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Additive manufacturing (AM) has shown promise to process parts for end-use applications, however stringent
requirements must be fulfilled in terms of reliability and predictability. The expensiveness of raw materials for
AM, especially for metal-based Powder Bed Fusion (PBF), brings about the need for a careful recycling of powder,
but the effect of powder reuse on both processing conditions and final part performance is still the focus of inten-
sive research in the open literature. Although ASTM F2924-14 specifies the virgin-to-used powder ratio to be
introduced to manufacture titanium-6aluminum-4vanadium (Ti-6Al1-4V) components by PBF, a deeper un-
derstanding of the effect of powder recycling on the mechanical properties of finished parts is expected to foster a
more efficient and safe reuse. The present contribution is therefore addressed to investigate the consequence of Ti-
6Al-4V powder recycling on the flowability, particle size distribution and morphology of the feedstock material as
well as on the density and tensile performance of built parts. In order to quantify the recyclability of powders, a
new “average usage time” (AUT) parameter is defined to account for both the real usage time of the powder and
the virgin-to-used powder mixing ratio. The new parameter, whose applicability can be readily extended to any
kind of feedstock powder, offers a significant contribution to achieve a more consistent and economical recycling

of raw materials for PBF processing.

Keywords: Laser-based powder bed fusion; Powder; Recycling; Ti6 Al4V; Mechanical properties.

1 Introduction

At present, powder bed fusion (PBF) is the most im-
portant additive manufacturing (AM) technique to pro-
duce metal parts [1]. Among the available metal powders
that can be used for PBF, Ti-6Al-4V plays a fundamental
role to build almost ready-to-use parts. In fact, this tita-
nium alloy benefits from its high mechanical properties-
to-specific mass ratio that makes it suitable for motor-
sport, aerospace and medical applications [2-4].

The increasing success of PBF in industry is fostered
by a continuous scientific research that is addressed to op-
timize the process parameters. A fine tuning of the pro-
cessing conditions is very important to maximize produ-
ctivity and, at the same time, to ensure the consistency of
the built parts and to improve their performance.

However, metallic powders for PBF can be very ex-
pensive, since they may cost up to 700 USD/kg. For
example, the cost of Nickel Alloy 718 powder for AM has
been recently estimated to be about 90 USD/kg. More-
over, only 3 to 5% of the powder that exits the dispenser
is actually used to build the part. Without recycling, the
real cost of the powder in the finished part rises therefore
to 3000 USD/kg [5]. Powder recycling becomes even
more imperative when Ti-6A1-4V powder is involved,
since Ti-6Al-4V feedstock for AM may cost up to 400
USD/kg. As a consequence, if loose particles are not reu-
sed, the cost of built parts is expected to be prohibitive,
thus obliterating the economical advantage of near-net-
shape manufacturing. Powder recycling is essential in or-
der to limit the final cost of PBF processing. Nonetheless,

recycling is not straightforward, since recovering opera-
tions and repeated consolidation processes during manu-
facturing are likely to engender chemical and morpholo-
gical changes in the reused particles and to alter the pro-
perties of the final workpieces [6]. According to ASTM
F2924-14 [7], the feedstock powder is indeed the most
important parameter that must be controlled during ma-
nufacturing in order to govern the performance of final
built parts. It is known in fact that the powder characte-
ristics, in terms of particle size and particles size distri-
bution, morphology, chemical and mineralogical compo-
sition, deeply influence the correct development of PBF
processing and the consequent properties of finished parts
[8].

Some contributions have already been published in
the literature concerning the reuse of feedstock powders
in PBF techniques. For example, Seyda et al. [9] investi-
gated the effect of possible aging phenomena in laser-
based powder bed fusion (L-PBF) of Ti-6Al-4V. Howe-
ver, only twelve recycling steps were considered. More-
over, the duration of each job was not specified and the
powder was exposed to atmospheric environment during
sieving operations. This approach was useful to define re-
peatable processing conditions. Nonetheless, if the real
industrial practice is considered, hundreds of recycling
steps are often performed, building processes may have
variable duration and sieving operations are conducted
under protective gas environment [9]. Tang et al. discus-
sed the effect of Ti-6Al-4V powder reuse in selective
electron beam melting. To this aim, Tang et al. processed
repeatedly the same powder, without any addition of vir-
gin supply. As a consequence, the powder was enough to
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complete just 21 jobs, whose time duration was not spe-
cified [10].

With respect to the available literature, the present
contribution is addressed to analyze the consequence of
Ti-6Al-4V powder recycling on the mechanical proper-
ties of L-PBF parts produced in an industrial-like setting.
In order to reproduce realistic industrial operations, more
than 100 recycling steps were completed, virgin powder
was added if required to complete the new job and all ma-
nipulation operations were performed in protective at-
mosphere. As a means to reveal the combined effect of
repeated powder reuse and virgin powder addition, a new
“average usage time” (4UT) parameter was introduced
that takes into account the real duration of powder han-
dling, rather than the number of recycling steps. Though
defined here for L-BPF, the new parameter can be readily
applied also to other processing methods thus offering a
significant contribution to the improvement of AM effi-
ciency and economical impact.

2 Materials and methods
2.1 Virgin powder

Commercial Ti-6Al-4V powder (EOS Titanium Ti64,
EOS GmbH, Germany) was used to perform the entire
experimental activity.

The powder morphology and cross-sectional
microstructure were observed in the field-free mode (se-
condary electron imaging) with a field emission gun scan-
ning electron microscope (FEGSEM, Nova NanoSEM
450, FEI Quanta, The Netherlands) equipped with an X-
ray energy dispersion spectroscopy system (X-EDS Bru-
ker QUANTAX-200, Germany) for chemical micro-ana-
lysis. As for the cross sectional investigation, powder par-
ticles were embedded in resin, then the Ti-6Al-4V
powder/resin pieces were cut and polished up to 0.25-um
diamond paste on a porous neoprene cloth. The polished
surface of the Ti-6Al-4V powder/resin pieces was treated
with the Keller’s reagent for about 10 seconds, in order to
show the internal microstructure of the powder grains.

X-ray diffraction (“XRD”, X pert PRO, PANalytical,
Almelo, Netherlands) was carried out in the 30-85° 20 an-
gular range by using the CuKa radiation (AKal = 1.5406
A, AKa2 = 1.5444 A); the scans were acquired with a step
size of 0.0167° 20 and counting time of 500 s. The di-
ffractograms were analyzed and fitted by means of the
Rietveld method in order to establish a first quantitative
estimation of the phase content.

The particle size distribution was analyzed with a la-
ser granulometer (Mastersizer 2000 Ver. 5.22, Malvern
Instruments Ltd., Malvern, UK) according to ASTM
B822-10[11]. The particle size analysis was conducted in
wet mode, using water as dispersing medium.

The flow rate of the powder was measured with the
Hall and Carney calibrated funnels according to ASTM
B213-17 [12] and to ASTM B964-16 [13], respectively.
In order to gain a deeper insight into the flow properties
of the powder, the flow function was obtained according
to ASTM D7891-15 [14]. For collecting the shear data to
describe the powder flowability, shear cell tests were per-
formed at different consolidation stresses (3, 6, 9, 15 MPa

respectively) by using the universal powder rheometer
FT4 (Freeman Technology, Malvern, UK).

Whenever possible, the tests were repeated on the vir-
gin powder and on the recycled powder at the end of the
recycling test, which corresponded to an AUT of 1750
hours as defined in the following section 2.2.

2.2 Powder recycling strategy and definition of the
average usage time, AUT

At the beginning of the experiment, the powder tank
was filled to its maximum capacity go. At the end of the
first job, all the unfused particles, including the loose
powder remaining in the build chamber and the overflow,
were removed from the L-PBF machine, thoroughly mi-
xed and sieved through a 80 pm sieve under inert gas con-
ditions. Then, the powder was weighted and its mass g
was compared to the mass required for the following job.
If the reused powder was enough, the new job was started.
The same procedure was applied to all subsequent jobs
until the mass of the residual powder became insufficient
to complete the following job. At that point, the tank was
filled again using the available reused powder and adding
some virgin powder to restore the maximum capacity go
of the powder tank. Due to the repeated recycling, the
usage time of the powder increased progressively, until
new virgin powder was added.

In order to account for the effect of both repeated
recycling and refilling, the average usage time, AUT, is
defined as follows.

e  For virgin powder, AUT is assumed to be 0.

e At the beginning of the experimental activity,
the tank is filled with virgin powder and there-
fore AUT(0) = 0. It is assumed that the initial
amount of powder loaded in the tank, that corre-
sponds to the maximum tank capacity qo, is
enough to complete the first job.

e At the end of the i-th job, whose duration is ¢
hours, if the residual powder ¢; in the tank is
sufficient to complete the following (i+1)-th job,
no virgin powder is added and the value for AUT
at the end of the i-th job, namely AUT(), is
calculated by adding ¢ to the previous value of
AUT, namely AUT(i-1), which had been deter-
mined at the end of the preceding (i-1)-th job. In
other words, AUT(i) is calculated according to
the expression

AUT()) = AUT(i — 1) + ¢; (1.a)

e  Otherwise, if the residual powder g; at the end of
the i-th job is not sufficient to complete the
following (i+1)-th job, a mass (go — ¢;) of virgin
powder is added to refill the tank and the value
for AUT is calculated according to a modified
rule of mixture:

AUT (D) = i [AUT (=1 +t;]+(d0=4:)'AUTqdq (1.b)

qo
where AUT 444 is the AUT of the added powder.
Since, as previously stated, AUT is assumed to

indexed on: http://www.scopus.com

191



April 2019, Vol. 19, No. 2

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

be 0 for virgin powder (and hence AUT 4 = 0),
the previous equation (1.b) can be simplified to
the expression:

AUT (D) = qi-[AUT;i—1)+ti] (1)
0

As gi < qo, AUT(i) calculated according to equation
(1.b”) is lower than AUT(i) calculated according to
equation (1.a), as expected due to the addition of new (vir-
gin) powder to the reused one.

In the present experiment, the recycling process was
repeated up to 100 times, corresponding to an AUT of
1750 hours, to simulate real industrial practice.

2.3 PBF parameters

An EOS M290 machine was operated by applying
standard process parameters for EOS Ti-6Al-4V powder
(EOS Parameter set: Ti64 Performance M291 1.10
[15]), as reported in Tab. 1.

Tab. 1 Recommended parameters for L-PBF processing
of Ti-6A1-4V powders

Parameter Value
Laser power 280 [W]
Scan speed 1200 [mm/s]
Layer thickness 30 [um]
Hatch distance 140 [um]

Specific positions within the build platform were nu-
mbered from 1 to 9 as shown in Fig. la.
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Fig. 1 Relative positions of the built parts within the bu-
ild platform (a) and geometry of the tensile specimens as
detailed in UNI-EN 6892-1 [16](b)

Each job included the production of complicated built
parts, coherently with ordinary industrial practice, as well
as the production of cubic specimens and tensile ones for
subsequent characterization. Cubes of 10 mm by side
were produced for the evaluation of density and for SEM
inspection of the cross-sectional microstructure. Cylindri-
cal specimens were manufactured for tensile tests accor-
ding to the geometry specified in UNI-EN ISO 6892-1
[16], as illustrated in Fig. 1b. The orientation of the tensile

specimens in the build chamber was always parallel to the
build platform.

For all built parts, stress relief heat treatment was per-
formed at 710°C for 2 hours, then the specimens were
cooled down slowly to 500°C and removed from the fur-
nace. Tensile specimens were machined in order to ex-
clude the potential effects of uneven surface finish.

2.4 Built parts characterization

The density of the cubic specimens was measured by
means of the Archimedes’ method. The same cubes were
cross-cut and polished to evaluate their microstructure
and chemical composition by SEM and X-EDS, respecti-
vely.

The XRD analysis and Rietveld fitting were repeated
on the cubic samples in order to verify any possible chan-
ges in phase composition that may be induced by L-PBF
processing and by stress relief heat treatment.

Tensile tests were performed with an Instron 5567 tes-
ting machine equipped with a 30 kN load cell and an In-
stron 2630 extensometer with a gauge length of 25 mm.
The accuracy for force measurement was £30 N, which
corresponded to a stress accuracy of £2.4 MPa for 4 mm
diameter specimens, while the accuracy for elongation
was 0.2%. The test speed was set to 2 mm/min.

The results were processed through statistical analysis
using Statsoft Statistica 8.0 to calculate the correlation co-
efficients between the AUT of the powder and the mecha-
nical properties of the built parts.

3 Results and discussion
3.1 Characterization of the virgin feedstock powder

As shown in Fig. 2, the SEM observation confirmed
that the morphology of the virgin powder was nearly
spherical, apart from few slightly elongated particles. A
very small amount of broken particles could be detected
(Fig. 2a and b). The prevailing presence of nearly spheri-
cal particles is coherent with the need for good flowability
that is typical of PBF techniques [17]. The cross section
of the feedstock particles was fully-dense, without any vi-
sible internal cavities or holes (Fig. 2c). A feather-like
fine microstructure was associated to the likely co-exis-
tence of two different phases (Fig. 2d).

Fig. 2 Morphology (a, b) and polished cross section (c,
d) of the virgin feedstock powder.
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The local chemical microanalysis (Fig. 3a) revealed
the presence of Ti, Al, and V. This result was predictable
for Ti-6Al-4V powders that were handled under a pro-
tective atmosphere.

The structure of the powder sample analyzed via XRD

was compatible with the presence of two crystallographic
titanium phases, namely an o phase and an o’ distorted
phase, as evidenced by fitting the experimental di-
ffraction pattern by means of the Rietveld method (Fig.
4a).

@ 2500 : 7000
2 (a) Ti (b) Ti
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Fig. 3 X-EDS spectra obtained on the cross section of the powder feedstock (a) and of the printed sample (b).
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Fig. 4 Diffraction patterns of the powder feedstock (a) and of the printed sample (b) fitted by the Rietveld method.

Tab. 2 Particle size distribution and flowability of the virgin powder and the same powder after an AUT of 1750 h

Powder batch Particle size distribution [pm] Flowability [g/s]
d10 d50 d90 Hall Carney

Virgin powder 24.6 38.6 59.9 1.59+£0.02 8.85+0.05
AUT = 1750 hours 19.7 30.6 473 3.42+0.02 182+0.2

— ff=1ff=2 ff=4 ff=10 tests are detailed in the same Tab. 2. The complete flow
= function for the feedstock powder is reported in Fig.5.
';C, 2500 According to the obtained result, the flowability behavior
= of the powder can be ascribed to the free-flowing type, as
E" 2000 proposed by Jenike [18]. In fact, the flow function (ff) va-
L lues (i.e. the ratio between the major principal, 61, and the
5 1500 be unconfined yield strength, o.) are almost always greater
g oo than 10, independently of the used consolidation stress.
E P S ¥ 3.2 Characterization of the reused powder
% 200 .4 Due to the limited availability of powder at the end of
g 0 the recycling test, only selected tests were performed after

0 7500 15000 22500 30000 an AUT of 1750 hours.

Major Principal Stress o, [Pa]

Fig. 5 Flow function of the virgin powder determined
according to the ASTM standard D7891-15 [14].

The particle size distribution of the Ti-6Al1-4V virgin
powder followed a normal gaussian trend. The correspon-
ding characteristic size values are listed in Tab. 2. The
results for the Hall and Carney funnel-based flowability

The SEM observation, as seen in Fig. 6, shows that
occasional morphological changes were caused by
recycling, since satellite particles were attached to the
powder surface and few aggregates could be encountered
in spite of the repeated sieving operations. The local
microanalysis performed on these aggregates also reve-
aled an average oxygen content that was higher than that
typically encountered on the surface of non-aggregated
particles (data not shown).
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Fig. 6 SEM micrographs of Ti-6A41-4V powder after an
AUT of 1750 h.

The d10, d50 and d90 values of the particle size dis-
tribution of the recycled Ti-6Al-4V powder after an AUT
of 1750 hours are detailed in Tab. 2, which also reports
the results of flowability tests.

With respect to the virgin powder, the particle size
distribution after repeated recycling is slightly finer and
the flowability is increased, in spite of the occasional
morphological changes described above.

Contrasting results on the effect of recycling on
powder size distribution and aggregation can be found in
the literature. Ardila et al., for example, analyzed the re-
use of nickel alloy 718 powder in laser selective melting
and they also observed the progressive formation of mel-
ting-induced particle aggregation [19]. Also Seyda et al.
[9] observed a progressive but sensible increase in the
average particle size of Ti-6Al-4V powder after repeated
recycling in powder laser melting and the increased
average particle size was attributed to the partial sinte-
ring/melting of particles that had occurred close to the
melt pool. However, opposite results were reported by
other Authors. For example, Slotwinski et al. [20] analy-
zed the effect of reusing 17-4 stainless steel powder in a
commercial direct metal laser sintering apparatus. At the
end of each job, Slotwinski et al. sampled some powder
from the powder bed directly, which means they conside-
red the particles in close proximity to the completed part,
and some powder after sieving. The particle size distri-
bution was the same for the virgin powder and for the re-
used powder after sieving, whereas the size distribution
of the reused powder before sieving was shifted towards
finer dimensions. This discrepancy was attributed to the
action of the re-coating arm that pushed aside the larger
particles, thus removing them from the powder bed.

As a matter of fact, the evolution of the particle size
distribution that can be measured after repeated recycling
is affected not only by the phenomena directly associated
to the building process, such as aggregation, break up or
partial sintering, but also by the specific sieving and
recycling strategies that are applied in order to reuse the
powder [9].

3.3 Effect of powder recycling on L-PBF parts

The average density of the L-PBF cubes (calculated
on the entire duration of the recycling test) was 4.42 +
0.01 g/cm®. Since the density of the cubes showed a very
narrow variability throughout the entire recycling test, no
statistical analysis was performed to assess the depen-
dence of density on AUT. It is worth noting that the
average density of the cubes was comparable to the theo-
retical density of Ti-6Al-4V, which is 4.43-4.45 g/cm®

[21]. This close correspondence suggests that a full den-
sification was achieved through L-PBF manufacturing.

This information was verified by means of the direct
SEM observation of the cross section of the printed cubes.
As shown in Fig. 7, the built parts were pore-free and
fully dense, in spite of the repeated reuse of the feedstock
powder. Moreover the visual inspection through SEM
proved the absence of lack of fusion defects. This is an
important result, since lack of fusion defects have adverse
effects on the mechanical properties of finished parts, but
they cannot be revealed through the Archimedes’ method
[22]. As already seen for the virgin powder, also the cross
section of the printed parts exhibited feather-like fine
microstructural features, which can be attributed to the
coexistence of different titanium phases. The X-EDS
microanalysis confirmed the presence of Ti, Al, and V
(Fig. 3b). No sensible oxidation was observed in the fi-
nished parts, which proved that neither the iterated reuse
of the feedstock powder nor the powder sieving operati-
ons caused any oxidation in the printed parts.

Ay, . 5 (>,

Fig. 7 Microstructure of the printed samples

Coherently with the SEM outcomes, the diffraction
pattern of the printed samples fitted by the Rietveld met-
hod (Fig. 4b) was compatible with the survival of the two
a and o’ crystallographic phases from the virgin powder
to the finished part, even after repeated powder reuse and
L-PBF processing. The only assessable effect is the diffe-
rence in the relative quantities of the two phases, being
the o phase in the printed sample about 10% higher than
in the powder sample, whereas the distorted phase shows
the opposite trend.

Fig. 8 summarizes the average mechanical properties
(UTS = ultimate tensile stress; R, = yield stress; A= elon-
gation) calculated as the mean value of all tensile speci-
mens throughout the entire recycling test.

1240 14.0
1220 13.0

1200 12.0

1180 11,
1160 1142 _ 11.0
& 1140 K100
Z1120 9.0
1100 80
1080
1060 7.0
1040 6.0
uTs Rp At

Fig. 8 Results of mechanical tests on tensile samples
produced throughout the entire recycling test.
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In order to assess the effect of powder recycling in
more detail, the tensile properties were expressed as a
function of AUT as defined in Section 2.2. The results are
reported in Fig. 9 and the statistical correlations are sum-
marized in Tab. 3. AUT represents here an easy parameter

1280

UTS [MPa]
Rp [MPa]
1240 At [%]
= 1200
o
=
= 1160
oo
<]
> 1120
1080
1040
0 250 500 750

to express the duration of powder usage in quantitative
terms. This parameter is very effective to account for the
real recycling strategy in industry, since it can be used to
describe flexible build jobs and repeated refilling opera-
tions.

14
12

10

At[%]

1000 1250 1500 1750

AUT [hours]
Fig. 9 Tensile properties as a function of AUT.

Tab. 3 Statistical correlations between tensile properties and AUT. Correlation coefficients having p-values < 0.0001

are written in bold.

Rp UTS A¢
All samples 0.66 0.72 0.29
(p<0.0001) (p<0.0001) (p=0.120)
Samples position 3 0.90 0.94 0.26
(9<0.002) (p=0.0007) (p=0.241)

As shown in Tab. 3, a strong correlation with AUT
was revealed for R, and UTS. Even if the trend may seem
counterintuitive, R, and UTS didn’t decrease as AUT
increased. In other words, in spite of the data scattering,
it is worth noting that neither R, nor UTS decreased as a
result of the long reuse of the feedstock powder.

The statistical analysis was repeated by taking into ac-
count the tensile samples produced in a specific position
of the build platform, so as to highlight any possible side
effects associated to relative position. In fact, the outcome
of L-PBF processing may be affected by position-specific
conditions such as different gas flow speed or non-homo-
genous powder spreading. In more detail, Tab. 3 includes
the statistical correlations between AUT and the tensile
properties of the specimens produced in the position “3”
of the build platform as defined in Fig. 1. Although the
statistical analysis was addressed to the samples built in
the position “3” only, a strong correlation with AUT was
revealed for R, and UTS. In fact, neither R, nor UTS
decreased as a result of powder reuse. Even if additional
data would be beneficial in order to confirm this trend, it
is interesting to note that this result seems to contradict
the intuitive expectation that mechanical properties
should be negatively affected by powder reuse. On the
other hand, this outcome is coherent with the results pu-
blished by Ardila et al. [19] who didn’t observe any
change in Charpy impact strength after reusing the same
nickel alloy 718 powder through 14 jobs (without re-
filling) in selective laser melting. Tang et al. [10] investi-
gated the effect of Ti-6Al-4V powder reuse in selective

electron beam melting and they observed an increase in
the oxygen content of the recycled powder. However, the
repeated powder reuse didn't affect negatively the mecha-
nical properties of the tensile samples. Similar conclusi-
ons were achieved also by Hann [5], who demonstrated
that, after 10 jobs completed by reusing the same nickel
alloy 718 powder, there were no consequences on the che-
mistry and size distribution of the powder, nor on the me-
chanical properties of the finished parts processed by L-
PBF.

4 Conclusions

The average usage time (4AUT) is an innovative para-
meter that takes into account two key factors associated
to powder recycling, namely (i) the repeated use of
powder through different jobs that may differ in duration
and geometry and (ii) the progressive addition of virgin
powder to restore the amount of feedstock that is required
to complete the jobs. In this way, AUT can be a practical
parameter for industrial applications, since it sums up va-
rious phenomena that are expected to take place during
processing, such as fast heating and cooling that are spe-
cially relevant for those particles that are close to the part
in the build chamber, as well as oxidation, partial or com-
plete melting, or sintering. Though introduced here for la-
ser-based powder bed fusion, in principle AUT can be
easily extended to other additive manufacturing methods,
thus providing a straightforward tool to analyze the effect
of feedstock recycling. Interestingly, the tensile tests pro-
ved that yield stress and ultimate tensile stress didn’t
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decrease as a consequence of powder recycling, although
the particle size distribution was slightly finer after repe-
ated reuse and also the morphology of the powder was
occasionally modified due to the presence of few satellite
particles and aggregates.
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