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this context, the most popular AM techniques are Laser Beam
Melting (LBM), Electron Beam Melting (EBM) and Laser Metal
Deposition (LMD). Depending on the manufacturer, the LBM
process is also known as Selective Laser Melting (SLM) [2]. This
process is based on selective laser fusion of a metallic powder
bed by means of a high power-density laser.

One of the main reasons why these techniques have not
been implemented as expected is the lack of available cur-
rent standards [1]. Furthermore, it has been shown that the

1. Introduction

Additive Manufacturing (AM) technology is increasingly rel-
evant in industry due to the ability to manufacture very
complex and customisable parts, especially in the medical,
aerospace and automotive sectors [1]. Among the available AM
techniques, those focussed on manufacturing metallic parts
stand out due to the good mechanical properties of the parts,
makingit possible to use them as fully functional final parts. In
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mechanical properties and quality of printed parts depend
on the SLM process operation in relation to several factors,
amongst them, the formation of pores, spatter, and denuda-
tion zones during the process [3-5]. These can lead to adverse
effects on the mechanical properties, or the surface rough-
ness of the manufactured parts, so decreasing their fatigue
limit. On the other hand, during the SLM process the part
is exposed to rapid heating for melting the powder followed
by a fast solidification of the molten material. This complex
thermal cycle causes the formation of residual stresses that
produce negative effects on dimensional accuracy and crack
formation [6].

Consequently, in recent years, the improvement of the
general quality of SLM parts has been an important goal
for researchers. Some works have already been carried out
to analyse the general quality of the parts related to spe-
cific process parameters, raw material characteristics and
post-process procedures. Parameters such as laser power,
defocussing, laser scanning speed, hatch spacing, layer
thickness, scanning strategy, build orientation, and working
atmosphere have been analysed [7-10]. However, if the qual-
ity of the raw materials is not sufficiently characterised, it is
difficult to ensure that the results obtained in these works
can be reproducible. Some works have analysed the effect of
the quality of the powder on the quality of the final man-
ufactured parts [11-13]. In these studies, the initial powder
underwent morphological (size, shape and superficial quality),
chemical, and microstructural characterisation. These char-
acteristics influence both the density and surface roughness
of the manufactured parts [14]. Apart from characterisation,
powder recycling is another factor to be analysed [15]. In the
SLM technique, not all the powder on the build-up plate is used
in the manufacturing process. There is an important portion
of this powder that is unmolten and which can be recycled
and reused. For this, the unused powder has to be sieved. This
powder is thermally affected during the process, as demon-
strated by the residual powder in the sieve. Recently, several
works have evaluated the changes in the powder related to
the number of recycling cycles, observing changes in the mor-
phology and chemical composition, changes in the powder
behaviour during the manufacturing process, and changes in
the properties of the final parts. Insignificant changes in 4340
steel powders and their tensile properties were reported [16]
when reusing the powder. Inconel 718 seems to be chemically
stable after being reused several times [17], but its flowability
reduces with recycling [18]. In the case of the titanium alloy
Ti-6Al-4V, the chemical composition of the powder changes
with recycling, increasing the level of oxygen which reduces
the mechanical properties of the final parts [19,20]. For Co-Cr
alloy, 17-4PH [21], 316 L [14] and 304 L [22] stainless steels, both
the particle size and the oxygen concentration increase dur-
ingrecycling, producing morphological and chemical changes.
Another study reported that in addition to the recycling pro-
cess, the storage time also increases the oxygen concentration
[23]. Morphological changes in the powder affect the poros-
ity, surface roughness, and the mechanical properties (such as
fatigue or tensile behaviour) of the manufactured parts. The
effect of the morphological characteristics of the powder on
the SLM process is still not well understood, but it is related
to the combination of several feedstock parameters including

Table 1 - Commercial chemical composition of 17-4PH
powder [26].

Element Fe Cr Ni Cu Si Mn Nb

% of weight Balance 15-17.5 3-5 3-5 <1.0 <1.0 0.15-0.45

packing density, flowability, surface area, and thermal absorp-
tivity [11]. According to this, it is important that the diameter
of powder particles should be less than the layer thickness.
The higher the sphericity and apparent density, the higher
the density of the final parts; the lower the interstitial con-
taminants concentration, the better the layer adhesion and
the mechanical properties of the manufactured parts. All of
these properties are affected by powder recycling.

In this work, 17-4PH powder used in SLM process is char-
acterised in three different states: (i) original state (or virgin
state), (ii) after using and recycling 10 times and (iii) 20
times, respectively. The recycling process consists in recov-
ering the unmolten powder by applying vacuum and sieving
it in order to reload the powder store in the SLM machine.
The three states of the powder were characterised morpho-
logically, chemically, and microstructurally.

2. Equipment and methodology

2.1. SLM manufacturing process and metal powder
sieving

The SLM manufacturing process was carried out by means of a
Direct Metal Printing ProX 100 SLM machine [24] distributed by
3DSystems. The main SLM parameters were setup according
to previous work [25], that is, 38 W of laser power, 140 mm/s of
scanning speed, 70 pm of hatch distance, and a layer thickness
of 30 pm. The inert gas used during the manufacturing process
was nitrogen. The sieving process was carried out by means
of a 3DSystems PX-BOX connected to the SLM machine. This
equipment allows the leftover powder, unused during the SLM
process, to be vacuumed and sieved by means of a 75 pm mesh
size sieve, in order to reuse it.

2.2.  Initial classification of the analysed powder

The material used in the SLM manufacturing process was
17-4PH stainless steel powder, supplied by 3DSystems [26].
This alloy is usually used for small and high resistance struc-
tural components in the aerospace industry, as well as in
marine environments, power plants and powder metal injec-
tion moulding industries, due to its excellent mechanical
properties such as high tensile strength, fracture toughness,
and corrosion resistance [26-28]. The chemical composition of
this alloy is shown in Table 1.

In this study, the 17-4PH metallic powder was characterised
in three different states related to the number of recycling
cycles received: Py (virgin powder, as received from the sup-
plier), P1o (10 times recycled powder) and Py (20 times recycled
powder). The Py powder was obtained after the sieving pro-
cess, and just before loading the machine with new powder.
Additionally, residual powder, Pr, accumulated in the sieve of
the PX-BOX has been analysed.
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2.3.  Powder analysis

2.3.1. Morphological analysis
The morphological analysis of the 17-4PH powder in the afore-
mentioned states was carried out by means of Secondary
Electron Imaging (SEI) obtained using a JEOL 6100 Scanning
Electron Microscope (SEM). For this, 20 images, randomly dis-
tributed over a sample for each state of the powder, were
taken using a 750x magnification. For each image, 50 random
particles (selected using an algorithm developed by means of
MATLAB) were analysed manually through Image] software.
Therefore, 1000 particles were analysed for each powder state.
The analysis was carried out manually, considering the round-
ness and aspectratio of each particle, because of the unreliable
results obtained by the automatic particle analysis system of
Image] [29] observed in this case.

Moreover, a macroscopic morphological analysis was car-
ried out using several images taken using a Leica KL 1500 LED
plus microscope at 80x magnification.

2.3.2.  Chemical composition analysis

The JEOL 6100 SEM equipment was also used to analyse the
chemical composition evolution of the powder related to the
number of recycled cycles. For that, an Energy Disperse X-
Ray Spectroscopy (EDS) technique was used by means of the
AZtec analysis software [30]. The oxygen concentration for
each state of the powder was obtained by means of an Inert
Gas Fusion Technique (IGFT) using a LECO analyser.

2.3.3.  Microstructural analysis

The microstructure of the powder was determined using X-
Ray Diffraction analysis (XRD), which allows the searching
and matching of phases present in polycrystalline samples,
such as those analysed in this work. A Bruker D8 Discover
diffractometer, equipped with a Cu anode (A=1.5418 A), was
used to analyse both the virgin powder, Py, and the several
times reused powder, Pyo. These tests were performed using a
two-theta range of 40-100° at room temperature.

The powder used consisted of a ferrous alloy with approx-
imately 73 % of Fe and a very low carbon content (Table 1),
produced by means of gas atomisation [28]. This means that
the phases which could be present are austenite, ferrite and
martensite, with FCC, BCC, and BCT structures, respectively.
Due to the low C concentration, the martensite structure,
BCT, does not differ significantly from the ferrite structure,
BCC [31]. Therefore, the XRD analysis enables the matching
of the austenite (y-phase, FCC) and ferrite/martensite (o/a’-
phase, BCC), with these last two being mixed. Apart from this
phase matching, the data obtained in the XRD analysis enables
the relative proportions to be determined using the proce-
dure described in the ASTM standard [32] for determining the
retained austenite proportion, V,, in steel with a near random
crystallographic orientation. This proportion can be calculated
by means of Eq. (1).
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Table 2 - Mean average diameter, maximum average
diameter, mean roundness, and mean aspect ratio of the

powder particles analysed for each powder state: Py, P1,
Pyo and Pg.

Powder State Dav (um) DX (um) R (%) AR (%)
Po 6.50 40.16 90.04 88.11
P1o 7.69 42.42 89.04 86.68
Pyo 9.77 75.11 87.55 85.30
Pr 65.87 267.49 86.76 82.10
80 T T T T T T
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Fig. 1 - PSD related to the average diameters detected for
each powder state: Py, P19, P2o and Pg.

Io, I, : integrated intensities per diffraction peak in o/«
-phase and y-phase,

p,q : number of diffraction peaks of /o’ -phase and y-
phase used.

The proportional parameter, R, permits the weighting
of the integrated intensity for each peak. This parameter
depends upon the interplanar spacing (hkl), the Bragg angle,
crystal structure, composition of the phase being measured,
X-Ray radiation, and temperature of the sample during the
test. They can be calculated by means of tabulated values and
other considerations of the test conditions [33].

3. Results and discussion
3.1.  Morphological analysis

3.1.1. Quantitative analysis

The analysis of the SEI SEM images enabled the mean aver-
age particle diameters (Day), their maximum (D}7*), the mean
roundness (R ), and the mean aspect ratio (AR), to be obtained
for all the particles analysed in each powder state, as shown in
Table 2. R was calculated according to Eq. (2) and AR was calcu-
lated according to Eq. (3) with Image], considering the powder
particles as ellipses.

A
=4 Lz @
7 - (Major Axis)

|

—  Major Axis

R. = 3

Minor Axis @)

The particle size distribution (PSD) presented in Fig. 1 was
obtained.
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Fig. 2 - SEM images at 750x magnification: (a) Po; (b) P10; (c) P20; (d) Pr.

The virgin powder, Py, presented the smaller particle size,
which increased when reusing the powder, as can be seen in
the SEM images in Fig. 2. The residual powder, Pg, shows a
larger size of particles than in the other powder states, such
that this powder was discarded for additional use, staying in
the PX-BOX sieve until it was removed in a periodical mainte-
nance procedure. Therefore, this kind of powder, considered
waste powder or non-appropriate powder, is not considered
from this point on of the work.

In the case of the reused powder, the size of the particles
evolved from an average diameter of 6.50 um for the virgin
powder, to 9.77 um for the 20 times reused powder. Similar
behaviour was observed in the case of the maximum aver-
age diameter, with an increase of 35 um. The increase of the
powder particle diameter is clear, but it can be seen that the
average roundness and the average aspect ratio also changes.
From the virgin powder, there is a decrease of 2.49 % in the
roundness and a decrease of 2.81 % in the aspect ratio after 20
uses. These decrements are much less significant in the case
of the 10 times reused powder, with a decrease of 1.00 % and
1.43 %, respectively.

The evolution in the size of the particles and their shape not
only affects the morphologic characteristics of the powder, but
also it can affect the correct operation of the SLM process and
the quality of the manufactured parts. This can be explained
by a reduction in the powder fluidity [34], which is affected by
the agglomeration of small particles [21] and by the increase of
irregularity in the particle’s shape due to the rise of cohesive
forces among them [35].

3.1.2. Qualitative analysis: Evolution of particle’s shape

and texture

The morphology of the virgin powder is due to the process by
which the powder was produced. That is, spherical particles
with smooth surfaces and small satellites attached to them
are related to the gas atomisation process [21].

In Fig. 3, several kinds of particles can be observed, such as
elongated, bonded, fractured, and rough textured.

Comparing Fig. 3, Fig. 4 and Fig.5, corresponding to
the virgin powder, 10 times, and 20 times reused powder,
respectively, the amount of irregular shaped particles, the
agglomeration of particles, or molten particles with projec-
tions, increase with the powder reuse.

This morphological evolution may continue in the case that
all the powder vacuumed from the SLM machine had been
reused. The SEM analysis of residual powder images (Fig. 6)
reveal that the main characteristics of highly reused powder
are the same as those appearing, gradually, in the powder with
each reuse. These are (Fig. 6): large sized particles (a); irregular
shaped particles (b, c), some of them partially crushed because
of the powder compaction roller action during the process;
bonded particles (d); particle agglomerations (e, f); particles
with molten projections (g, h) or satellites attached to them
(i); as well as particles with cerebellar textures (a, h) amongst
other irregularities.

Apart from the morphological evolution, the optical micro-
scope images reveal colour changes in the powder (Fig. 7).
The colour changes could be related to the increase of oxygen
concentration due to oxide formation.
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Fig. 3 - SEM images at 2200x magnification of the morphological features and peculiarities of the P, powder such as: (a)
elongated particles; (b) bonded particles; (c) fractured particles; (d) particles with rough textures.

——
%4, S68e 10%m

Fig. 4 - SEM images at 1500x and 1100x magnification of P1o powder features: (a) particles with irregular or elongated
shapes; (b) bonded particles; (c) bonded particles accumulations; (d) particles with cerebellar textures.
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Fig. 5 - SEM images at 1200x and 900x magnification of P, powder features: (a) particles with irregular or elongated
shapes; (b) bonded particles; (c) bonded particles accumulations; (d) particles with cerebellar textures.

Table 3 - Ox:

Powder State

, Carbon and Nitrogen content of the Py, P;o and P,y powder states by

eans of LECO analyser.

Composition in weight (%)

(0] % variation % variation N % variation
Py 0.0970 - 0.0006 0.0343 + 0.00270 0.0731 + 0.0006
P1o 0.1104 + 0.0062 13.8% 0.0350 + 0.00105 2% 0.0873 + 0.0015 19.4 %
P2 0.1070+0.0074 10.3 % 0.0355 + 0.00155 35% 0.0873 + 0.0017 19.4 %
3.2. Chemical composition analysis element concentration with powder reuse can indicate that

The chemical composition analysis of the SLM powder (Po, P1o
and Py state) was carried out in two ways. On the one hand,
IGFT analysis was used in order to determine the concentra-
tion of oxygen present in the powder in each state, the results
of which are shown in Table 3. This technique did not show
the expected increase in oxygen due to the formation of oxides
in the reused powder. The oxygen composition shown in the
table is due to iron oxides formed during the contact of the
powder with the oxygen present in air.

In addition to the oxygen concentration, this method also
allows the determination of both the carbon and nitrogen con-
centrations in the powder. The XRD analysis states that the
carbon concentration is very low and stable with reuse, both
in phase matching and quantitative proportion. In addition, a
concentration of nitrogen was also detected with this method
and showed slight increases with powder reuse. This initial
concentration in the virgin powder can indicate that the gas
used during its atomisation was nitrogen. The increase of this

a proportion of nitrogen passes from the inert atmosphere, in
the SLM machine chamber, to the powder during the manufac-
turing process. This resultis interesting due to the well-known
austenite stabilising character of nitrogen [36].

EDS analysis was carried out in order to determine the
composition of the powder in the different states of reuse. In
preliminary tests, it was observed that the composition of the
powder particles mainly depends on their size. Therefore, for
the EDS analysis the powder particles were classified in groups
related to their sizes. In order to perform a full analysis of the
powder, that is, in all the tested states, a complete PSD for
Py, P1p and P,y powder states was obtained (Fig. 8). This PSD
allowed the classification of the particles in relation to their
size, defining three groups marked by the terciles of the PSD,
as shown in Table 4.

Once the powder particles were classified in size groups, an
EDS analysis was carried out for 12 particles in each size group
and in each powder state. The results are shown in Table 5. Dif-
ferent alloying elements of the 17-4PH steel were observed in
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Fig. 6 - SEM images at 250x, 300x, 330x, 750x and 850x magnification of P powder features: (a) large particles with smooth
or cerebellar textures; (b) particle with roll shape due to the roller action; (c) particle with irregular shape deformed by the
manufacturing roller; (d) bonded particles; (e) and (f) accumulations of particles of different sizes; (g) and (h) particles with
molten projections attached to them; (i) particles with satellites attached to them.

Table 4 - PSD classification groups.

Group Diameter (um)
G1 @ <4.58
G2 458 <@ <835
G3 835<@

the powder (Table 1), except for niobium. This can be related
to the low concentration of Nb in the 17-4PH steel. In addi-
tion, a notable concentration of oxygen was detected in the

case of the G3 size group of reused powders (P1p and Py) and
an increase of Si and Mn was also observed. These combined
increments could be related to the formation of both silicon
and manganese oxides. The oxygen attributed to these oxides
was not observed in the IGFT analysis because of their high
thermodynamic stability.

In order to analyse the increase of oxygen, silicon and
manganese concentration in the G3 size group of the reused
powders, several composition maps were determined by
means of JEOL SEM in combination with the Aztec software.

Table 5 - Average chemical composition (% of weight) of each size group (G1, G2 and G3) in each powder states (P, P1o

and on).

Averaged Chemical Composition (% of weight)

Powder State Group Fe Cr Ni Cu Si Mn Nb (0]
Po Gl 72.2 17.5 4.4 4.4 0.8 0.8 - -
G2 72.0 17.8 4.4 4.2 0.7 0.8 - -
G3 72.0 18.0 43 4.1 0.7 0.9 - -
P1o G1 72.5 18.5 3.6 3.6 0.8 1.0 - -
G2 72.7 17.6 4.2 4.1 0.7 0.7 - -
G3 69.4 17.5 4.0 4.0 14 1.1 - 2.6
Pyo G1 72,5 17.7 4.0 4.2 0.8 0.8 = =
G2 72.4 17.8 4.1 4.0 0.7 0.8 - -
G3 67.6 17.8 3.7 3.8 1.7 1.6 — 3.9




1280 J MATER RES TECHNOL.2020;9(2):1273-1285

(b)

150 . " " "
\<G1 G2 G3
NN
.. 100 f
[3)
c
[}
S
(o8
[0}
I
50
0 ¢ e B ofis
0 5 10 15 20 25 30 35
Dy (Hm)
Fig. 8 - PSD (powder states Py, P1o and Pyo).
Due to the wide diameter values present in this G3 group The mapping procedure applied in these subgroups show

(Fig. 8), the study was subdivided into three subgroups, also that only the largest diameter particles contained oxygen (G3-
size related. For that, the diameters of analysed particles for C). Fig. 9 shows an example of one of the particles of the P1o-
this G3 group were isolated from the complete PSD, and new G3 state. It can be seen how the oxygen only appears in the
terciles were calculated for them. Table 6 describes the new subgroup G3-C. In this particle, it can be observed that the

subgroups. oxygen is distributed homogeneously.
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Fe

Cr

Cu

Mn

O

Fig. 9 - Mapping analysis of P;o powder particles corresponding to subgroup G3-A, G3-B and G3-C.

Table 6 - Classification subgroups of the G3 PSD. Thr(?ugh a more detailed analysis of par'tlcles. in th'e G3-C
group, it was observed that there were particles in which the

G EmbpToy DpronEtee o) oxygen was not homogeneously distributed. On the contrary,
G3-A 8.35 < @ < 10.56 oxygen was localised in a well-defined area of the particle.
G3-B 10.56 < @ < 15.14 This phenomenon can be observed in several different size
G3-C 15.14<9 particles as shown in Fig. 10, belonging to P1p and Py powder

states. Sometimes, these areas seem to be bubbles attached to
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Fig. 10 - Mapping analysis of P19 and P, powder particles with localised oxygen concentrations corresponding to subgroup

G3-C: particles of small, medium and large size.

Fig. 11 - SEM images at 4500x magnification and EDS
analysis of P1o powder particle with localized oxides
concentration.

the particles (P1p medium size and Py large size particles), so

they could be formed as projections during the SLM process.
A more detailed analysis of this effectis shown in Fig. 11 for

a P1o-G3C particle. As shown in the SEM image, there is a well-

defined area of the particle (Area B) that has a very different
composition than the rest of the particle (Area A). Observ-
ing the weight compositions of both areas, as happened with
the G3 group particles of the reused powders, it can be seen
that the oxygen, silicon and manganese concentrations are
increased in Area B. Although most of the particle has a notice-
able oxygen concentration, that is an oxide concentration,
in this area the oxygen concentration increases dramatically.
The composition of the area B can be explained by observing
its atomic composition. The atomic concentration of oxygen
can be explained, quite accurately, by the formation of oxides
of all the alloying elements detected (less than 1 % error in the
estimation of the oxygen concentration), that is, Fe,O3, Cry0s,
NiO, Cu,0, SiO,, and MnO;. This does not apply in the case of
the Area A. Thus, it can be stated that area B in this particle
could be considered as a fully-oxidised area located within an
also oxidised particle. Similar reasoning could be applied to
P1p medium size and Py large size particles shown in Fig. 10.

3.3.  Microstructural analysis

The results of the XRD analysis of Py and Py powder sam-
ples are represented schematically in Fig. 12a and Fig. 12b,
respectively.
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Fig. 12 - Schematic XRD results: (a) obtained for Py powder; (b) obtained for P, powder.

As it can be observed, the phase proportions vary slightly
when reusing the powder, with a slightincrease of the y-phase.
This result agrees with other works that state a slight vari-
ation of the phase proportions occurs in the manufactured
parts when using nitrogen as an inert gas in the chamber
during the manufacturing process [28]. Nevertheless, in our
work this is applicable to the powders which are thermally
affected during the process. The austenite proportion remains
almost constant due to the austenite stabilising characteristic
of nitrogen. Even though this is a slight variation, it is notable
due to the influence of the powder phase proportions on the
mechanical properties of the final manufactured parts [12].
The number of powder reuse cycles is also an important issue
to be considered.

4, Conclusions

In this work, 17-4PH stainless steel powder, used in a SLM
additive manufacturing process, has been analysed in differ-
ent grades of recycling. The aim is to characterise the changes
suffered by the powder in order to determine the appropriate
number of reuse cycles to ensure an optimal performance of
the SLM process. For this, the stainless-steel powder was char-
acterised morphologically, chemically, and microstructurally,
in its original state, and after 10 and 20 manufacturing reuses.
In order to reuse the unused powder during the SLM process,

a recycling process was carried out, which consisted of vac-
uuming the powder, sieving, and reloading it in the machine
powder store.

A morphological analysis of a large sample of particles was
carried out by means of microscope image processing tech-
niques, and which showed important changes in the powder
after 20 reuses that could negatively affect the mechanical
properties of the final manufactured parts.

Regarding the chemical composition of the powder, IGFT
analysis showed stable concentrations of oxygen (due to ther-
modynamically stable oxides), carbon, and nitrogen, which
were not described in the original powder specification. EDS
analysis showed that chemical composition of the powder par-
ticles changed with reuse, with higher oxide concentrations
appearing in the 15um larger particles (or distributed in a
well-defined area).

Finally, XRD analysis showed a slight increment of the
austenite phase with powder reuse which can be related to
the austenite stabilising character of the inert gas used during
the manufacturing process.

In summary, in this work morphological, chemical and
microstructural changes of SLM 17-4PH powder have been
demonstrated related to powder reuse. Due to the effect of
these parameters on the production process, powder reuse
is an important issue that has to be considered. It is recom-
mended that the maximum number of powder reuse cycles be
controlled, as well as to use finer mesh sieves due to the clear
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relationship between the particle size and the oxides present
in them.
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