
The Effect of Powder Reuse on Electron Beam Melting for Biomedical
Implants

Downloaded from: https://research.chalmers.se, 2024-11-19 02:20 UTC

Citation for the original published paper (version of record):
Mundayadan Chandroth, A., Giraldo-Osorno, P., Nyborg, L. et al (2024). The Effect of Powder
Reuse on Electron Beam Melting for Biomedical Implants. Materials, 17(19).
http://dx.doi.org/10.3390/ma17194701

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Citation: Mundayadan Chandroth, A.;

Giraldo-Osorno, P.M.; Nyborg, L.;

Palmquist, A.; Cao, Y. The Effect of

Powder Reuse on Electron Beam

Melting for Biomedical Implants.

Materials 2024, 17, 4701. https://

doi.org/10.3390/ma17194701

Academic Editor: Halina Krawiec

Received: 14 August 2024

Revised: 11 September 2024

Accepted: 20 September 2024

Published: 25 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

The Effect of Powder Reuse on Electron Beam Melting for
Biomedical Implants
Akshay Mundayadan Chandroth 1,2 , Paula Milena Giraldo-Osorno 3, Lars Nyborg 1, Anders Palmquist 3

and Yu Cao 1,*

1 Department of Industrial and Materials Science, Chalmers University of Technology,
41296 Gothenburg, Sweden; akshay.chandroth@kuleuven.be (A.M.C.); lars.nyborg@chalmers.se (L.N.)

2 Department of Materials Engineering, KU Leuven, Kasteelpark Arenberg 44 bus 2450, 3001 Leuven, Belgium
3 Department of Biomaterials, University of Gothenburg, 41346 Gothenburg, Sweden;

paula.giraldo@biomaterials.gu.se (P.M.G.-O.); anders.palmquist@biomaterials.gu.se (A.P.)
* Correspondence: yu.cao@chalmers.se

Abstract: The ability of additive manufacturing to generate intricate structures has led to its popularity
and widespread use in a variety of applications, ranging from the production of biomedical implants
to aircraft components. Additive manufacturing techniques can overcome the limitations of the
traditional manufacturing methods to create complex near-net-form structures. A vast array of clinical
applications effectively employ Ti-6Al-4V as a biomaterial. The evolution of additive manufacturing
has accelerated the development of patient-specific implants. The surface characteristics play a critical
role in tissue healing and adaptation to implants. The present research set out to examine the effects
of powder recycling with respect to the powder itself and the surface properties resulting from the
electron beam melting (EBM) of the implant material. The printed implants, as well as the powder
samples, underwent morphological, surface chemistry, and microstructure analyses. The in vitro
cytotoxicity was evaluated with THP-1 macrophages. The overall microstructure of the implant
samples showed little variation in terms of powder recycling based on the results. Higher oxygen
levels were found in the solid and lattice sections of those implants manufactured with batches of
recycled powder, along with marginally better cell viability. This emphasizes how crucial powder
quality is to the process of additive manufacturing.

Keywords: additive manufacturing; Ti-6Al-4V; microstructure; bone implants; powder recycling

1. Introduction

Additive manufacturing (AM), especially powder-based technology, makes the fab-
rication of complexly shaped metal implants possible. It is quickly becoming a standard
production method for biomedical applications. To continually improve the fabrication
process and produce the greatest components, several parameters like implant chemistry
and morphology must be considered [1,2].

One of the most popular AM methods for producing metal implants is electron beam
melting (EBM), which is being clinically used in a wide range of anatomical locations to
replace anatomical parts and restore musculoskeletal functions [3]. Due to its effectiveness,
it is capable of printing complex thin structures and could rapidly fabricate complex
components. EBM-related research has been receiving a great deal of attention in recent
times. In this manufacturing process, complicated shapes are produced based on the
stereolithographic (STL) input of the design via the layer-by-layer fusion of metal powders
using an electron beam. Due to the use of high-intensity electron beams, the lead times of
this AM technique can be greatly shortened when compared to the laser-based approach.

Ti-6Al-4V is the most widely used titanium alloy for biomedical implants. The alloy’s
superior corrosion resistance and strength to weight ratio and a similar elastic modulus
to human bone make it an appropriate choice for developing implants [4]. The preclinical
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evaluation of the Ti-6Al-4V implants produced by EBM shows high potential, where the
as-produced surface enables bone growth and maturation [3]. It is widely known that
surface topography and surface oxide are important for bone healing around implants, and
continuous work in altering the as-EBM surface structure is currently ongoing to further
boost bone healing [5,6]. One of the technologies to alter the implant surface could be
micro-alloying, where a tailored surface composition could be obtained that improves the
bone anchorage [5].

In previous investigations, the powder reuse times were evidently shown to influence
the tensile properties of the EBM-printed Ti-6Al-4V in a beneficial way due to the increase in
oxygen content [7]. However, for biomedical applications, there is a great lack of knowledge
on the surface characteristics, net structure, and design of the implants, as well as the effect
of powder reuse in most preclinical and clinical studies. The current study aimed to
characterize the effect of powder reuse both in terms of changes in the powder and the
built parts, with an emphasis on the microstructure, chemistry, porous lattice structure, and
surface characteristics, as well as cell cytotoxicity.

2. Materials and Methods
2.1. Materials and Building Conditions

Commercial Ti-6Al-4V powder with an average particle size of approximately 50 µm
produced by plasma atomization was used in this investigation. A standard build protocol
was used. Acetabular cups and rod-shaped samples were built by a GE Additive Q10 plus
system (Arcam AB, Gothenburg, Sweden) using both virgin and recycled powders. Prior to
each run, non-used powders were collected, sieved, and then reused for the subsequent run.
Powder samples in the state of virgin and 5-time recycling, together with corresponding
built samples, were characterized.

2.2. Sample Preparation

For surface characterization, powders were pressed slightly on a thin pure copper
sheet, while the scaffold samples were cut into small pieces at different distances from
the build plate. The samples for cell cultures were cut from the printed rod into pieces
suitable for a 12-well plate prior to sterilization in ethanol. For microstructural analyses,
powders and pieces from the solid and lattice regions of the scaffold were mounted with
Polyfast and then ground with 1200 SiC grit paper, followed by fine polishing using an
OP-S solution (90% OP-S and 10% H2O2). After being cleaned in an ultrasonic bath for 20
to 25 min using isopropanol and ethanol, the polished samples were etched with Kroll’s
reagent (1–2% HF + 3% HNO3 + H2O).

2.3. Powder Characterization

The surface morphology and microstructural aspects of powders were examined by
scanning electron microscopy (SEM) using a Ziess Leo Gemini FEG-SEM (Zeiss, Oberkochen,
Germany) operating at 10 kV with an aperture size of 30 µm. The size distribution of the
powders (PSD) was statistically analyzed by ImageJ software V 1.53 from ~1000 different
powder particles on the SEM images. An Oxford X-mas EDS detector (Oxford Instruments,
Oxford, UK) connected to the SEM was used to analyze the chemical composition of ten
different powder particles at an acceleration voltage of 10 kV at a fixed working distance of
8.5 mm with an aperture size of 60 µm.

2.4. Scaffold Characterization

Internal porosity and defects were evaluated using a Zeiss Axioscope 7 light optical
microscope (Zeiss, Oberkochen, Germany). The integration function provided by Zeiss Zen
Core 2.7 software was used to stitch the images to obtain a large field of view. The relative
density of the printed samples was averaged from 12 stitched images with a magnification
of 500×. The microstructure was evaluated by SEM after etching.
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Surface chemistry was analyzed by X-ray photoelectron spectroscopy (XPS) on the
solid region and the porous lattice region of the sample using a PHI 5000 VersaProbe III
(Physical Electronics, Chanhassen, MN, USA) equipped with a monochromated Al Kα

X-ray source with an energy of 1486.6 eV using X-ray beam size of 100 µm and take-off
angle of 45◦. A survey scan was conducted in the binding energy range of 0–1100 eV. To
determine element distribution in depth, alternating XPS measurements were conducted
covering Ti 2p, Al 2p, V 2p3/2, C1s, O1s, and N1s, and argon ions sputtering with a raster
size of 2 × 2 mm and an ion beam voltage of 2 kV. The etch rate calibrated by Ta2O5/Ta
with known oxide thickness was 52 Å/min. The oxide thickness was defined as the depth
when the intensity of oxygen decreased by half.

2.5. In Vitro Characterization
2.5.1. THP-1 Cell Expansion and Differentiation

THP-1 human monocytic cell line THP-1 (ATCC TIB-202, Manassas, VA, USA) was
grown in Roswell Park Memorial Institute 1640 medium (RPMI) supplemented with 10%
fetal bovine serum, 0.5% β-mercaptoethanol (Sigma Aldrich, Munich, Germany) and 1%
penicillin/streptomycin solution (Gibco Life Technologies, Carlsbad, CA, USA). The cells
were grown in 75 cm2 culture flasks at 37 ◦C in a humidified incubator with 5% CO2. Cells
in passage 4 were used, and the RPMI medium was refreshed every two days. To induce
macrophage differentiation, THP-1 monocytes were stimulated with 10 ng/mL phorbol-12-
myristate-13-acetate (PMA, Sigma Aldrich, Munich, Germany) for 48 h, followed by 24 h of
resting time in fresh RPMI without PMA.

2.5.2. THP-1 Macrophage Seeding

Macrophages were detached using trypsin (Gibco Life Technologies, WA, USA), and
250,000 cells were drop-seeded onto the surface of each material in Nunc 12-well plates
(Thermo Fisher Scientific, Roskilde, Denmark). After 1 h of direct cell contact, each well
was completed with 3 mL RPMI media and left for 24 h culture.

2.5.3. Cell Adhesion and Viability

The number of viable adhered cells on the surface was quantified using a NucleoCounter®

NC-200TM system (ChemoMetec A/S, Lillerød, Denmark) following the manufacturer’s in-
structions. In brief, to quantify the total number of cells adhered, 250µL of the NucleoCounter®

lysis buffer and 250 µL of the stabilization buffer were added directly to the disks and subse-
quently loaded into a Nucleocassette™ (ChemoMetec A/S, Lillerød, Denmark).

To further assess cytotoxicity, the enzymatic activity of cytosolic lactate dehydrogenase
(LDH) released into the cell culture supernatants was measured using the CyQUANT-™
LDH Cytotoxicity Assay (Thermo Fisher Scientific, Roskilde, Denmark) following the
manufacturer’s protocol. In brief, after 24 h of direct contact with the materials, 50 µL of
supernatant from each sample was plated in Nunc 96-well plates (Thermo Fisher Scientific,
Roskilde, Denmark), and 50 µL of substrate from the LDH assay kit was added to each
well. Absorbance was read at 490 nm every 1 min for 30 min using a FLUOstar Omega
Microplate reader (BMG LABTECH, Ortenberg, Germany).

2.5.4. Cell Attachment and Morphology

To evaluate the impact of recycling on cell morphology and adherence, macrophages
that had adhered to both virgin and recycled materials for 24 h, as previously described,
were fixed for 15 min using a 4% formaldehyde solution (HistoLab AB, Askim, Sweden),
followed by two washes with PBS. Subsequently, the cells adhered to the materials were
stained with phalloidin (ActinRed™ 555 ReadyProbes™ Reagent, Rhodamine phalloidin,
Invitrogen, Waltham, MA, USA), which selectively binds to F-actin and serves as a marker
for total adhered cells. Nuclei were stained with DAPI (Ibidi, Fitchburg, WI, USA) in
preparation for imaging using a Nikon C2+ confocal laser-scanning microscope (CLSM;
Nikon, Tokyo, Japan).
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3. Results
3.1. Powder Samples

The virgin powder was presented with a smooth surface and high sphericity with only
minor small satellite particles (insert in Figure 1a). Clear dendritic features can be observed
on the powder surface, which are evident from the branched pattern. The recycled powder,
on the other hand, showed a rougher and sometimes deformed and chipped surface
structure without dendrite (insert in Figure 1c).
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Figure 1. Images portraying the surface morphology and microstructure of the virgin powder (a) and
(b) 5 times-recycled powder; (c) PSD of virgin powder (d) and 5-times-recycled powder.

A rather homogenous microstructure dominated by needle-like acicular martensite
ranging in size from 2 to 40 µm was revealed for the virgin powder, while a mixed mi-
crostructure was found after recycling (Figures 1a and 1c). In addition to the needle-like
acicular martensite phase, it encompassed bright white particulate that was identified
as β phases by EDS analysis. Furthermore, bulge-like structures, expected to be an α

phase, were also observed [8,9]. The recycling broadened the powder size distribution
(Figure 1b,d) toward a larger size. However, the particles were still mainly in the range of
40–100 µm.

To examine the composition of the powders in the bulk and at the surface, EDS analysis
was performed on both cross-sections, which provided the information of the bulk, and on
the surface of the particles, which was more surface-related. As shown in Table 1, oxygen
could be detected by EDX. Notice that EDS faces challenges when it comes to quantifying
light elements such as oxygen. It has been well known that oxygen has a high solubility
in Ti. This may cause oxygen to dissolve in the extreme surface region. Together with
possible surface oxidation during sample preparation, a higher oxygen content is observed
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compared to the nominal composition. However, the values in the table still provide
indicative information. An increase in the oxygen content was observed for the recycled
powder both at the surface and in the bulk. Another observation was that the surface had
higher Al but lower V content for both the virgin and recycled powders.

Table 1. Powder chemical composition wt-% (bulk and surface of the powder; ETH 10 kV; WD = 8.5 mm).

Powder/Region Ti Al V O

Virgin/Bulk 87.67 ± 0.52 5.97 ± 0.19 3.87 ± 0.36 2.19 ± 0.20
Virgin/Surface 86.95 ± 0.63 6.45 ± 0.20 3.63 ± 0.28 2.64 ± 0.50
5 times/Bulk 87.21 ± 0.96 5.6 ± 0.21 3.85 ± 0.63 2.62 ± 1.1

5 times/Surface 86.37± 1.51 6.72 ± 0.54 3.14 ± 0.48 3.4 ± 1.13

3.2. Scaffold Samples
3.2.1. Microstructure and Elemental Composition

The built scaffold sample and corresponding microstructure are shown in Figure 2.
Although the virgin and recycled powder particles used as feedstock differed from one
another to a certain extent, there was no significant influence on the evolved microstruc-
tures. The samples fabricated with these two powders had similar microstructures and
demonstrated similar trends in microstructural variation with respect to the building height.

A typical microstructure observed in the EBM Ti-6Al-4V is provided in Figure 2b.
Aside from the large needle-shaped irregularly oriented martensite, as marked in the figure,
colony and basketweave microstructures consisting of alpha (α) and beta (β) phases were
observed. The bright features were β phases spread in a dark α phase matrix [10]. These
two phases tended to obey Burger’s orientation relationship [8,11]. Another prevalent
phase found throughout the microstructure was a huge black phase recognized as α from
the compositional analysis. It was marked as the α bulge in Figure 2b [12]. In addition, the
prior β grain boundary [8,13] was also observed. In all the samples, a distinct nanosized
feature was observed in the α phase matrix (Figure 2c). It was reported to be Ti3Al
precipitates from the previous studies [12,14]. However, its bright contrast in the BSE image
(Figure 2c) suggested the enrichment of elements with larger atomic numbers. This led to
the possibility that these nanoparticles could be β precipitates, which are enriched by V
with a larger atomic number. But, further analysis is required in the future.

The observed microstructure is building-height-dependent. A clear difference was
observed at different locations. Figure 2e,g provide the microstructure at the solid region
near the build plate. Figure 2d,f provide the microstructure at the lattice region away
from the build plate. Higher fractions of martensitic needles and grain refinement were
found at the location far from the build plate (Figure 2d,f). This observed heterogeneous
microstructure is caused by the complicated thermal behavior of the manufacturing process.
However, the fraction of martensite is small in general.

The EDS examination of the various phases within the microstructure of the virgin and
five-times-recycled implants (Table 2) discloses the presence of elements like Ti, Al, and V,
which is comparable to the nominal composition of the alloy [15]. From the analysis, it was
found that the α phase was aluminum-enriched and the β phase was vanadium-enriched.
It should be noted that there were no considerable differences in the chemical composition
of the phases in the solid and lattice microstructures with powder recycling.

Table 2. Implant chemical composition wt-% (solid region of the AM samples; ETH 10 kV; WD = 8.5 mm).

Sample/Phase Ti Al V O

Virgin/α phase 88.88 ± 1.07 5.55 ± 0.56 3.39 ± 1.43 2.08 ± 0.31
Virgin/β phase 74.91 ± 8.10 2.89 ± 1.22 17.99 ± 8.33 1.5 ± 0.78
5 time/α phase 86.71 ± 5.39 5.89 ± 1.04 4.85 ± 5.63 1.94 ± 0.27
5 time/β phase 72.51 ± 5.50 2.74 ± 1.22 19.76 ± 6.11 1.76 ± 1.11
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Figure 2. (a) Model of AM-built sample portraying the solid and lattice regions of the sample;
(b) typical microstructure (SE image) of virgin AM sample showing different features; (c) TLD
(Through the Lens Detector) (right) and BSE (Backscattered Electron) (left) images of 5-times-recycled
AM samples; (d,e) microstructure (SE images) of AM samples using virgin powders at different
locations; (f,g) microstructure (SE images) of AM samples using 5-times-recycled powder at different
locations. The building direction is marked in the figure, and (e,g) are near the build plate.

3.2.2. Porosity

Typical EBM defects, such as a lack of fusion and gas porosities, were revealed in the
AM samples using virgin and 5-times-recycled (Figure 3a,b) powders. The sizes of the
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porosities ranged between 2 and 80 µm. Figure 3c displays the porosity percentages at
different locations. For both the AM samples manufactured using the virgin and 5-times-
recycled powders, there was a clear increase in porosity with increasing build height due
to the intricate thermal gradient.
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Figure 3. Images portraying (a) gas porosity (SE image), (b) lack of fusion defects (SE image), and
(c) graphical representation of porosity percentage variation with respect to variation in build height
and powder recycle number.

At the region further from the build plate, the porosity value of the AM sample
produced using recycled powder demonstrated an obvious increment compared to the one
using the virgin powder. However, the difference was small close to the build plate. It
should be mentioned that small pores were skipped in the porosity evaluation due to the
resolution limitation (under 500 magnification).

3.2.3. Surface Chemistry of the Solid and Lattice Regions of the Implant Samples

The presence of elements such as Ti, V, Al, O, C, Ca, and N was disclosed by the XPS
survey spectrum at the surface of both the solid and lattice regions (see Figure 2a for the
analysis location) of the implants (Figure 4a). In addition to the peaks from these elements,
an Fe2p core level with a low intensity was also detected in both the lattice and solid regions
of the samples manufactured using the virgin powder. However, it was less clear for the
sample manufactured using the recycled powder. This might be due to the increased peak
intensity of C, which is typical surface contamination. The presence of C attenuates the
photoelectrons from Fe2p, thus suppressing the detection of Fe in the recycled powders.

As shown in a typical depth profile in Figure 4b, the concentration of Ti dramatically
increases towards the interior regions of the solid and lattice regions of the implant samples
irrespective of the feedstock. A similar pattern was observed in the concentration levels
of Al and V; even so, the concentration of V increased in a negligible manner. This was
consistent with the high concentrations of O and C at the surface. Carbon was adventitious.
The variation in the O concentration with respect to the depth or etch time is noteworthy.
It was higher at the surface and declined afterwards, indicating the existence of oxide at
the surface in all the cases. For comparison purposes, the oxide thickness was defined as
the depth when the oxygen intensity (O1s) was reduced by half. The results are provided
in Figure 4d. For the lattice region, using the recycled powder slightly increased the
oxide thickness on the manufactured part from 38 to 40.5 nm compared to the virgin
powder. Surprisingly, for the solid region, there was a clear rise in the oxide thickness in
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the sample fabricated using the 5-times-recycled powder, as revealed in Figure 4d. This
might reflect uneven oxide thickness, i.e., varied oxide layer thickness at different locations
of the samples. Nevertheless, when the recycled powders were used, the experimental
observation above implied a general increased oxide thickness, at least locally.
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Figure 4. Graphs portraying the (a) survey spectra of all the solid and lattice samples; (b) depth
profiles of 5-times-recycled AM lattice samples; (c) cation depth profiles of 5-times-recycled AM
lattice samples; (d) oxide thickness of solid and lattice regions in virgin and 5-times-recycled Am
samples. The etch rate calibrated by Ta2O5/Ta with known oxide thickness was 52 Å/min.

To clarify the possible surface segregation of the elements of interest, the cation depth
profile was calculated, as shown in Figure 4c. Here, only Ti, Al, and V were included in the
quantification. For both the solid and lattice regions from the samples prepared using the
virgin and five-times-recycled powders, the enrichment of Al at the surface was observed
from the cation depth profile owing to the strong affinity of Al with oxygen. This was in
accordance with the EDX results in Table 1, where the Al concentration was discovered to
be decreasing in the inner region.

3.2.4. THP-1 Macrophage Viability and Adhesion

The release of intracellular LDH into the culture medium was quantified to assess the
cell death attributed to membrane damage resulting from direct contact with the materials.
The LDH release concentration for both virgin and recycled was lower than 15 mU/mL per
1 × 105 cells, indicating good biocompatibility. Neither material showed signs of membrane
damage (Figure 5a), although a significantly lower value for the recycled powder was
observed. Moreover, there was no statistically significant difference in the number of viable
cells adhering to both virgin and recycled (Figure 5b).
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Figure 5. (a) LDH activity after 24 h of direct contact; (b) number of viable THP-1 macrophages
adhered to the surfaces; cell adhesion, cell nuclei stained with DAPI (blue), and F-actin stained
with ActinRed (red) imaged by confocal laser scanning microscopy 24 h after seeding into (c) virgin;
(d) recycled. Data represent the means from three independent experiments (n = 3; ±SD) with
duplicate samples. * p ≤ 0.01 using t-test. Scale bar = 50 µm.

To evaluate whether the materials had any impact on the morphology of the adhered
macrophages, the cells were stained to visualize their nuclei and F-actin filaments. No visi-
ble differences were observed between the groups after a 24 h interaction, suggesting that
the materials do not influence cell adhesion. Across all the groups, the cells were observed
to spread homogenously along the material surfaces. The most prevalent morphology
consisted of small rounded cells (Figure 5c,d).

4. Discussion

From the surface morphological studies of the feedstock, it is evident that the powders
underwent severe surface deterioration as a result of the thermal degradation and repeated
recycling process [16], which can cause rough patches and chipping on the powder surface.
The lack of a satellite can be attributed to the blasting and sieving in the recycling process,
which breaks down the nanoscale agglomerates [9,16]. The powder shapes have also
been observed to vary. The sphericity of powders is critical in determining the powder
layer thickness and uniformity, thus possibly affecting the build quality and density of
the implant samples. This could be observed from the varied porosity percentages in
the recycled and virgin AM samples (Figure 1c,d). Particle size distribution (PSD) is a
crucial component that can dramatically change the porosity percentage and dimensions
of the evolved pores. It affects the powder layer thickness, likely resulting in imperfect
melting and the establishment of process-induced gas porosities, which were observed in
the recycled powder batches [9,17].

The variation in the microstructure is an interesting observation to be noted in the
virgin and recycled powder samples. Due to the sudden rapid quenching of the atomized
drops in the molten state by the flow of gas during the Gas Atomization process, a higher
martensitic fraction and inner porosities are visible in the virgin powder [9]. The presence
of various α and β phases in the recycled powder samples is attributed to the complicated
thermal history of the powder samples. The recycling process can also tailor the surface
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elemental composition of the powder. Although it is complicated to quantify light elements
like oxygen by EDX [18], the observed increase in the O concentration could be attributed to
an effect of recycling. The higher concentration of Al observed on the powder surface is an
interesting finding in this study. Aluminum has a high oxygen affinity and tends to migrate
from the interior to the surface of the powder to form Al2O3 [19]. This could explain the
difference in the aluminum content at the surface versus the lower concentration at the
interior, as observed with EDS in Table 1. The existence of the evaporation of the aluminum
from the powder samples during the repetitive melting and recycling process is confirmed
by previous studies [19,20]. This occurs in a fairly shallow region, and further XPS analysis
on the powder surface is essential for validation.

The microstructures of the AM samples fabricated using both powder batches show
trivial variations with each other. Features like martensite, α, and β phases are exhibited.
Burger’s orientation relationship is also noticed in the martensitic needles found in the
microstructure [9,21]. The microstructure of the starting powder has minimal effects on the
final microstructure of the printed parts. This can be viewed as a positive effect, implying
minimal variation in the microstructure-dependent mechanical properties of the implants
with respect to powder recycling. Thus, from a sustainable point of view, powder recycling
can be beneficial. However, variations can be observed in the microstructures of the parts
depending on the building height due to the varied cooling rates and scanning strategies
at the region far from the build plate. Although more martensite is observed at the top of
the builds, in general, the fraction of martensite is small. The existence of martensite may
affect the fatigue performance negatively. Nevertheless, post-processing such as HIP could
be employed to remove the localized fraction of martensite. The porosity percentage of
the samples is also observed to exhibit a variation based on the difference in build height.
These defects are typically the consequence of process anomalies such as elevated beam
temperature and trapped gases during the laser-based fusion of powders, and they can
usually be minimized by tailoring the process parameters [22,23].

From the surface chemical analysis of the implant samples, C and Ca were observed,
and they are supposed to be contaminants existing on the implant surfaces [20,24] as the
intensity of these peaks declined instantaneously by Ar+ ion sputtering. Repeated recycling
causes an increase in the O concentration in the powder, as observed with EDS. In general,
the oxide thickness is higher when using recycled powder, at least locally (Figure 4d). This
is consistent with the findings of other researchers [25,26]. It has been reported that an
increase in the O concentration in the feedstock material results in a similar increment of
oxide thickness at a nanometric level in the implant samples. As a consequence, the bone
response to implants is enhanced [27,28]. The cell viability, as judged by LDH, showed
a significant improvement with the increased oxide thickness without altering the cell
attachment and morphology. In the present study, we evaluated the early interaction by
inflammatory cells, which are crucial for the communication of subsequent healing events.
Further studies using more sophisticated co-culture models, including the communication
between the inflammatory cells and regenerative cells, are needed to understand the exact
mechanisms of the role of surface oxide.

In previous studies, the mechanical properties of the EBM-printed Ti-6Al-4V were
investigated [29,30]. It was found that the implants printed with reused powder have a
lower fatigue life (~104–106 cycles) than the required standards for biomedical implants
(~105–107 cycles) due to the increase in the surface oxide layer and higher fraction of defects.
However, simple post-processing techniques like Hot Isostatic Processing (HIP) could solve
this issue to a reliable extent. Considering the sustainability and economic aspects, the
other benefits of using reused powder for the EBM fabrication of implants far outweigh
this reduction in mechanical properties. Thus, this study shows that there is significant
potential for using reused powders to manufacture bioimplants, reducing the wastage of
valuable resources.
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5. Conclusions

The purpose of this study was to clarify the effect of powder recycling on the mi-
crostructural and chemical properties of powder samples and AM-manufactured parts.
The cell viability and adhesion were also evaluated. From the detailed assessments of the
feedstock and printed implant samples, the following conclusions were formulated.

1. The powder particles were distorted, and the surface quality was found to be degen-
erated after recycling.

2. The martensite percentage in the virgin powder was relatively high. After recycling
five times, the powder particles’ microstructure changed visibly. Various microstruc-
tural features, like α bulges, a large α phase, and β phases, were discovered in the
five-times-recycled powders. Also, the EDS results indicate that the surface area had a
greater concentration of Al than the interior region of the powder. The O concentration
seemed to be higher with powder recycling.

3. Apart from the conventional Ti-6Al-4V phases, unconventional α bulges, large patches,
and β nanoparticles were revealed in the microstructure. In addition, the bottom and
top sections along the building direction of the AM specimens differed to a certain
extent. However, there is a trivial variation with respect to powder recycling.

4. The porosity evaluations uncovered the presence of classic EBM flaws, such as a lack
of fusion and gas porosities. All the implant samples exhibited a rise in the porosity
fractions as the build height rose.

5. The implant samples created with recycled powder showed a rise in oxide thickness
in both the solid and lattice regions, at least locally, attributed to the higher O concen-
tration observed in the recycled powder due to the repeated recycling process. This
seems to be beneficial for implant–tissue interaction. In addition, the enrichment in
the Al at the surface points out the possibility of the formation of aluminum oxides at
the surface.

6. The AM parts fabricated with virgin and recycled powders exhibited cell compatibility.
A slight improvement was demonstrated by the parts manufactured with recycled
powder due to the increase in surface oxide thickness.
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