs. A notable deviation from the four corners was ob-
served. Parts printed using HB strategy had the highest devi-
ation (£ 1.21 mm, with a high repeatability of 0.253 mm). This
deviation can be attributed to the presence of residual stress
after the parts are separated from the base plate.

To observe the deviation on a strut level, a single row of the
last layer of each part was compared to the reference design.
From mesh comparison, it was noted that errors in the PGG
scanned by HB strategy were higher than the other strategies.
All errors were found to be within +0.25 mm matching the
results obtained from the vector [111] intersection with single

Fig. 13 Average surface 40
roughness “R,” values for each
layer along the powder layer

thickness 30

R(a) um
—_ — b
= tn (=)

wn

=
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reconstructed gyroid unit cells. Figure 12 displays the mesh
comparison in each reconstructed layer. The benefit of using
mesh comparison is to check the whole geometry, rather than
one single position. For example, the PGGs scanned by HB
and HNB strategies had large deviation in the diagonal struts,
while the PGG scanned by TF strategy had some deviations in
the struts but more deviations in the horizontal parts as well.

4.4 Surface integrity
The average surface roughness R, values for different volume

fractions are represented in Fig. 13. It is noted that at upper
layers (lower volume fraction), the surface roughness

~ HB WHNB WTF
35

i
I]I ||“
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Fig. 14 SEM images of the a first two layers and b last two layers of the PGGs

increases. The main reason for this increase is attributed to the
geometry of the gyroids. As the struts become thinner, the
connection between two adjacent struts becomes thinner to
the extent that it cannot be printed. Therefore, the upper layers
are characterized by a sinewave that was evident in the
scanned profile. The first six layers, parts printed using TF
strategy, had a significantly lower surface roughness than the
other two strategies. However, in the last four layers, it was
noted that there was high variation in roughness. The PGGs
scanned by HB strategy had the least R,. However, according
to Mumtaz et al. [40], R, might not show strong correlation
with the surface integrity. Therefore, to enhance the under-
standing of the surface integrity, SEM was used to investigate
the parts.

The SEM images for the first three layers and the last three
layers are represented in Fig. 14. The PGGs scanned by HB
and HNB strategies were seen to have a high appearance of
balling effects present in the first three layers. The balling
phenomena can occur due to the instability of meltpool;
small-sized droplets tend to splash out forming relatively large
(micrometer-scaled) solidified spheres on the side of the
printed parts [41]. Moreover, repetitive low-speed scans con-
tribute to increasing the amount of energy in the meltpool,
causing balling phenomena to appear in PGGs scanned by
HB and HNB strategies [42]. The PGG scanned by the TF

strategy had a significantly large amount of partially melted
powder adhering to its surface. This can be attributed again to
the scans overlap and the accumulated energy in these struts.
The energy gets conducted to the surface; however, since it is
not high enough to melt the surrounding powder, the powder
gets partially melted to the sides.

In the upper layers (lower-volume fractions), the PGG
scanned by HNB strategy have the highest amount of partially
melted powder since no contour is made in this strategy. The
surface of the PGG scanned by HB strategy has more partially
melted powder and more non-uniform melted material com-
pared to the part printed using TF strategy. This can be under-
stood better by observing the laser scan paths presented by
Fig. 10. In HB scanning strategy, the hatch intersects the outer
boundary of the laser. If the laser meltpool generated from the
hatches is bigger than the meltpool generated to create the
boundary contour, this can lead to the appearance of balling
phenomena and irregular surface. As for the HNB strategy, if
the distance between two successive laser exposures is too far,
it would result in an irregular surface as illustrated by Fig. 14b.
The PGGs scanned using TF strategy need only one boarder
contour to melt the whole area of the strut in the upper layers.
Therefore, no overlapping between contours occurs and it is
assumed that less accumulation of laser energy density occurs.
Moreover, since there is no hatching in this strategy, the
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undesirable effect of hatching and boarders intersecting is
avoided. Hence, a more stable meltpool is evident and more
melted tracks are detected.

5 Conclusion and future work

The scanning strategy in SLM was found to have a profound
effect on the accuracy of printed lattice structures having
porosity-graded gyroid design. This paper presents a guide
for the design of porosity grading of TPMS lattice structures
for bone implant applications. The morphologies of PGGs
printed using SLM are investigated systematically, and the
following conclusions are derived:

I- The measured volume fraction and strut sizes of PGGs are
higher than the design values. These errors are attributed
to the partially melted powder on the surface of the PGGs
and inability of SLM to create small strut size with high
accuracy.

2- Each layer of the PGGs is affected differently by the
scanning strategies. In lower layers (high-volume frac-
tions), the deviation in volume fraction and strut size is
lower than that of the upper layers (low-volume fraction).

3-  Meltpool size, hatch spacing, and contour spacing may be
considered as key factors in enhancing the strut size
accuracy.

4- The TF scanning strategy might not be suitable for high-
volume fractions by the current process parameter set-
tings. Proper control of the SLM process parameters
would enhance both high- and low-volume fraction strut

quality.

In this study, the process parameters recommended in the
open literature for the SLM of bulk Ti6Al4V were used. These
settings need to be adjusted for printing graded lattice struc-
tures. More research should target the “optimum” choice of
laser energy density while printing those graded structures.
Although the meltpool size and temperature were not mea-
sured in this study, it is suggested that they strongly affect
the quality of the graded lattice structures. The precise moni-
toring of meltpool is considered extremely important to con-
trol the dimensional and surface integrity of printed graded
lattice structures. The main objective should target reducing
the amount of partially melted powder to the surfaces, enhance
the dimensional accuracy, and surface integrity of the
porosity-graded lattice structures.
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