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H I G H L I G H T S

• Stochastic architectured porous mate-
rials were additively manufactured in
Titanium and Stainless Steel

• The effect of laser parameters and scan
strategies on strut thickness and strength
of porous materials were investigated

• A linear relationship was found between
the specific enthalpy, delivered by the la-
ser to the meltpool, and strut thickness

• The optimum rate of energy for
maximising strength of a porousmaterial
for a given stiffness was material depen-
dent

• Maximizing the strength:stiffness and
strength:weight ratio of a porousmaterial
is dependent on the scan strategy used
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Additive manufacturing enables architectured porous material design, but 3D-CAD modelling of these materials
is prohibitively computationally expensive. This bottleneck can be removed using a line-based representation of
porous materials instead, with strut thickness controlled by the supplied laser energy.
This study investigated how laser energy and scan strategy affects strut thickness andmechanical strength of po-
rousmaterials. Specimensweremanufactured using varying laser parameters, 3 scan strategies (Contour, Points,
Pulsing), 2 porous architectures and 2 materials (Titanium, Stainless Steel), with strut thickness, density, modu-
lus, mechanical strength and build time measured.
Struts could be built successfully as low as 15°with aminimumdiameter of 0.13mm. Strut thicknesswas linearly
related to the specific enthalpy delivered by the laser to the melt-pool. For a given stiffness, Titanium specimens
built at low power/slow speed had a 10% higher strength than those built at high power/fast speed. The opposite
was found in Stainless Steel. As specimen stiffness increased, the Contour Strategy produced samples with the
highest strength:stiffness and strength:weight ratio. The Points strategy offered the fastest build time, 20% and
100% faster than the Contour and Pulsing strategies, respectively. This work highlights the importance of
optimising build parameters to maximize mechanical performance.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Additive manufactured (AM) architectured porous materials are now
viable choices for the engineer in a variety of fields [1–4]. In orthopaedics,
implants have traditionally been machined, forged or cast solid pieces of
metal, that are orders of magnitude stiffer than the natural bone [5].
These implants, can now be composed of low stiffness architectured po-
rous materials produced by AM [6], from established biocompatible
metals like Titanium, Cobalt Chrome, and Tantalum [7–9]. Orthopaedic
devices therefore now have the potential tomatch the stiffness of cancel-
lous bone throughout the skeletonwhichmay enable new treatment op-
tions in the management of osteoarthritis, particularly for early
intervention in young patients. However, a challenge is to ensure that at
lowmodulus, AM porous materials have the maximum strength to guar-
antee implant survival in a high cyclic load environment.

Existing AM porous materials research has investigated different ar-
chitectures (unit cell types), characterising the strength and stiffness of
the structures at varying porosities. Most structures investigated are
non-stochastic architectures which include variations of cubic crystal
system structures [10–12], space filing polyhedrons [13] and triply peri-
odic structures [14–17]. A few researchers have also looked at pseudo-
randomised versions of crystal system structures [7] and fully stochastic
architectures [18]. However, little attention has been paid to optimising
manufacturing parameters (e.g. laser power, scanning speed) and scan
strategy for the mechanical performance of these structures.

Parameter optimisation has been performed for solid AM parts focus-
ing on achievingmaximummaterial density and a desiredmicrostructure
[19–21]. For porous materials, parameter studies have prioritized geo-
metric accuracy andmaterial density. The fewAMporousmaterial studies
that have considered build parameters and mechanical performance,
have briefly explored the effect of varying laser parameters on the me-
chanical properties of the structure. Specifically looking at mechanical
properties with respect to relative density (i.e. strength or stiffness-to-
weight), whereas for bone replacement scaffolds it would be more suit-
able to optimise parameters to ensure maximum strength of the
architecturedmaterial with respect to stiffness. Also, AM porous material
parameter studies tend to only beperformedonBCCunit cell architecture,
and thus have not considered how the variety of build angles, such as are
encountered in stochastic architectures are affected [11,22].

For research that investigates the effect of laser parameters on AM
material properties, such as strut size [1,11,22], structure porosity or
material density, either a single laser parameter is explored in isolation
[22] or an equation for ‘laser energy density’ is used [1,20,21]. These
equations attempt to relate Laser Energy (E) delivered to the melt-
pool to some combination of laser power (P) and exposure time (t) or
to laser scan speed (u), hatch spacing (h) and layer thickness (l).
Eq. (1), shows typical models used.

E ¼ P � t or E ¼ P
u� h� l

ð1Þ

Thesemodels do not include important process variables, and typical-
ly generate a process parameter window or a collection of data points
with no distinct trend when graphing a property such as strut thickness
against the laser energy density [1,19], thus making it difficult to scale
or predict values outside the tested experimental range [23]. Amore use-
ful term comes from laser welding origins, where Hann et al. [24] and
King et al. [25] relate melt-pool width and depth to the absorbed energy
density or specific enthalpy (ΔH) delivered by the laser to the powder
bed.Where specific enthalpy is a function of Absorptivity (A), thermal dif-
fusivity (D) and density (ρ) of the powder and of the laser parameters,
namely, laser power (P), laser scan speed (u) and laser spot diameter (Ø).

ΔH ¼ A∙P

ρ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π∙D∙u∙∅3

p ð2Þ

For a given scan geometry, if strut thickness can be assumed to be
proportional to melt-pool width and depth, then a strut thickness ver-
sus enthalpy plot should produce a scalable model with a distinct and
mathematical trend.

Parameter optimisation is further complicated by varying methods
of energy delivery. Two approaches have been adopted in literature
for porous materials: the traditional contour-hatch [22] scanning strat-
egy or the more novel single-exposure strategy [11], but a comparison
between these scanning strategies is yet to be performed. Another po-
tential scanning strategy to be explored is pulsing which may allow
for better control of the melt-pool [26]. Finally, current studies only re-
port on individual materials, thus cannot investigate how optimising
laser parameters and scan strategy may change according to mechani-
cal, material and thermal properties of the powder.

As the future of the architectured material generation is likely to
move from solid CAD modelling, which is computationally expensive,
to line based representation, the relationship between laser parameters
and scan strategy to strut thicknessmust be understood. In order to fully
benefit from the potential of AMporous architecturedmaterials, there is
a need to understand the build parameter rules independent of strut
size, relative density, build angles andmaterial. The aim of this research
is to investigate how different laser parameters and scan strategies in-
fluence strut thickness and mechanical properties of porous materials,
specifically looking to maximize the strength of a structure for a given
stiffness.

2. Experimental method

2.1. Materials and manufacturing

All specimens in this study were manufactured on a Renishaw
AM250, a metal powder bed fusion AM system. The system, equipped
with a Gaussian beam CW fibre laser (max. 200 W, 70 μm spot, λ =
1.07 μm), was modified to include process monitoring equipment. The
laser optical train was fitted with a beam splitter attached to two high
speed cameras enabling imaging of the melt-pool and a photodiode
was connected to the optics to monitor the laser input to the powder
bed.

The AM250 is a pseudo-modulated (“move-fire”) system, meaning
the laser is held at a point and fires for a fixed exposure time then
turns off and moves rapidly to the next point by a set point distance
and the process repeats along each scan vector. The main laser parame-
ters, in combination with the different scanning strategies, which con-
trol the melting process are therefore Laser Power, Exposure Time,
Point Distance and Layer Thickness. All specimens in this study were
manufactured in both Titanium (Ti6Al4V ELI) and Stainless Steel
(SS316L) spherical powder of particle size range 10–45 μm (D50:
~27 μm) supplied by LPW Technology. Titanium and Stainless Steel
were selected due to their prevalence in AM research aswell as their or-
thopaedic relevance. Manufacturing occurred in an environment initial-
ly vacuumed to −960 mbar and then back filled with 99.995% pure
Argon to 10 mbar with an O content of ~0.1%. The following scan strat-
egies were employed to manufacture the specimens:

2.1.1. Contour strategy
Themost common build strategy in AM is the Contour-Hatch strate-

gy. For a given 2D slice, the original CAD geometry contours are offset
(typically by half the melt-pool diameter) and the resulting contour
scans are traced by the laser, with the area enclosed by the contours
being filled in with ‘hatch’ scans (Fig. 1a). However, issues arise with
this approach at small scale, due to STL geometry and resolution errors
resulting in limited laser interaction with the powder-bed, i.e. the slice
data's laser scan paths do not accurately reflect the intended geometry.
This strategy also causes many scan vectors and jumps between scan
vectors, resulting in a high amount of scanner delays and is computa-
tionally expensive. For the contour strategy employed in this research
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