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Abstract: Is additive manufacturing (AM) a sustainable process? Can the process be optimised
to produce sustainable AM parts and production techniques? Additive manufacturing offers the
production of parts made of different types of materials in addition to the complex geometry that is
difficult or impossible to produce by using the traditional subtractive methods. This study is focused
on the optimisation of laser powder bed fusion (L-PBF), one of the most common technologies used
in additive manufacturing and 3D printing. This research was carried out by modulating the build
layer thickness of the deposited metal powder and the input volumetric energy density. The aim of
the proposed strategy is to save the build time by maximizing the applied layer thickness of nitinol
powder while retrieving the different AM part properties. The saving in the process time has a direct
effect on the total cost of the produced part as a result of several components like electric energy, inert
gas consumption, and labour. Nickel-rich nitinol (52.39 Ni at.%) was selected for investigation in this
study due to its extremely high superplastic and shape memory properties in addition to the wide
application in various industries like aerospace, biomedical, and automotive. The results obtained
show that significant energy and material consumption can be found by producing near full dens
AM parts with limited or no alteration in chemical and mechanical properties.

Keywords: sustainability; additive manufacturing; laser powder bed fusion; nitinol; 3D printing;
phase formation

1. Introduction

The growing awareness of climate change and the formulation of stricter environ-
mental legislations have emerged as significant drivers for the development and adoption
of more sustainable manufacturing solutions as part of Industry 4.0, the latest indus-
trial revolution. Metal additive manufacturing (MAM), poised to be an essential ingre-
dient of Industry 4.0, is a family of metal-based additive technologies encompassing
powder bed, powder feed, and wire feed processes [1,2]. These processes differ in terms
of how they introduce the feedstock into the process and how they fuse or bond the
feedstock. Fusion-based technologies can be further classified based on the heat source
utilised for melting and fusion—namely, laser or electron beam. Among the array of fusion-
based MAM technologies, laser powder bed fusion (L-PBF) currently stands as a leading
technology, distinguished by its increased precision and resolution when compared to
alternative techniques [3-5].

In contrast to conventional subtractive manufacturing techniques, MAM offers the
potential for several sustainable advantages, including the lightweighting of components,
the consolidation of multi-component assemblies into singular components, and reduced
raw material waste by eliminating the necessity to remove material from larger billets as is
customary in subtractive machining [1,6].

Designs 2024, 8, 45. https:/ /doi.org/10.3390/ designs8030045

https:/ /www.mdpi.com/journal/designs


https://doi.org/10.3390/designs8030045
https://doi.org/10.3390/designs8030045
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/designs
https://www.mdpi.com
https://orcid.org/0000-0003-4496-2167
https://doi.org/10.3390/designs8030045
https://www.mdpi.com/journal/designs
https://www.mdpi.com/article/10.3390/designs8030045?type=check_update&version=1

Designs 2024, 8, 45

2 of 20

Numerous studies have assessed the environmental and economic sustainability of
MAM parts in comparison to those produced using traditional methods [2,6,7]. Within
each MAM process, manufacturers hold the capacity to influence part sustainability by
optimizing resource consumption without compromising product functionality. Within the
L-PBF process, hundreds of input parameters exist; however, the most significant factors
include laser power, scanning speed, laser spot size, hatch distance, and layer thickness [8].
Historically, process parameter development has centred on achieving parts with max-
imised density, minimal process-related defects, and the requisite mechanical properties,
with limited emphasis on optimisation for sustainability. Consequently, a pressing need
exists to maintain optimal melting and solidification conditions while simultaneously max-
imizing production rates and minimizing power input to enhance sustainability metrics.
Unfortunately, increasing production rates or decreasing power input often precipitates
knock-on effects related to process defects.

For example, lack-of-fusion (LOF) porosity may arise due to insufficient penetration
of the upper layer melt pool into the previously deposited layer or the absence of inter-
penetration between adjacent melt pools on the same layer. As layer thickness or hatch
spacing increases, LOF porosity can become more prevalent, imposing an upper limit on
these input parameters for a fixed laser power, scanning speed, and spot size. [9] Another
prevalent process-related defect is keyhole porosity, which occurs when the laser processing
mode moves from conduction mode to keyholing mode at high power intensities and slow
scanning speeds, leading to metal vaporisation within the melt pool. Depending on local
melt pool dynamics, formed vapor bubbles can become pinched off, either escaping to the
surface or solidifying in the metal, resulting in keyhole-induced porosity [3,10,11]. This
defect places restrictions on the maximum powder layer thickness that can be processed
by means of increasing the laser power at low scanning speeds. The third process-related
defect, known as balling, also contributes to porosity in L-PBF. Balling manifests in two
scenarios: The first is during incomplete melting at low power, high scanning speed, or
high layer thicknesses. During incomplete melting, the melt pool consists of a solid /liquid
mixture with high viscosity and poor wettability which can result in a string of unconnected
balls or beads along the scan direction [12]. The second case occurs when the melt pool is
fully molten during regimes of high laser power and high scanning speed. This type of
balling is theorised to occur due to the Plateau—Rayleigh (P-R) instability, which theorises
that a cylindrical column of liquid is an unstable shape due to surface tension effects, there-
fore tending to break up into beads whose total surface tension is lower [13]. The Rosenthal
solution predicts that as the power and scan speed increase, so does the melt pool length-
to-width ratio, thereby increasing the melt pool’s instability and the tendency for balling,
thus placing restrictions on build rates [14]. Researchers investigated the formation of such
defects and the way to mitigate them both experimentally and mathematically [15,16]. The
study was based on a finite element model to simulate the formation of voids during the
melting and solidification and the tension—compression associated with it.

Within the scope of Industry 4.0, the capability to additively manufacture Shape
Memory Alloys (SMAs), enabling part shape and material properties to adapt to external
conditions, holds significant value. Nitinol, a prominent SMA consisting of nearly equal-
atomic proportions of nickel and titanium, has found widespread application in aerospace
and medical devices due to its commendable attributes, including shape memory (SM), su-
perelasticity (SE), biocompatibility, and corrosion resistance [17]. Nitinol poses challenges
when processed using traditional manufacturing methods given its low machinability, lim-
ited permissible cold deformation, the challenges associated with welding without forming
brittle intermetallic compounds, and sensitivity to thermomechanical processing [18,19].
Consequently, the desire to fabricate nitinol using AM has grown.

The SM and SE properties of nitinol originate from its ability to undergo a reversible solid-
state phase transformation between the martensite and austenite phases. The martensite phase
features a twinned monoclinic structure (B19") and is stable at lower temperatures, whereas
the austenite (B2) phase exhibits a highly symmetric, ordered Body-Centred Cubic (BCC)
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structure that is stable at higher temperatures [18]. To demonstrate SM, the SMA must
be cooled without load, initiating a transformation from austenite to twinned martensite.
The application of load results in elastic deformation of the matrix, followed by martensite
detwinning accommodating the strain. Upon reheating above the Austenite Finish (Af)
temperature, the parent phase is restored, returning the original shape. This effect can
recover strains of between 6 and 8% [20]. To demonstrate SE requires the SMA being in
the high-temperature austenite phase. Loading results in elastic deformation, followed by a
Stress-Induced Martensite (SIM) transformation which occurs at stresses above the martensite
critical stress. Providing loading is stopped before the onset of plastic deformation, the strains
are recoverable during unloading, thus allowing nitinol to accommodate strains up to 8% [21].

The phase transformation temperatures of nitinol are highly sensitive to nickel and
titanium content. In the nickel content range of 50-51 at.%, increasing the nickel content by
0.1 at.% can result in as much as a 8-10 °C decrease in the Martensite Start (Ms) temperature
during cooling [22]. Aging of nickel-rich alloys in the 300-500 °C range can yield nickel-rich
precipitates depleting the matrix of nickel, thereby increasing the Af temperature whilst
also enhancing one-way reversible strain [23]. Impurities such as carbon and oxygen
can lower transformation temperatures by readily forming inclusions with titanium in
the form of TiC and TigNi,Ox, thus increasing the concentration of nickel in the matrix.
These inclusions are brittle in nature with larger inclusions having a more drastic effect on
fatigue life [16]. For alloys with a nickel content below approximately 49.75 at. %, titanium
saturation occurs, thus limiting the upper end of the transformation temperatures possible
with binary nitinol [22].

Given nitinol’s sensitivity to composition, impurities, and microstructure, the AM of
nitinol presents many challenges to ensure fabricated parts have maximised density, min-
imised defects, and have the desired mechanical, SM, or SE properties, while also optimizing
sustainability. Previous studies have shown that the process parameters used influence the
microstructure and composition of the obtained parts, affecting both mechanical performance
and phase transformation temperatures [24]. A study by Haberland et al. [25] using Ni-rich,
near-equiatomic, and Ti-rich powders found that the transformation temperatures of all three
powders increased with increasing volumetric energy density (VED), which was attributed
to the increase in nickel evaporation at the higher VEDs. Nickel was reported as having
a lower vaporisation enthalpy of 374.8 kJ /mol versus 425.5 k] /mol for titanium and also a
lower boiling of 2913 °C versus 3287 °C for titanium [24]. A study by Speirs et al. [25] noted
that samples produced with a high oxygen content of 1800 ppm had a lower transformation
temperature than samples produced with an oxygen content of 220 ppm [26]. Other studies
have shown that by increasing the VED, oxygen uptake is also expected to increase. Optimal
process parameters reported in the literature encompass a broad spectrum of VEDs, ranging
from 55 to 235 J/mm? with no consensus on an ideal range from 55 to 235/ mm? [25,27-32].
For example, Tan et al. [31] reported a VED of 60-90 ] /mm? as being optimal for achieving high
densities with minimal defects and low impurity pick-up, whereas Walker et al. [28] reported a
VED of 55.6 ] /mm? as being ideal. Moghaddam et al. [31] reported a VED of 83.33 ]/ mm? as
being optimal for achieving parts with high superelasticity and excellent phase transformation
performance. Dadbakhsh et al. [30] reported higher values of 111-126 J/mm?3 as being optimal,
and Haberland et al. [25] reported values as high as 234 ]/mm3 as being optimal for producing
high-quality parts that meet impurity requirements for medical-grade nitinol. Biffi et al., found
that parts could be fabricated with a wide VED range of 63-160 ]/ mm? [27].

In the subsequent sections of this paper, the theoretical underpinnings of layer thick-
ness in AM and its implications on time efficiency, energy consumption, and consumable
usage will be explored. Through a synthesis of experimental data, the authors aim to
provide a comprehensive understanding of how adjusting the layer thickness can be strate-
gically leveraged to enhance the sustainability of additive manufacturing.
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2. Materials and Methods
2.1. Laser Powder Bed Fusion (L-PBF)

The process is one of the seven additive manufacturing (AM) technologies classified by
the American Society for Testing and Materials (ASTM) [33]. The process can be described
as the process of producing engineered parts by adding and fusing metal powder layers,
usually layer by layer until the full part is completed. The thermal source used to fuse
the metal powder is fibre laser beam irradiation from IPG Photonics with the wavelength
of 1.068 microns. The following Figure 1 shows a detailed description of a typical build
chamber that mimics the Aconity MINI metal printer from Aachen, Germany, which is
used in this study.

Figure 1. The main features of Aconity Mini build chamber: (1) laser beam collimator, (2) 3D scanner,
(3) powder deposition (re-coater) mechanism, (4) excess powder collector, (5) argon gas stream,
(6) build plate, (7) powder supply, (8) build chamber body, (9) argon gas inlet window, (10) argon gas
outlet and (11) build chamber lid [8].

The metal printer is equipped with a pyrometer that acquires light reflected from the
melt pool in the infra-red (IR) range of 1500 to 1700 nm which is directly related to the
melt pool temperature. Moreover, the printer is supplied with a preheating element and a
chiller unit for utilising the global temperature control during the print in addition to the
accurate control over the cooling rate upon the print completion. The pre-heater and the
chiller consume electric power of 5.8 and 6 kW /hr, respectively. Aconity MINI consumes
power of 17.5 kW /hr.

A three-parameter Design of Experiment (DoE) model in two levels was developed
for producing the test samples. Table 1 lists the produced samples with the corresponding
processing parameters and the resulting volumetric energy density (VED) for the different layer
thicknesses (LTs). The laser beam hatch spacing (HS) was set to a fixed value of 80 microns.

Table 1. The processing parameters and DoE model used in this study.

S Laser Power Scanning Speed Laser Spot Size VED VED VED
No. (W) (mm/s) (um) 0.03 um LT (J/mm?) 0.06 um LT (J/mm?3) 0.09 um LT (J/mm?)
1 160 750 60 88.89 44.44 29.63
2 160 1100 80 60.61 30.30 20.20
3 200 750 80 111.11 55.56 37.04
4 200 1100 60 75.76 37.88 25.25
5 160 750 80 88.89 44.44 29.63
6 160 1100 60 60.61 30.30 20.20
7 200 750 60 111.11 55.56 37.04
8 200 1100 80 75.76 37.88 25.25
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The VED was calculated by using the following equation:

VED ( ] )_ ( Input laser power(W)

mm? Scanning speed, ™) x (LT, mm) x (HS, mm)

2.2. Build Time Study

This study is designed on time bases. The time consumed in building an AM part can
be explained by the following breakdown for each feature carried out during the fusion of
each layer. For a symmetrical part geometry similar to the cube used in this study, the total
build time (T¢) can be calculated by multiplying the time consumed per layer by the total
number of layers. Parts with complex geometry and varying layer surface area require the
build time per layer to be varied accordingly. In principle, Tt can be represented by the
time required for the following;:

T¢ = Build plate movement time (B,.t) + Powder re-coater movement time (P;.t) + Powder supply time (Ps.t) + Exposure time (Ex.t) 1)

The terms indicated in Equation (1) can be explained and correspond to Figure 1 as follows:
(@) Build plate movement time (Bp.t)

This time is consumed during the downward movement of the build plate which can
be represented by two portions:

i.  Safety movement, when the build plate moves down for a certain distance (0.5 mm
in the case of Aconity MINI) immediately after fusing the current powder layer and
prior to the re-coater movement. This is important in order to avoid any collision
between the re-coater blade and the build part in case of any warpage or uplifts.

ii. Return movement, when the build plate moves back upwards leaving the exact set
space for the new powder layer thickness.

Bp.t = Time required for (i) + Time required for (ii)
__ Safety distance | Safety distance—set layer thickness

Set speed + Set Speed 2)
__ 05 mm + 0.5 mm—set layer thickness
— 05m/s 0.5 mm/s

The time required for this feature for the three different layer thicknesses (30, 60, and
90 um) used in this study are Bp,.t = 1.94, 1.88, and 1.82 s, respectively.

(b) Powder re-coater movement time (P;.t)

This time is consumed during the forward /backward movement of the re-coater axis
and blade for the powder deposition feature. This movement is composed of three strokes:

i.  The return stroke when the re-coater (part no. 3 in Figure 1) moves in idle status to the
front of the build chamber as prior to the powder deposition on the build plate. This
is an adjustable speed, and during the entire study, this speed was set to 250 mm/s.

ii.  The transport stroke when the metal powder is transmitted from the powder supply
(no. 7) to the build plate (no. 6). This speed was set to a fixed value of 150 mm/s.

iii. The deposition stroke when the metal powder is placed on the build plate (or build
part). This speed was set to a fixed value of 50 mm/s.

Thus:

__ Fulll ength stroke(machine bed)
- Return speed

+ Fulll ength stroke—build plate diameter +
Transport speed

— 450 mm (450—140) mm , 140 mm _
" Set speed 250 mm/s + 150 mm/s + 5 mm/s 6.6

Build plate diameter

Pr.t Deposition speed (3)

As can be seen, this time consumption is not related to the build layer thickness. Also,
the last two speeds related to the powder transport and deposition were set to relatively
lower values. This is important in order to secure high control over the powder deposition
and reduce the looseness and spatter of the metal powder on the sides of the re-coater
blade. This is crucial for consistent powder deposition, achieving accurate geometries and
maintaining the integrity of the final product.
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(c) Powder supply time (Ps.t)

This is the time required for the powder supply axis (no. 6 in Figure 1) to move
upwards and deposit the metal powder in front of the powder re-coater. This movement
stroke is proportional to the set value of the layer thickness and the applied supply factor.
The latter is important in order to secure the sufficient amount of powder to be placed
on the build plate and any excess powder will be pushed by the re-coater blade to the
over-flow container (no. 4 in Figure 1).

_ Layer thickness value x Safety Factor

Ps.t Spply speed

(4)

For this study, the supply factor value and the supply speed were set to 2 and 0.5 mm/s,
respectively. This set-up result in supply times for the three layer thickness values of 0.12,
0.24, and 0.36 s, respectively.

(d) Exposure time (Ex.t)

This is the time required for the laser beam to completely fuse one singular build
layer. This time interval is independent of the layer thickness and it is fixed for all samples
since the input processing parameters like the scanning speed and the parts’ geometry and
quantity are similar. This time was found to be 14 s for a set of 8 cube samples (1.75 s/cube).

Thus, the total time required per build layer can be found by applying Equation (1),
and then the times for the entire build were found and are listed in the following Table 2:

Table 2. The time required for the build of the testing samples.

Layer Total No. of Time/Layer Total Build Total Build

Thickness (um)  Layers (s) Time (s) Time (min)
30 333 22.66 7545 125
60 166 22.72 3772 63
90 111 22.78 2529 42

The following Figure 2a summarises the time impact of each feature on the entire
time required per build layer. The figure indicates that the major time consumption is
that consumed during the laser exposure (fusion) and the powder re-coater movement.
This can also be changed significantly depending on the build part’s dimensions and the
number of parts being printed. The correlation between the build layer thickness and the
total time required to produce each set of samples was found to be non-linear as can be
seen in Figure 2b. This is due to the non-linearity in the number of layers of the different
sets, which can be described by the following Equation (5):

Total build time (min) = 0.023x> — 4.12x + 228 (5)

where x is the build layers thickness.
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Recoater
29.0%

Platform _\ Exposure

8.5% 62.0%
Supply J
0.5%
(a)
]
=
g
2] Total build time (min) = 0.023x2 — 4.12x + 228
§ -
=1
m
1 ]
i ]

I L I ¥ I 4 I 4 I . I ¥ 1

Build layer thickness (um)
(b)

Figure 2. (a) A breakdown of the time consumed per each build layer, and (b) the total build time
consumed for the different LTs.

2.3. Material

The material selected for this study was gas-atomised nitinol (NiTi) supplied by
Fort Wayne Metals, Castlebar, Ireland, with the chemical composition of Ni 52.39 (at%).
This metal alloy was chosen for this study due to its wide application, especially in the
biomedical and aerospace industries. Also, the chemical composition of this alloy is
essential in identifying its application to be of the shape memory or superelastic type,
which are related to the nickel content in the final AM part. The chemical composition and
heat flow and phase transformation temperatures of the produced samples were tested
by using an Oxford detector and a TA Discovery DSC2500, respectively, and compared to
those of the virgin powder.

2.4. Testing and Inspection

The surface roughness and profilometry were carried out by using a Bruker Contour
GT 3D microscope and were performed on two perpendicular sides facing the argon gas
supply and the powder deposition direction.

The chemical composition and Energy-Dispersive X-ray (EDX) was carried out on all
the different sides of the produced samples.
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The nano-hardness testing was carried out by using a Bruker HYSITRON TI Premier
nano-indenter. The test was performed in the build direction by producing three lines on
one side of the test samples as shown in the following schematic diagram in Figure 3. The
test strategy was based on performing multiple indents with a 20 pm transition distance
by applying a maximum force of 9 uN and measuring the resulting depth penetration of
the Berkovich indenter into the sample surface. The plot of this correlation reveals the
elastic modulus of the produced AM parts and can be used for comparing the effect of the
different layer thicknesses on the mechanical properties.

Nano-indentation
locations

-

Build
direction

o y W 3 : )
ot
\Née‘ ¥ Surface profile and
e o0 microstructure testing planes
e

Figure 3. Schematic of the nitinol cuboid test samples showing the different inspection locations.
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3. Results and Discussion
3.1. Relative Density

The relative density was obtained by using Archimedes’ principle in ethanol. Figure 4
shows the measured density of four samples from each set of the different layer thicknesses
based on a fractional Design of Experiment (DoE) model. Those are the samples numbered
(1,2, 3, and 4) and listed in Table 1. Figure 4 suggests a noticeably improved density in
the samples produced by using a 30-micron layer thickness which can be explained by
the significant melting between the consecutive build layer as a result of the higher VED
levels applied. A limited reduction in the density was observed when higher powder layer
thicknesses were applied and the VED was reduced. The higher average relative density
value obtained for the 90-micron LT was 99.1% for sample no. 2 (Table 1) processed with
160 W, 1100 mm /s, and 80 pum spot size resulting in a VED of 20 J/ mm?.

100.0 ] 30 um M 60 pm M 90 um
— =
S T
< 99.0
ES 0 T
a
Q
S
()
Z 98.0
S
()
[
SN IR L SR RN

\WWW%%%@'@?’@«""&‘
VED (J/mm?®)

Figure 4. The relative density of the three sets of test samples measured by using Archimedes’ principle.
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Since this study is focused on reducing the production time by increasing the build
layer thickness while maintaining a high density, focus was placed on sample no. 2 and
the measured outputs were compared with the samples with the smaller LTs and same
processing parameters.

The decreased relative density with the increased LT can be explained by the need for
more VED in order to achieve significant (full) melting of the excessive metal powder. This
result was also expected since the powder is less heat-conductive compared to the solidified
metal, leading to reduced heat dissipation to the surrounding and previous layers. This
phenomenon leads to the powder surface temperature reaching high elevated levels, as can
be seen in the following Figure 5.

Normalised temperature
1 scale 1.0

Y (mm)

Figure 5. The layer surface temperatures of sample no. 2 corresponding to Table 1 fused by using the
same input parameters with different LT values.

With the presence of this scenario, any increase in the VED will lead to overheating,
keyhole formation, and more reduction in the part’s density as can be seen in the following
samples processed with 90 um LT, 26.3 and 32.9 ] /mm?3, respectively. On the other hand, the
lower VED level results in a lack of fusion and reduced density as can be seen in Figure 4
with the sample processed with 18 J/mm3. The following Figure 6 shows optical image of
a process-induced keyhole and an electronic (SEM) image of an unmelted-powder-induced
porosity as examples of the aforementioned scenarios. No similar defects were observed
when fusing the same LT of 90 ym with a VED of 22.4J/ mm?3, indicating a sufficient amount
of melting and heat dissipation to the previously built layer.

Un-melted induced
pores

Figure 6. (left) Optical micrograph showing the keyhole formed due to the high VED level, and
(right) SEM image showing the lack of fusion defect. Both images are of samples built with 90 um LT.
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EHT = 20.00K1 Signal A = ST

3.2. Surface Profile

The surface profile investigations revealed the effect of increasing the powder layer
thickness on the resulting surface roughness. The following Figure 7 shows the SEM and
3D optical microscopic images of the produced samples. The figures show the stair steps
caused by fusing the consecutive build layers and the sintered powder particles. The results
agree well with those reported in the literature [34-38], as can also be seen in the following
Table 3 which lists the most important technical and scientific terms describing the surface
profile. Those terms are as follows:

e  The average surface roughness (Sa), which expresses the mean of the absolute values
of the surface profile above and below the mean plane within the captured area.

e  (Sz), which expresses the average of the height difference of the five highest peaks and
the five lowest valleys.

Date: 3 Now 2023

WD = 5,80 mim Phofo o, = 0240 Time: 124621

EHT = 20.00KV Signal A = SE1

Date: 3 Now 2023

WD =831 mm Phofo o, = 0351 Time: 131149

(b) LT =60 um

() LT =90 pm

Figure 7. SEM micrographs of the produced samples surface morphology.

As listed in Table 1, the input processing parameters for sample no. 2 are the same
but differ in the resulting VED due to the different build layer thickness. The increased
layer thickness resulted in a significant saving in the volumetric energy density and limited
effects on the sample’s density and surface finish. The degradation in the surface quality
is cause by the increased layer thickness producing more waves on the surface and an
increase in the difference between the peaks and valleys.
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Table 3. Surface profile values for sample no. 2 produced with different layer thicknesses.

S S

3 s ) a z

LT (um) VED (J/mm>) R. Density (%) (um) (um)
30 60.60 99.45 5.04 61.34
60 30.30 99.21 6.93 74.06
90 20.20 99.02 7.13 79.41

3.3. Energy-Dispersive X-ray (EDX)

Limited reduction in the Ni content was obtained in the produced samples with
the increase in the build layer thickness; see Table 4. Several studies reported similar
results and explained the reduction in nickel by the increased temperatures associated with
the increase in LT, as seen in Figure 5 [39-46]. The lower boiling temperature of nickel
compared to titanium enhances the nickel loss at this level of layer surface temperatures.
The EDX spectrum in Figure 8 below does not show a significant difference between the
tested samples.

Table 4. The chemical composition of the NiTi samples produced by using different build

layer thickness.
Elemental Build Layer Thickness (um)
(wt.%) 30 60 90
Ti 44.58 45.08 45.14
Ni 55.42 54.92 54.86
30 um
60 um
— 90 pm
g
o]
v
499 999 149

keV

Figure 8. The EDX results of the samples of the three different LTs.
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3.4. Differential Scanning Calorimetry (DSC)

The phase transformation temperatures, heat flow, and enthalpies of the produced
samples were obtained and compared to those of the raw powder material by using the
TA Discovery DSC2500 analyser. The test samples and the raw powder material exhibited
austenitic microstructures at room temperature with a noticeable increase in enthalpies
and peak temperatures with the increase in the build layer thickness; Figure 9 and Table 5.
Moreover, a noticeable increase in the Austenite Finish (Af) phase transformation tempera-
tures was noted with the increase in the layer thickness; see Figure 9b (LT = 30 and 90 pm).
This is due to the loss of Ni which is validated by the EDX results in the previous section.

0.30

0.25 -
0204 Exothermic
. 015 Cooling
&D i M == ——
E 0104
= ]
S 0054
c . .
< 1 Martensite Austenite
S 0.00
jas) ]
-0.05 -
-0.10 4 e —
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Figure 9. The phase transformation temperatures of the (a) raw powder and (b) produced sample materials.

The enthalpy values refer to the amount of heat absorbed (endothermic) or released
(exothermic) by a substance as it undergoes a physical or chemical change while the
temperature is varied. These values are often represented as peaks or ramps on the DSC plot.
Enthalpy can be affected by several factors including the layer thickness and any post-
heat treatment. The individual samples exhibited limited variation in the enthalpy values,
indicating a similar amount of energy was absorbed and released during the transformation
from martensite to austenite (M-A) and austenite to martensite (A-M); Table 5. Similar
results were reported in the literature [47-49]. When comparing the enthalpies of the
different samples, it was noted that the increased layer thickness leads to reduction in
the enthalpies in both the M-A and A-M phase transformations. The increase in the layer
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surface temperature (Figure 5) generated a relatively high thermal gradient. Thus, the
produced samples undergo different thermal gradient and structure changes until reaching
a stabilised crystalised structure and chemical composition. The reduction in enthalpy
indicates that the material has already undergone the major structural rearrangements.

Table 5. The enthalpies and peak temperatures of the produced NiTi samples during cooling and
heating (DSC) cycles.

Cooling Cycle Heating Cycle
Sample Type
Peak (°C) Enthalpy (J/g) Peak (°C) Enthalpy (J/g)
Powder 1 16.7 8 16.8
30 um —67.0 14.0 -30.1 13.9
60 pm —61.5 15.1 —24.7 15.1
90 um —38.6 15.9 —8.2 16.0

Other significant factors that affect the enthalpy values in additively manufactured
parts are the part quality and porosity content. Thicker layers produce more porosity and
defects within the AM part. These variations in print quality could impact the enthalpy
changes and heat transfer observed during DSC testing.

3.5. Nano-Indentation and Microhardness

The reduced modulus of elasticity (Er) and hardness values were obtained in the build
direction by using the nano-indentation method as shown in the sketch in Figure 3. The
measured values agree well with those reported in the literature with a noticeable increase
associated with the increase in the powder layer thickness; see Figure 10. This increase
is also related to the increase in the layer surface temperature, which in turn creates a
high temperature gradient leaving residual thermal stresses. An elastic modulus range
of 40 to 70 GPa was measured for all the tested samples, as can be seen in Figure 10a,b.
The samples printed with 30-micron LT showed reduced Er values both at the lower
and upper layers; Figure 10b. This result can be caused by the thermal residual stresses
generated at these regions due to the higher thermal gradient and heat dissipation to
the cold surrounding material compared to the middle region where there is a sufficient
amount of bulk material capable of absorbing heat and reducing the cooling rate. Moreover,
for the middle region, fusing the following layers contributes to releasing some of these
stresses. Stresses, in general, contribute to shifting the parent austenite phase towards the
softer and lower-Er-value martensite phase [50,51].

10,000 1
—30um
8000 - ——60um
—— 90 um /

o d

Z ] 1

Z, 6000 ;

= f

] I

g il

4000 :

— ! | Slope = Er= 2
! Slope=Er=27
¥

2000 s
1
O T ¥ T T ¥ 1
0 100 200 300 400

Depth (nm)
(a)

Figure 10. Cont.
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Figure 10. Nano-indentation results showing the reduced elastic modulus (a) measured at a single
indent, (b) measured through the entire build layers, and (c) the nano-hardness measured on the test
samples of different layer thicknesses.

The results suggest a post-process heat treatment is a significant option for consistency
in the stress release and mechanical properties.

3.6. Microstructure Analysis

The optical micrographs obtained by using Keyence VHX2000, from Keyence Ltd.,
Northampton, UK, for all the test samples showed elongated austenitic grains, as can be seen
in Figure 11 below. The figures revealed an austenitic microstructure at room temperature,
agreeing with the results suggested by the DSC test. The figures show the trapped gas
induced porosity, which increased relatively with increasing the LT in addition to a consistent
granular structure and size with elongated grains always in the z-build direction. The similar
grain size indicates that there is no significant effect observed when increasing the LT on the
microstructure within the range of energy used to produce sample no. 2.
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(c) LT=90 um

Figure 11. Optical micrographs taken in the z-plane build direction showing the large austenite grains.

3.7. Cyclic Compression Testing

A Zwick 50 kN compression testing CNC machine was used to carry out this test
in multiple loading—unloading cycles (5 to 10 cycles) for up to 8% maximum strain. The
general trend of the samples’ performance was also very close and comparative, indicating
the consistent mechanical properties of the different samples. In more detail, the parts
produced with 60- and 90-micron layer thicknesses showed some increase in the com-
pression stress with perfectly repeated cycles and no strain or work hardening during the
loading and unloading cycles; see Figure 12a. In contrast, the parts printed by using the
30-micron layer thickness exhibit a work hardening mechanism for the first five cycles
with an increased stress ratio of 3.8% between cycles 1 and 2, which then reduced to 0.8%
between cycles 4 and 5, as can be seen in Figure 12b. This performance is caused by the
relatively softer material of these samples as formerly mentioned and also explained by
Engels et al. [52] and Pharr et al. [53].
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Figure 12. (a) Loading—unloading compression testing of the produced samples, and (b) the first five
cycles of the 30-micron LT sample.

4. Conclusions

In this study, the general concept and the main features of designing a sustainable
additive manufacturing process were investigated. The most significant AM parts’ prop-
erties, including physical (surface quality and density), mechanical (elastic modulus and
microstructure), and chemical (phase formation and chemical composition), were obtained.
The results indicate that comparative and acceptable values of the previously mentioned
properties can still be achieved by applying high build layer thickness values and saving
build time, labour, and consumables. Moreover, this study opens the door for future
research which can be focused on specific applications and more detailed characterisation
like the biocompatibility of the produced AM implants and the effects of changing the
building parameters on the corrosion, wear resistance, superelasticity, and shape memory.

In this section, all the output measures explained in the previous sections are listed in
a dedicated table, Table 6, in addition to the charts shown in Figure 13 for a better visual
comparison and understanding of these results, their impact in additive manufacturing,
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and the total cost. The elastic modulus was measured and is listed here since it is a crucial
mechanical property that characterises the material’s ability to deform elastically and it is
important to compare these values for the different build conditions.

Table 6. The most important measures obtained for the three different LT values.

Input/Output Terms 30 pm 60 pm 90 pm
Build time (min) 125 63 42
Machine energy (kW) 36.46 18.38 12.25
Chiller energy (kW) 12.5 6.3 4.2
Pre-heat energy (kW) 12.08 6.09 4.06
Total energy consumption (kW) 61.04 30.77 20.51
Total inert gas consumption (1) 625 315 210
Relative density (%) 99.45 99.21 99.02
Nickel content (at.%) 55.42 54.92 54.86
Average surface roughness (1um) 5.04 6.93 7.13
Elastic modulus (GPa) 56.15%36 66.70+0-26 68.30%0:33

Build time (min)

| Build time (min)

M Machine energy consumption

B Chiller energy consumption (Optional)
[C] Pre-heat energy consumption (Optional)

Energy consumption (kW)

30 60 90 Layer thickness (um)

Figure 13. The time and energy consumed during the 3D printing of the nitinol samples.

As an output conclusion of this study, the following points can be addressed:

Build time. It can be noted that the increase in the layer thickness resulted in build
time savings of 50% and 66.4% when the LTs were 60 and 90 microns compared to
30 microns, respectively.

Energy consumption. The above time savings impacted the total energy consumption
by similar ratios with reductions from 61 kW to 30.7 and 20.5 kW when LT values of
60 and 90 microns with the optional features of a chiller and pre-heating element were
used, respectively. Reductions in the net machine energy consumption from 36.5 kW
to 18.4 and 12.25 kW could be obtained if no utility feature was employed.

Argon assist gas. Also, due to the build time savings, the gas consumption is expected
to be reduced from 625 litres to 315 or 210 litres for similar LT values.

On the other hand, the following were also found:

The measured outputs showed no reduction in AM part quality and very compara-
tive results.

The average surface roughness, for example, exhibits negligible differences in the sur-
face quality, indicating the same amount of post-processing and finishing is required
with no additional cost.
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e  The exact same microstructure and grain crystallisation were observed for the parts
produced with different layer thicknesses.

e Avery limited reduction in the parts’ relative density was obtained. This is expected
and well known in L-PBF technology. More optimisation efforts can improve the
parts’ density.

e  There was a noticeable increase in the parts’ modulus of elasticity and hardness as
a result of the increased thermal residual stresses accompanying the increase in the
layer thickness and layer build surface temperature. This is not a robust defect for
most mechanical parts compared to the amount of energy saving. In case the latter
result is of high importance, then a subsequent heat treatment must enhance the final
mechanical properties.
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