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ABSTRACT

In powder bed fusion laser beam (PBF-LB), powder reusability remains key to keeping cost-
effectivity as well as sustainability. In this study, highly sensitive Ti6Al4V ELI powder typically
used for medical and aerospace applications is studied. Powder properties of new and
reused powders after 10 build cycles subjected to variations such as morphology, particle
size distribution (PSD), chemical composition and flowability were analysed. The flow rate
using Carney flowmeter increased from 6.8 s to 12 s. Oxygen content slightly increased from
0.11% to 0.12%. The dimensional deviations are measured in six builds of eight samples
spread through the build plate. The density of the cubes does not show relevant differences
in density (from 99.6% to 99.9%), only the last batch exhibits slightly lower density than the
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previous builds. Studied properties for the powder and builds are maintained throughout
the experiment, demonstrating repeatability of industrial production of metal parts.

1. Introduction

During the powder bed fusion laser beam (PBF-LB)
process, a layer of metal powder is initially deposited
to be then melted by a laser beam. Since only a small
portion of the powder is transformed into a solid 3D
part based on an STL file, the rest of the powder is
reused in consecutive builds with a sieving step in
between each time [1]. This, ideally, would result in a
zero-(powder) waste production. However, in heavily
regulated industries, like aerospace where process and
part certification play a key role, the uncertainties of
reusing the powder prevent unlimited powder usage.
When reusing all the powder, the material efficiency
can be up to 95% [2]. Therefore, it is of paramount
importance that the powder does not age both during
storage and reuse. During reuse, laser hours are one of
the key factors that can influence powder properties.
For example, using four lasers for a lengthy job in
which the powder will be in contact with a portion of
oxygen and other contaminants under high-temperature
conditions can lead to a high risk of pickup of contami-
nants. The spattering behaviour of the alloying elements
can also influence the efficiency of reuse as discussed by
Gesper et al. [3,4]. Consequently, condensates are gener-
ated, and these can show differences in morphology and
particle size distribution (PSD). Not all alloys are equally

impacted by the same amount of reuse as discussed by
the authors in a previous study [5]. Certain alloying
elements have a higher affinity for oxygen and tend to
oxidise faster as studied by Mellin et.al. [6]. For every
new alloy, besides processability and quality tests, the
reusability must be investigated following a methodology
as proposed by Sutton et al. [7].

In general, powder properties, such as chemical
composition, morphology, PSD, flowability and
apparent density are impacted by reuse after a few
cycles as determined in previous work by Cordova
etal. [8] for Scalmalloy. The variations in PSD towards
coarser size and less fraction of particles fines
impacted the level of porosity in the final builds.

Seyda et al. [9] investigated the effect of reusing
Ti6Al4V during 12 cycles in a LPBF machine in
which the average particle size increased from 37.4
to 51.2 um and the number of fine particles was
reduced, this had a positive effect on the flowability
and apparent density that increased by 9%. Addition-
ally, after 21 cycles, Ti6Al4V showed significant
changes in the morphology and PSD as demonstrated
by Tang et al. [10], these variations did not have a large
influence on the mechanical properties which showed
homogenous results irrespective of the location on the
powder bed. Due to coarsening, the reused powder
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Table 1. Chemical composition (wt.%) Ti6-Al4-V grade 23 used in this study.

Element Ti Al v Fe

C N H Other, each Other, total

Content (%) 88.09-91 5.5-6.5 3.5-45 <0.25

<0.080

<0.030 <0.0125 <0.10 <0.40

tends to show improved flowability. In general,
Ti6Al4V shows increments in oxide content, in the
case of ELI (grade 23) there is a limit established at
0.13% for biomedical applications by ASTM F136 -
13(2021)el standardisation. In a study of the oxygen
content of the powder and built part throughout five
build cycles, O’Leary et al. [11] found a larger oxygen
content in the Ti6Al4V parts of around 0.2% than in
the powder, circa 0.13%. There is evidence reuse
impacts porosity level, tensile strength and elongation
as determined by Quintana et al. [12] for Ti6Al4V ELI.
In their study, the authors found an increase of oxygen
content up to 0.13% after 31 builds, fewer fines in the
particle size which led to improved flowability and a
strengthening effect lead by the higher oxygen content.
Since oxygen is an a-stabiliser, an increase in the oxy-
gen content upon reuse can increase the material
strength and hardness at the cost of ductility and frac-
ture toughness [13]. Similar findings were reported by
Denti et al. [14] and Harkin et al. [15] on grade 23 for
which an interstitial solid solution strengthening
mechanism was reported. Alamos et al. [16] investi-
gated powder reuse for eight cycles using different
energy densities in 30 and 60 um builds. No differ-
ences were observed in static mechanical behaviour
upon reuse. The oxygen content slightly increased
towards the eight cycles.

In this study, the link between powder reusability
and batch repeatability is established by means of
powder characterisation and built parts measure-
ments. The state-of-the-art has demonstrated that
oxygen pick up is a common issue when reusing
Ti6Al4V grade 23 in addition to variations in mor-
phology and particle size impacting flowability and
apparent density. However, batch repeatability assess-
ment throughout consecutive builds has not been
linked to powder reusability yet. In total six builds
were studied in which the dimensional deviations, as
well as density and microstructure, are analysed.
This is studied to demonstrate the challenges in
batch repeatability from build to build and within
the same build using an industrial system equipped
with two laser sources, a close loop powder handling
system and a large build plate (420 x 420 x 400 [mm]).

2. Materials and methods

In this study, powder reusability and batch repeatability
will be studied. The powder was supplied by Additive
Industries to ASTM F3001 standard specification with
a particle range between 15 and 45 um. The elemental
chemical composition of the Ti6Al4V ELI - grade 23

powder is shown in Table 1. Ti6Al4V ELI, short for
‘Extra Low Interstitials’, contains reduced levels of oxy-
gen, nitrogen, carbon and iron. These lower interstitials
provide improved ductility and better fracture tough-
ness for Ti6Al4V. This grade with the highest purity
is often used for medical applications.

For this study, the MetalFAB1 machine by Additive
Industries, The Netherlands has been used. On the one
hand, the virgin powder was collected and analysed
together with reused powder for a period of time
that comprised about ten complete build cycles.
During the laser powder bed fusion (LPBF), process
metal powder is loaded into the machine for multiple
builds. In the MetalFAB1 machine equipped with two
Yb fibre lasers of power 500 W, after every build cycle,
the powder on the build plate is removed by an auto-
matic extraction system. This is followed by sieving
and storage in a protective atmosphere by the trans-
port gas, in this case, Argon with quality 99.99999%.
When the building process is taking place the process
gas is filtered to ensure the powder is under optimal
conditions for maximum quality. Particle and micro-
structural characterisation of two batches of Ti6Al4V
ELI powders have been the scope of this work. The
two batches are tested at two different processing
steps before and after usage in the PBF-LB process.
Therefore, the selected nomenclature is virgin (1)
and reused (2) powder.

On the other hand, density cubes (Figure 1(c)) were
built on the MetalFAB1 consecutively in six different
build jobs by using the standard process parameters
optimised for this material by Additive Industries
with two laser beams as shown in Figure 1(a), laser 3
and laser 4. The cube dimensions represented in a
STL file are 15 mm per side. The aim of placing the
density cubes spread on the build plate was to measure
the variation of properties on different locations (i.e.
close to the inlet/outlet gas nozzles and from left to
right following the recoater trajectory, as shown in
Table 2 and Figure 1(a,b)). The first five build jobs
were carried out before an update to the second gas
nozzle flow; which was aimed to improve the gas flow
distribution in the build chamber in particular during
bulky and lengthy build jobs in which higher gas flow
rate is required to effectively remove condensates and
contaminants generated during the PBF-LB process.

Properties such as morphology, chemical compo-
sition (on elemental and interstitial levels), flowability
and packing density were tested. Morphology study
and composition analysis of powder batches pass by
scanning electron microscopy (SEM) observation.
Virgin powder (1) characteristics’ using a voltage
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Figure 1. Location of the samples on the build plate from Z direction (a) from XY direction (b), sample geometry placed upside

down (c).

of 10 kV, current of 0.20 nA for the particle mor-
phology and 0.40 nA for the cross-sections with a
working distance of 10 mm. The powder was
embedded using a conductive resin followed by a con-
ventional metallographic preparation to study the
powder cross-sectional area with the FEG SEM
(FEI). Semiquantitative composition measurement
was done by an EDS detector (Energy-dispersive
X-ray spectroscopy). C and S content was measured
by LECO CS-200; meanwhile, the O and N content
was determined by the equipment LECO TC-500.
The PSD was measured using the laser diffraction
technique by the MASTERSIZER 2000 (Malvern
Panalytical) using water as a dispersant agent.

The apparent density and the flow rate were deter-
mined by the use of a Hall funnel following the ASTM
B964 and ASTM B212 standard specifications respect-
ively. The tap density was done with a Quantachrome
Autotap AT-6 following the ASTM B527 standard
specification. With the data obtained from the
measurements, the Hausner ratio is calculated by the
relation between the tap and the apparent density as
described in Equation (1).

Prap

HR = (1)

Papparent

The Carr’s compressibility Index (CI) establishes a
relationship between the starting volume (Viarting) of
powder and the one measured after the tap test (Vgna),
as shown in Equation (2).

Vstarting — Viinal

Cl= (2)

Vstarting

Table 2. Sample number and location on the build plate.

Sample No. x-Coordinate y-Coordinate
2 —55 165.15
3 45 165.15
6 —55 65.15
7 45 65.15
10 —55 —24.06
1 45 —24.06
14 -55 —145.63
15 45 —145.63

Finally, the repose angle is determined by
Equation (3).

2H
Repose angle = tan ! <3> (3)

where H is the height of the powder after passing
through the Hall funnel and D is the diameter of the
cup in which the powder is collected.

The cubes were tested on dimensional deviations
using a digital calliper with an uncertainty of
0.005 mm and density following Archimedes’ principle
to ASTM B962 standard specification. The density
measurements were performed using Archimedes’ test
principle and the ASTM standard for density measure-
ment was followed. The tests were conducted using
water for measurements in fluid. A tiny droplet of
soap, as deflocculant, was added to the water to reduce
the surface tension of the samples. The test was con-
ducted three times.

3. Results and discussion
3.1. Powder properties

The morphological features and shape of the powder
particles were studied by SEM as shown in Figure 2.
Different magnifications were used to observe the
details of both particle surface and cross-sections.
High magnification images of virgin and reused par-
ticles do not show large differences between them, in
fact, after 10 build cycles neither shape nor size is
affected, only satellites seem to be less frequent in
reused powder. Figure 2(c,d) offers a close perspective
of a particle, in 2(c) the clear atomisation dendrites
can be observed, unlike 2(d) in which the reuse pow-
der particle shows a more oxidised surface typically
found in Ti6Al4V as discussed by Pauzon et al. [17].
Cross-sectional images show the typical microstruc-
ture of pristine atomised Ti6Al4V powder, with mini-
mal internal porosity.

The images in Figure 3 are aimed to provide a more
precise detail of the powders. It seems that the reused
powder shares similar irregularities than the virgin
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Figure 2. Virgin (a, ¢, e, h) and reused (b, d, f, i) powder images. Deposited virgin powder (a, c), deposited reused powder (e, h),
cross-section virgin powder (e, F) and cross-section reused powder (h, i). The magnifications used are 200%, 1000%, 100x and

2000x, in order of appearance.

powder, where satellites and features due to second
collisions during atomisation can be seen, but it is
true that very few particles seem to be affected. In gen-
eral, fewer fines are spotted in reused powder in com-
parison with virgin powder. PSD measurements are
rarely able to detect this difference by laser diffraction,
so measurements of fine particle fractions are limited.

Figure 4 shows a moderate increase in the size of the
powder during PBF-LB processing. This has been dis-
cussed before for Inconel 718 powder reused during
14 cycles by Ardila et al. [2], the reason for the increase
in particle size was given to particle aggregations.
However, Table 3 shows more detail on the distri-
bution since for lower particle size fractions the
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Figure 4. Particle size distribution of virgin and reused powders. Volume of particles per size (left axis), accumulated volume of

particles per size (right axis).

value has slightly decreased from reuse, this could be
attributed to the presence of condensates of lower
size than the original PSD. Hence, due to fine particles
are lighter, they get carried away into the transport gas
system getting stuck to pipe/walls. In this case, the
variation is also very moderate; it is necessary to
study if this has an influence on its packing ability
or flowability.

The results of the bulk chemical content of inter-
stitial elements (oxygen, nitrogen, carbon and sul-
phur) are shown in Table 4. There are no
remarkable differences between the two batches,
only oxygen content shows a slight increase beyond
the standard deviation. This is due to oxygen pickup

Table 3. Parameters of the particle size distribution.

Sample d10 [um] d50 [pm] d90 [pum]
Virgin powder (1) 1833 28.46 46.02
Reused powder (2) 15.96 30.39 49.32

despite the protection purging the chamber inert gas,
some of this contamination can be picked up by
condensates and oxidised particles as part of the
melting process as discussed by Pauzon et al. [18].
The essential difference between Ti6Al4V ELI
(grade 23) and Ti6Al4V (grade 5) is the lower oxy-
gen content of the first one, with a maximum value
of 0.13% according to ASTM F3001.

The results of a semiquantitative composition
measurement done by an EDS detector are displayed
in Table 5. There are no differences between the two
batches and the values are within the nominal compo-
sition (Table 1). Hence, the PBF-LB processing has not
affected the elemental composition. The similarity on
result values demonstrated that there is no variation
in composition as a consequence of the reuse of the
powder.

Table 6 shows the results of the measurements
described by the above equations. In order to evaluate
the influence of the values of the angle of repose, the
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Table 4. Interstitial elements content for virgin powder (1) and reused powder (2).

Powder Batch 0O [wt%] N [wt%] C [wt%] S [wt%)]
Virgin powder (1) 0.110 = 0.004 0.0020 + 0.0002 0.017 +£0.001 0.0040 £ 0.0003
Reused powder (2) 0.120 = 0.001 0.0020 + 0.0002 0.019 £0.001 0.0049 + 0.0007

Table 5. Batch composition analysed by EDS.

Powder batch Ti [wt%] Al [wt%] V [wt%]
Virgin powder (1) 90.02+1.57 631+£7.66 3.66+7.90
Reused powder (2) 89.79+157 6.16+7.66 4.05+6.93
Nominal composition range ~ 88.09-91 5.5-6.5 3.5-45

Nominal alloy: Ti6Al4V-23 (chemical composition in Table 1).

Table 6. Flowability and tapping density measurement
results.

Virgin powder (1) Reused powder (2)

Flow rate Hall [s] 37+3 NA

Flow rate Carney [s] 6.8+04 12+05
App density [g cm™3] 2.49+0.01 2.49+0.01
Tap density [g-cm™] 2.86 +0.05 2.88 +0.02
Carr index [%] 11+£1 12.0+0.7
Hausner ratio[-] 1.15+0.02 1.15+0.01
Repose angle [] 28+1 30+2

Carr index and the Hausner ratio, an accepted scale has
been considered [19]. Both batches show values
between Excellent and Good in the consulted scale.
Given the flow rate using Carney funnel, with a larger
aperture than Hall, reused powder shows a better rheo-
logical behaviour. This could be explained by the
slightly larger PSD. However, the reused powder did
not flow when tested by the Hall flowmeter, which is
not uncommon for powder used in PBF-LB [20,21].

3.2. As-built part repeatability

The process repeatability is studied from two perspec-
tives: (i) based on the location of the density cubes on
the build plate and (ii) during consecutive build cycles.
The cubes were spread on the build plate as shown in
Figure 1. The numbering shown in the image will be
followed by the test. Note that two lasers were used,
on the left and right side on the plate divided by the

15.3 T T T T T T T T

a) —s—Batch 1

—s+—Batch 2

5 = -

L

—»— Batch 4
Batch 5

—+— Batch 6

o
Pt

nominal dimension

-
o
=}

Dimensions X (mm)
=
©

o
=
T

-
4
T
L

146 1 1 1 1 1 ! 1 1

Sample number

middle y-axis. In the figure, also recoater and gas flow
direction (outlet to inlet) are represented. The numer-
ation of samples increases towards the gas inlet which
is also located at the machine glass window. Dimen-
sional deviation from the nominal size based on the
STL file was measured following both the X and Y
directions shown in Figure 1(b), in which X is parallel
to the movement on the recoater and Y is parallel to
the gas flow. The results of these measurements are
shown in Figure 5. Three readings were taken on
each side of the reference and were separated as bottom,
middle and top. The average of the results was plotted,
and the standard deviation was calculated on the three
measurements based on two decimals of accuracy.

For the first three batches, the measured dimen-
sions follow the similar trend in both X and Y direc-
tions, similarly to batches five and six. Batch 4 shows
measures with similar values in all locations, always
below the nominal values, with deviations in average
between —1.5% and —2% as shown in Table 7. In gen-
eral, the deviations from the first three batches show
more varying deviations than the latter three. Despite
manufacturing with two different laser beams, it seems
that differences in deviations are, in general, mainly
location based since samples 2 and 3, 6 and 7, 10 and
11, and 14 and 15 exhibit similar dimensions indepen-
dently of the batch number. In fact, similarities on
samples located at the same point of y-coordinates indi-
cate a dependence of the dimensional accuracy on the
gas flow. Now, for the first three batches’ samples 14
and 15 show values similar or over the nominal dimen-
sions respectively, unlike the rest of the cubes in which
their values show negative deviations (Table 7). The
heating and cooling profile of samples closer to the
gas inlet versus gas outlet can show differences due to
the cooling effect of the gas.
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Figure 5. Measured dimensions in X (a) and Y (b) direction, parallel to the recoater and gas flow, respectively.



Table 7. Dimensional deviations in % from nominal measures in x and y directions.

Batch 6

Batch 5

Batch 4

Batch 3

Batch 2

Batch 1

Sample No.

—— = = — — — —

—_ —— - - - - —

—2.00%°
—1.84%°
—1.80%°

—1.93%° -1.62%° -1.91%° -1.73%°
-1.67%° -1.93%° -1.69%°

—1.89%°

—1.64%°
—1.58%°

14
15

11

Values below —1%; Pvalues between —1% and 0%; “values above 0%.
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There is not a conclusive result on the link between
batch repeatability with dimensional deviations.
Although similar trends are shown in the final batches,
this trend points towards homogeneity on measure-
ments for all locations in both x and y directions.
Therefore, powder reuse from this perspective does
not seem to impact batch repeatability.

3.3. Part density

The density measurements following Archimedes’
principle were conducted three times and the average
density was divided by the theoretical density to
obtain the cubes’ relative density as plotted in the
graph in Figure 6. The relative density values range
from 99.6% to 100%. Batch 6, the last one to be built
after a gas nozzle upgrade exhibits the lowest relative
density values -on average-, but differences are very
mild in most samples with a large spread in standard
deviation. The upgrade effect is likely perceived better
in lengthy and bulky builds in which gas flow plays a
key role in avoiding condensates to contaminate the
melt pool. The lowest value and largest variations
are observed in sample 15, closest to the gas inlet.
Overall, the density values are high for all density
cubes reaching almost full density independently of
the location of the sample and batch number.

3.4. Microstructure and porosity analysis

SEM image in backscattered electron mode showing
the microstructure and porosity of samples 2 and 15
of batches 2, 4 and 6 are shown in Figure 7. As pre-
vious studies indicate [22] and [23], the microstruc-
ture of as-built Ti6Al4V depends on the cooling rate
typically greater than 410 K s~" for PBF-LB processes,
which would result in martensite o’ formation as dis-
cussed by Agius et al. [24]. Oxygen and nitrogen are
alpha stabilisers in Ti6Al4V parts and may increase
the rate of martensitic transformation when reusing
the powder in consecutive build cycles [25]. The
microstructures of the samples from different batches
are similar, while the porosity also agrees with the den-
sity measurements presented in Figure 5, in which the
differences between the samples were minimal and the
density was between 99.6 and 99.9%. Since sample 2 is
located at the back left side of the build plate opposite
to the gas inlet and sample 15 is located front right side
of the build plate close to the gas inlet it is reasonable
to assume a difference in gas flow velocity between
them. The backside samples (2) would have suffered
from low gas flow velocity and less cooling effect in
comparison to the front side samples (15). Addition-
ally, batch 6 which contains the samples built after
the gas nozzle update exhibits minimal porosity in
the images for samples 2 and 15, agreeing with Figure
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Figure 6. Density of consecutives builds measured by Archimedes principle.

5 in which the density values of all samples are
compared.

4, Conclusions

In this study, the link between reusability and batch
repeatability has been studied for Ti6Al4V ELI powder
(grade 23) processed using a MetalFAB1 machine. The
powder has been reused in the PBF-LB (powder bed
fusion laser beam process) for at least 10 build cycles
in which six of the build cycles were used to build
cubes to track dimensional deviations and density
throughout selected locations on the build plate. In
general, the reusability of the powder has not been
compromised, very mild variations were measured
in particle size, morphology, and flowability and den-
sity. Hence, batch repeatability did not show large
differences since the process parameters were the
same and powder properties were very similar in an
inert gas atmosphere. A summary of the main findings
is listed below:

e Particle morphology and microstructural features
in the cross-sections do not show large variations
in the reused powder compared to the virgin one.
The only difference was slight fewer fines spotted
in the reused micrographs.

e Reuse powder shows a tendency to increase the par-
ticle size d50 and d90, which is considered a com-
mon effect of reuse.

¢ Bulk chemical composition of the main elements
stays within the accepted range, from interstitial
composition only oxygen content shows a tendency
to increase.

o The flowability of the reused powder is slightly bet-
ter, but the packing density shows similar values as
well as the overall powder quality which has not
been affected by reuse.

 Batch repeatability is shown by minor variations in
dimensional deviation in consecutive batches. The
observed deviations are - in general — negative in
comparison with the nominal dimensions of the
cubes. The first three batches built show a larger
varijability and the last three.

e The measured dimensions in the x and y direction
of sample number 15, the closest to the gas nozzle
show deviations in the positive direction unlike
the rest of the samples.

¢ Building the cubes with two laser beams did not
show relevant differences, either in the dimensional
deviations nor in density values which remain simi-
lar to all batches and locations with large variations
within high relative density between 99.96% and
100%.

In conclusion, powder reuse impact is minimised
by the amount of powder that was initially loaded
on the machine in combination with the high-purity
inert gas used both for process and transport gas
(PG, TG). This can also be seen on the high
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Sample 15

Figure 7. Microstructure and porosity of sample 2 (3, ¢, €) and sample 15 (b, d, f) built in batches 2, 4 and 6, respectively.

repeatability of dimensional accuracy and density
within the build job and batch-to-batch. Since the
jobs that have been performed were medium-to-low
length and low in build efficiency, it is then rec-
ommended to test this powder at least every 10 cycles.
A batch repeatability test with more complex parts
placed on the corners or more sensitive areas of the
build plate would allow more detail in future work.
Due to the large size of the build plate, powder segre-
gation can take place and gas flow dynamics vary,
which could bring inhomogeneities to designs con-
taining thin walls and overhangs.
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