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A B S T R A C T   

Powder recycling refers to the reuse of unused powder feedstock in the laser powder bed fusion (PBF-LB/M) 
process. This approach is crucial for the economic viability and sustainability of PBF-LB/M, as powder accounts 
for a large proportion of the total production cost. However, through powder recycling, the physical and 
chemical properties of powder are liable to change. This variation in powder properties can subsequently lead to 
knock-on effects on the mechanical properties of a fully built component. 

This research has investigated the changes that occur to stainless steel 316L (SS316L) powder as a result of 
recycling. This includes changes to powder size distribution (PSD), flowability, chemistry and phase composition. 
Likewise, the impact that these changes have will also be assessed in PBF-LB/M SS316L components manufac-
tured from powders after different levels of recycling and subjected to alternative post processing routes such as 
hot isostatic pressing (HIP). This comprehensive investigation involves a thorough examination of both macro- 
and microstructures, encompassing detailed analyses of chemical composition, microstructural features, and 
defects. The study aims to elucidate differences in mechanical behaviour through a series of experiments, 
including uniaxial tensile tests, Charpy impact assessments, and low cycle fatigue (LCF) experiments. Addi-
tionally, the investigation will be complemented by pitting potential tests, providing a holistic understanding of 
the material’s performance and characteristics. 

Although moderate changes to powder were observed for both PSD and chemistry, this was found to be 
negligible and not enough to result in any adverse changes to part performance. In addition, the microstructure 
of SS316L remained stable across differing levels of powder recycling. Whereas the porosity content increased 
marginally as the fine particle content of powder was reduced, this was not found to be sufficient to affect the 
LCF performance of the material. After powder recycling, increases in ductility and Young’s modulus were 
attributed to a reduction in oxides present in the microstructure, which were sources of localised damage and 
deformation.   

1. Introduction 

Additive manufacturing (AM) methods, including laser powder bed 
fusion (PBF-LB/M), represent a contemporary manufacturing approach 
characterised by the melting of metallic powder particles to create 
intricate components with precise dimensional tolerances [1]. This 
technique is particularly well-suited for producing small to medium 
volumes of intricately designed parts, offering the advantage of reducing 

the need for costly tooling and secondary machining expenses. This 
attribute makes it particularly appealing to various industries, including 
the nuclear and aviation sectors. These industries often deal with lower 
production volumes compared to other sectors, yet demand high engi-
neering complexity and stringent quality control measures. 

Much of the earlier investigations on PBF-LB/M have focused on the 
effect of process parameters on the homogeneity and properties of parts 
[2–5] and currently, the process is understood well enough to allow for 
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the production of components with densities as high as 99.5–99.9 % 
[6–8]. In addition, PBF-LB/M of some metals has been shown to lead to 
comparable and in some situations improved mechanical properties, 
when compared to their standard wrought material [9,10]. However, 
PBF-LB/M is still relatively in its infancy when compared to other more 
traditional manufacturing routes and variations in machine parameters, 
material chemistry and powder specifications between individual pro-
cesses mean that this is still a very valid and active area of research. 

The understanding of PBF-LB/M has evolved to a point that this 
manufacturing process is now being used for the production of critical 
in-service structural components. This success presents new challenges 
for PBF-LB/M, focussed around optimising the production method in a 
sustainable way. Included within this is the recyclability of the powder 
feedstock. In any given build cycle, not all the powder is used to 
manufacture a single run. Therefore, in theory, the remaining powder 
can be recycled and reused on consecutive builds. The cost of feedstock 
material has been reported to represent 31 % of the total cost of PBF-LB/ 
M manufacture so there is a clear benefit for recycling powder to reduce 
cost, waste and the obvious value in aiding the environment by reducing 
the carbon footprint required during powder manufacture [11]. Despite 
these benefits, there is a lack of definitive understanding as to how many 
times powder can be recycled since the characteristics of powder par-
ticles may be altered physically and chemically by recycling and 
therefore, it may not be appropriate to reuse it indefinitely. 

During powder recycling, as the amount of times that powder is 
recycled increases, there are multiple mechanisms that can lead to 
changes in the powder properties, which in turn may influence prop-
erties of the final PBF-LB/M component. These include spatter particles 
that may be ejected out of the molten melt pool and lead to the varia-
tions in surface chemistry and morphology. Variability in chemistry in 
particular may be a concern as increases in oxygen content may affect 
melt pool dynamics and in tun promote porosity [12]. Likewise, irreg-
ular morphologies will negatively affect flowability which is important 
for part processibility [13]. The storage of powder during recycles and 
multiple builds can also lead to oxygen pickup. Powder storage is not 
directly linked to recycling powder. However, recycled powder, by 
definition, will have been used more than fresh virgin powder. Therefore 
storage of powder throughout its lifecycle when it is not being used 
could allow for greater oxidation or an increasing moisture content in 
the powder. 

Previous research on PBF-LB/M technologies has aimed to optimise 
process parameters to achieve maximum densification and minimum 
porosity within final components [4,14,15]. If changes to the powder 
feedstock affect the densification of parts, then understanding powder 
reuse is critical to not undermine the outcomes of previous research in 
this field. Post processing techniques such as hot isostatic pressing (HIP) 
may be able to negate these effects fully or partly, which could be a 
useful tool to have. Historically, HIP operations have been found to 
reduce the porosity content of PBF-LB/M stainless steel 316 L (SS316L) 
components to below 1 % [16]. However, this came to the detriment of 
the resulting tensile properties, where the yield strength significantly 
reduced, but this was offset by an improved ductility. Given this 
trade-off and to maximise profitability, the aim should be to minimise 
post processing as much as possible. 

Reviews of the powder evolution of SS316L during multiple recycles 
of PBF-LB/M have already been completed [17–21]. In fact, the un-
derstanding of powder changes during recycling has been relatively well 
researched, with little evidence of changes to powder morphology, 
powder size distribution (PSD) or oxygen content of SS316L powders 
being reported [20]. Douglas et al. [17] documented that when 
employing an appropriate initial powder specification and sieving dur-
ing reuse, there is evidence that powder recycling does not significantly 
and adversely affect the mechanical properties of parts. Notably, the 
PSD of recycled powder of SS316L and similar stainless steel alloys tends 
to coarsen, accompanied by an increase in the diameter of fine particles. 
Likewise, they reported that oxygen content increases with continued 

recycling, but reported increases have typically remained within stan-
dard limits. Changes to the microstructure of recycled SS316L powder 
have also been observed, with an increase in ferrite content from 
negligible quantities to 6–7 wt% with increased recycling, despite 
SS316L having an almost fully austenitic microstructure. Murray et al. 
[20] observed a similar behaviour when investigating the effect of 
recycling SS316L powder through multiple sieving procedures. They 
found that reusing powder for multiple builds, in the order of up to 30 
recycles, with intermittent rejuvenation does not seem to notably affect 
powder characteristics or the quality of the manufactured parts. While 
there was some indication of a gradual rise in oxygen and nitrogen 
levels, this does not appear to exert a significant impact on the 
PBF-LB/M processed parts. Therefore, employing sieving after each 
build cycle was shown to be an effective method for re-conditioning the 
powder. Delacroix et al. [21] reported similar results, after recycling 
SS316L powder for up to 15 cycles. They found that recycled powders 
exhibit a slight increase in particle size, even after sieving with a 50 µm 
mesh, and irregularly shaped particles can persist in the feedstock. This 
can enable an improved flowability in recycled powders, which the 
authors primarily attributed to an increased presence of particles with 
surface oxidation (oxygen increase of 475–675 ppm). Other chemical 
changes found by Delacroix et al. included the presence of partially 
oxidised spatter particles in recycled powders after sieving, with Mn and 
Si-rich oxide nodules particularly found [21]. Delacroix et al. attributed 
their presence as potentially originating from vapor-entrained particles 
that may have oxidised whilst in flight. Another significant change was 
the increase in the amount of ferrite (4 wt%) in 15-times recycled 
powder, despite the virgin powder being almost fully austenitic. Ferrite 
particles are typically magnetic and can lead to clustering both in the 
powder and the final PBF-LB/M manufacture component, whilst also 
offering a single crystal morphology as they solidify under supercooling 
conditions. Therefore, the importance of introducing a suitable sieving 
process is crucial for reducing powder degradation, large powder ag-
glomerates and the presence of magnetic powder particles. Delacroix 
et al. [21] also reported that the final microstructure of SS316L samples 
with increasing numbers of powder recycles saw a refinement in grain 
size, possibly arising from oxide inclusions contributing to the pinning of 
grain boundaries. 

Despite such changes to the powder characteristics and microstruc-
tures of PBF-LB/M samples, Delacroix et al. [21] reported no significant 
differences in microhardness and tensile properties with powder recy-
cling, indicating that SS316L powder can be used up to 15 times in the 
PBF-LB/M process without compromising the mechanical properties of 
elaborated specimens. This was also the case for Douglas et al. [17], who 
found that the tensile behaviour of SS316L shows little change with 
powder recycling, and any reductions in ultimate tensile strength (UTS) 
and yield stress (YS) were often small or insignificant. 

Although these previous studies have extensively investigated the 
effects of powder recycling on mechanical performance, an under-
standing on how such changes influence the cyclic and corrosion prop-
erties of PBF-LB/M manufactured samples containing recycled powder is 
less well understood. A major benefit for understanding this would be 
the ability to reduce testing on reference samples for builds using 
recycled powder. Currently, substantial amounts of testing is needed on 
reference samples for each build to monitor any potential changes to 
part properties. If the recycling of powder was better understood, then 
this could be scaled back to reduce the number or variety of tests, 
resulting in lower lead times and a cost saving on manufacture and 
testing. 

This paper will investigate how the powder feedstock of SS316L 
evolves through the PBF-LB/M production route and how this may affect 
the final properties of PBF-LB/M components. This can then be used to 
enhance the understanding of how recycling affects end components, 
whether there is a recycling limit for powder and how best to monitor 
the powder evolution. This study involves a thorough characterisation of 
the powder particles after different levels of recycling and 
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understanding how several factors such as powder size distribution 
(PSD), flowability, chemistry and morphology change through their life 
cycle. This will subsequently be followed by analysing how such changes 
affect the PBF-LB/M material after two alternative post-processing 
treatments; namely a stress relieving heat treatment (SRHT) and a HIP 
procedure, designed to reduce any process-induced defects such as 
porosity. This will include analysing the respective microstructures, 
crystallographic texture, chemistry and defect populations and how 
these features influence the resulting pitting potential, low cycle fatigue 
(LCF) properties and tensile and impact strengths. 

2. Experimental methods 

2.1. Material 

In this research, PBF-LB/M SS316L specimens were manufactured 
from powder feedstock after various stages of recycling to understand 
the effects of recycling on the resulting mechanical properties. The 
virgin powder was supplied from LSN Diffusion and created by gas 
atomisation, with no reused powder present. The chemistry of the virgin 
powder is displayed in Table 1, and the powder size distribution (PSD) of 
the virgin powder is given in Table 2. Both sets of data were supplied by 
LSN Diffusion. 

During the PBF-LB/M process, a given virgin powder batch is typi-
cally in the order of one tonne in mass. This batch is then typically 
allocated a batch number which follows with the powder until it is fully 
consumed. However, the one tonne of bulk powder within a powder lot 
is too large to be fully loaded in to a PBF-LB/M machine for a single build 
run. Therefore, powder is drawn from the batch associated with the 
machine and topped up with virgin powder as and when is necessary. In 
addition to the refilling of the machine from the new powder batch, 
powder that is not used in the part production is also collected and 
reused in subsequent builds. This is described as reused powder. 
Therefore, for subsequent builds after the first manufacture run, the 
powder used may be 100 % recycled powder from the previous build, or 
a mixture of recycled powder and virgin powder from the powder batch. 
In addition to this, recycled powder may have been reused once or 
multiple times and therefore tracking the true condition of a selected 
batch of powder is extremely difficult. 

Before powder is loaded into the PBF-LB/M machine between builds, 
it is sieved to remove particles greater than 63 µm in diameter. After this, 
powder is mixed within a sealed drum before being loaded back in to the 
machine. The purpose of this procedure is to avoid segregation of the 
powder particles by size. It also allows for the proper mixing of any new 
virgin material added to the powder feedstock. A reference powder 
sample of 150 g is also taken from the mixed powder drum. This is 
collected using a powder thief to collect 25 g samples at 6 different lo-
cations to create a final mixed sample of approximately 150 g. In this 
study, powder has been collected for analysis after 2 sieves (predomi-
nantly virgin powder), 15 sieves (mid-level of recycling) and 30 sieves 
(high-level of recycling). 

2.2. Powder analysis 

A series of methods were employed to characterise the three different 
powder conditions in order to understand the flowability, chemistry, 
morphology and particle size distribution. 

2.2.1. Scanning electron microscopy (SEM), electron back-scatter 
diffraction (EBSD) and energy dispersive X-ray spectroscopy (EDS) 

Particle size distribution (PSD) analysis was completed with the use 
of scanning electron microscopy (SEM) and subsequent image analysis. 
For this, powder samples were mounted on to conductive carbon sticky 
tape and attached to 12.7 mm diameter circular pin stubs. These were 
then blown with compressed air to remove any loose powder particles. 
Samples were loaded in to a JEOL JSM 7800 F (FE-SEM), fitted with a 
tungsten source. For PSD analysis, a BSE image was taken with an 
accelerating voltage of 15 keV. 

Oxford Instruments AZtecAM software was used to analyse the PSD 
of the powder. Once a BSE image had been generated, a median filter 
was applied as well as a separation filter to threshold the image. A 
stitched rectangular scan area of around 30 mm2 made up of 192 indi-
vidual scans at a magnification of 250x and 9 mm working distance was 
analysed. Each stitched image contained a minimum of 20,000 features. 
Features under 2 µm in size were filtered out as noise. 

For general imaging using the JEOL, images were taken using the 
secondary electron detector. Accelerating voltage, aperture size, spot 
size, beam current and working distance were varied according to 
requirement. The JEOL was equipped with an Oxford Instruments X- 
Max N detector, which was used for EDS chemical analysis. Maps were 
completed on individual powder particles to identify the composition of 
oxides on the powder surface. For EDS, the accelerating voltage was set 
to 20 keV to generate a sufficient number of secondary electron emis-
sions to accurately identify elements. 

EDS and EBSD analysis were also performed on powder and 
consolidated samples using the Hitachi SU3500 system. To enable this, 
the Hitachi SU3500 was fitted with an Oxford-HKL Nordlys II detector. 
Samples were polished with 0.1 µm OPS solution on a vibratory polisher 
for 2 hours before EBSD scans. Analysis of EDS and EBSD data was 
completed using AZtec software from Oxford Instruments. For EBSD 
analysis, a step size of 0.25 µm was adopted to define the differences 
within the fine PBF-LB/M microstructure. Samples were mounted at 70 ◦
in the SEM chamber and scans were completed at magnifications be-
tween 300–500x with a working distance of approximately 20 mm. To 
accurately determine the difference between similar FCC and BCC unit 
cells, scanning speed was sacrificed for greater accuracy. Scan setup 
parameters included 2×2 sample binning, and a minimum of 12 Kikuchi 
bands analysed per crystal system. 

EBSD post processing and analysis was completed on HKL Channel 5 
software from Oxford Instruments. This generated phase maps, inverse 
pole figures (IPF), recrystallisation maps and misorientation maps which 
can be used to indicate residual stress. The minimum angle of misori-
entation to differentiate grain boundaries on maps was set at 1.5 ◦. 
Lower misorientation angles were considered but they were below the 
precision of the data generated. From this, grain size measurements 
were generated for the different samples. 

Table 1 
Nominal chemistry of virgin SS316L powder for PBF-LB/M.  

Element wt% Element wt% 

Al 0.005 N 0.005 
B 0.001 Nb <0.010 
C 0.010 Ni 12.420 
Co 0.020 O 0.010 
Co + Ta 0.020 Ph - 
Cr 17.040 S 0.014 
Cu 0.010 Si 0.350 
Fe Balance Ti <0.005 
Mn 1.200 V <0.010 
Mo 2.530    

Table 2 
Powder size distribution (PSD) of virgin SS316L powder for PBF-LB/ 
M.  

Dx Number Particle Size Diameter (µm) 

D1 10–16 
D4 12–18 
D25 20–26 
D50 26–32 
D75 34–40 
D90 43–49  
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2.2.2. Laser diffraction 
A Malvern Mastersizer 3000 was also used for laser diffraction to 

calculate the powder size distribution. The machine uses the scattering 
of light around particles to identify their size. For this setup, the particle 
type was selected as spherical. The material was selected as stainless 
steel with a refractive index of 2.757. Distilled water was used as a 
dispersant with a refractive index of 1.33. The machine was washed out 
three times with fresh water and ultrasonic cleaning was performed 
between tests on powder to avoid contamination. 

A powder sample approximately 2 g in weight was dispersed in water 
and mixed by the machine. The exact amount of powder was the suitable 
amount to satisfy the obscurence limits of the machine, which were set 
not to exceed 20 % for a balance between signal and accuracy. Once the 
powder slurry had been thoroughly mixed, it was passed across a laser 
light source and the level of diffraction was used to calculate powder 
size. 

2.2.3. Inert gas fusion 
Inert gas fusion was completed by Carpenter Additive in an 

accredited laboratory conforming to ISO 17025 [22]. This method is 
capable of avoiding the presence of surface oxides and as such, 
providing a more suitable representation of the oxygen and nitrogen 
content of the bulk powder chemistry. Approximately 10 g of powder 
was provided per sample, although not all of this was necessarily 
consumed. 

2.3. Laser powder bed fusion 

In this research, a series of three base plates containing 22 hori-
zontally (0◦) orientated octagonal rods, of 21.5 mm in width and 
105 mm in length, were manufactured, each of which employed powder 
after different levels of recycling (namely 2, 15 and 30 sieves). All rods 
from the three baseplates (as depicted in Fig. 1) were manufactured in 
an EOS M290 machine in a nitrogen atmosphere using the standard 
manufacturer recommended process conditions for SS316L, with a layer 
thickness of 20 µm and a volumetric energy density (Ev) of 100 J/mm3, 
as defined by the equation given in Eq. 1: 

Ev =
P

v • h • t
(1)  

Where P represents the laser power (W), v is the scanning velocity (mm/ 
s), h is the hatch spacing (mm) between adjacent scan passes and t is the 

layer thickness (mm). 
Once each of the three respective base plates were constructed, they 

were each split into two to create two sets of 11 rods. One half of the rods 
were hot isostatically pressed (HIP) whilst the other half were stress 
relief heat-treated (SRHT) so they could be safely removed from the base 
plate while remaining as close to the as-built condition as possible. The 
HIP cycle consisted of a heat treatment above the SS316L solution 
temperature (1000 ◦C) and was held at this temperature for 2–3 hours 
prior to cooling, at a pressure between 130 and 170 MPa. The exact 
parameters of the HIP procedure, including the ramp rates, are 
commercially sensitive. The SRHT cycle consisted of rapid heating to 
700◦ C, holding for 2 hours, followed by furnace cooling down to room 
temperature. Once each of the rods were removed from their respective 
base plates via wire EDM, they were then machined into a variety of test 
piece geometries for tensile, low cycle fatigue and Charpy impact 
experiments. 

2.4. Test methods 

2.4.1. Low cycle fatigue testing 
Low cycle fatigue (LCF) experiments were performed using a servo- 

hydraulic mechanical test machine under strain controlled conditions, in 
accordance to ASTM E606 [23]. Each test was carried out using a 
0.004 s− 1 triangular waveform and a fully reversed R value of − 1, in a 
controlled laboratory environment of 21 ◦C. To provide a range of 
strain-life data, several applied strain amplitudes (εa) were employed. 
The number of fatigue cycles to failure (Nf) is reported as a 25 % drop 
from the peak load at the half-life, stabilised condition (as determined 
through linear regression). All samples were tested until failure, or once 
100,000 fatigue cycles were surpassed, upon which the test was stopped, 
the sample was unloaded, and the test was deemed a run-out. The 
specimen dimensions for the test-pieces is presented in Fig. 2. All sam-
ples were finished with a longitudinal polish according to ASTM E606 
[23]. 

2.4.2. Tensile testing 
Uniaxial tensile specimens were manufactured in accordance to 

ASTM E8–04 [24], with the dimensions depicted in Fig. 3a). All speci-
mens were finished with a longitudinal polish and a 0.3 µm surface 
finish. The tensile tests were performed on a Dartec 100 kN electric 
screw test machine, with Dartec 9610 control system and Dartec Wok-
shop 96 software. For all tensile tests, a constant strain rate of 

Fig. 1. The build plate design containing the octahedral rods a) Isometric view b) Plan view c) Side view.  
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0.005 mm•min− 1 was used until the yield strength was exceeded, upon 
which the 12 mm extensometer was removed and a second strain rate of 
0.05 mm•min− 1 was employed until failure. The purpose of this was to 
protect the extensometer from over exertion at high strains. All test 
procedures adhered to ASTM E8–04 [24], with 25 data points recorded 
per second and strain measured through extensometry. All tests were 
performed in a controlled laboratory temperature of 21 ◦C. Yield 
strength was determined by the offset method defined in ASTM E8–04, 
and elongation was determined after fracture according to the same 
standard [24]. 

2.4.3. Charpy impact testing 
Charpy impact tests were performed on an Instron MPX testing ma-

chine. Samples were manufactured to the ASTM E23 [25] standard ge-
ometry of 10 mm×10 mm x 55 mm with a 2 mm notch at a 45 ◦ angle 
(as depicted in Fig. 3b)). For consistency, the specimens were machined 
so that the notch was aligned with the top of the octagonal rod in each 
instance. Three samples were tested per condition and an initial test with 
no sample was completed beforehand, from which the value of energy 
absorbed (if any) was removed from the subsequent test results. All tests 
were performed in a controlled laboratory temperature of 21 ◦C. 

2.4.4. Cyclic polarisation 
A Gamry 1010E potentiostat was used to complete open circuit and 

cyclic polarisation testing of a selection of PBF-LB/M SS316L samples 
containing different levels of recycled powder. Cyclic polarisation in-
volves putting a potential through a sample to promote corrosion and 
then reversing this potential to promote re-passivation. From this, a 
pitting potential and re-passivation potential can be determined. These 
equate to the point at which the oxide layer is breached, and the sub-
sequent point at which it heals. The open circuit potential for corrosion 
can also be decerned which is the standard potential of the sample 
within the media, which in this case is salt water. 

Samples were mounted in a circular sample holder which acted as 
the working electrode in a three-electrode arrangement. A 0.78 cm2 

surface area of the sample was exposed. The reference electrode was a 
saturated calomel electrode and a platinum plated electrode was used as 
a counter. The reference electrode was positioned close to the working 

electrode and all three electrodes were submerged in 3.5 % salt solution. 
Cyclic polarisation scans were then recorded with a forward scan speed 
of 0.16 mV/s at a start point of 0.2 V below the open circuit potential. 
This was reversed when a current density of 10 mA/cm2 was reached 
and stopped when the voltage reached the original starting value. 

2.5. Microscopy, defect and fractographic analysis 

A Hitachi SU3500 SEM, with electron backscatter diffraction (EBSD) 
capability, was used to inspect the microstructures and the fracture 
surfaces of the different sample types. For EBSD analysis, scans were 
acquired using a step size of 1.5 µm and 4 ×4 binning. The phases chosen 
for acquisition were FCC-Fe and BCC-Fe, with the band detection mode 
optimised for EBSD. EBSD data was analysed using the Tango plug-in 
included in the Channel 5 software. Grain detection was performed 
using the grain area determination in Tango software, where no border 
or corner grains were included in the analysis. Grain size of the XY and 
XZ faces of each sample type was measured by Channel 5 software. 

A Zeiss Smartzoom 5 optical microscope was used to analyse the 
defect population of a selection of the different LPBF SS316L variants. 
Samples were prepared using standard metallographic procedures, and 
were then subjected to vibratory polishing on a VibroMet 2 polisher with 
OP-S (colloidal silica suspension) for ~8 hours to remove any remaining 
minor deformations. 

Samples for porosity measurements were imaged at 100x magnifi-
cation. Three images were taken per sample with no overlap between 
the images, in both the XY and XZ orientations. Porosity was identified 
in images using thresholding and the analyse particles function on 
ImageJ. Any pores with an area under 2 µm2 were removed from the 
results to eliminate noise. Thresholding of images to identify porosity 
was adjusted manually for every image for greater accuracy. 

3. Results & discussion 

3.1. Powder analysis 

As discussed earlier, previous studies have shown a slight increase in 
the PSD of SS316L with powder recycling [26,27]. This is primarily due 

Fig. 2. Sample geometry for low cycle fatigue testing.  

Fig. 3. Test piece geometry for a) Uniaxial tensile b) Charpy impact experiments.  
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to fine particles being preferentially consumed during manufacture and 
their consumption in to larger particles through spatter and satellite 
particles. PSD has been characterised previously using both image [27] 
and laser diffraction based methods [28]. 

As shown in Fig. 4a), through laser diffraction, the PSD curves for the 
start, mid and end point (virgin, mid- and most recycled powder) of the 
powder particles have shown a coarsening over the lifecycle, with the Dx 
numbers provided in Table 3. The powder sample at 2 sieves had already 
undergone one build through the machine as sieving and sampling oc-
curs before building. In between then and 15 sieves, when the next 
powder sample was taken, significant amounts of virgin powder were 
added, as follows: 131 kg at 4 sieves, 75 kg at 5 sieves, 15 kg at 7 sieves, 
70 kg at 10 sieves, 28 kg at 11 sieves and 30 kg at 12 sieves. Although 
there is not enough evidence to suggest a full stabilisation of the PSD 
with powder recycling once the batch is coarse enough, laser diffraction 
has shown that the PSD can be reset to some degree by the addition of 
virgin powder. The addition of virgin powder to top up the powder batch 
only occurs if there is virgin powder available so the effect is limited to 
earlier powder samples. However, controlling the initial PSD means the 
final PSD can be regulated as powder will only coarsen so far before it is 
fully consumed. 

In addition to PSD analysis from laser diffraction, PSD measurements 
were recorded by SEM image analysis using AztecAM software, as dis-
played in Fig. 4b). Similarly to the laser diffraction analysis, the PSD 
curves for the samples from 2 and 15 sieves show very little variation 
and the 30 sieves sample has a coarser PSD. However, the variation 
between the 15 and 30 sieves samples is more significant than that 
derived from laser diffraction. The 30 sieves peak has collapsed and the 
tail of the curve has shifted significantly. This collapse in the peak with 
recycling has previously been shown by Heiden et al. when they 
measured PSD using SEM analysis [26]. 

In each of the respective plots, the PSD curves start from 10 µm due 
to the filtering out of all data less than this value. This is due to the 
difficultly of filtering and thresholding of fine particles using image 
analysis. This does not mean that these fine particles do not exist in the 
powder but both techniques appear to struggle with the identification of 
particles below 10 µm. Images from the SEM proves that these small 
particles (under 10 µm) are indeed present, as shown in Fig. 5, which 
shows the thresholding of the powder after 2 sieves. In this figure, 
particle a refers to a correctly identified particle with a diameter below 
10 µm that would have typically been filtered out during analysis. Par-
ticle b is a sub 10 µm diameter satellite particle with is incorrectly 
identified as an individual particle. Both examples show that these sub 
10 µm particles exist, but that their quantification is difficult to achieve. 
The number of particles filtered out was 28 % for 2 sieves and approx-
imately 20 % for 15 and 30 sieves, suggesting that more fine particles 
may have existed in the 2 sieves samples. 

Comparing the Dx numbers of the two analysis techniques (Table 3), 
both laser diffraction and SEM analysis show minimal variation between 

the 2 and 15 sieves powder but subsequent coarsening of the most 
reused powder. Both are therefore in agreement regarding the trends in 
the PSD. 

Image analysis through AztecAM was shown to provide a finer PSD 
curve with lower particle sizes across all Dx numbers. In addition, the 
coarsening observed is greater in the D50 and D90 size but not the D10 as 
fine particles were filtered out. As such, the bottom end of the PSD is not 
as accurate. Overall, SEM analysis was more sensitive to changes in the 
PSD but also less reliable as there are more areas for significant error 
from AZtecAM. Variations to the image contrast, overlapping powder 
from sample preparation and errors from thresholding powder particles 
can all lead to large deviations. The advantage of image analysis is that it 
can identify fine particles that are missed by other techniques and 
demonstrates greater variation in results. 

To test the flowability of metallic powder, Hall Flow tests were 
completed to ASTM B213–20 [29]. 50 g of metallic powder was weighed 
out beforehand which was subsequently poured in to the Hall flow 
funnel with the funnel orifice sealed. The funnel was placed at approx-
imately 50 mm above a receptacle dish, from which the funnel orifice 
was unsealed and at the same time a stopwatch was started. As soon as 
the last powder had left the funnel the stopwatch was stopped and the 
time was recorded. The tests were completed three times per powder 
sample and repeated if powder flow became interrupted during the test. 
In this study, the powder showed a small increase in flowability of 
approximately 10 %, from 20 s for 2 sieves powder to 18 s for the most 
recycled 30 sieves powder. Previously, Mellin et al. [30] found that a 
relationship exists of increased flowability with powder reuse when 
analysed using Hall Flow. Yet, investigations in to the effects of powder 
reuse on powder flowability for PBF-LB/M have often been conflicting or 
inconclusive. The most prevalent relationship appears to be one of 
powder coarsening due to powder reuse that leads to fewer fine particles 
and less powder agglomeration. This in turn leads to an increase in 
flowability. Yet, the observed increase in flowability after recycling in 
this study is hindered by the regular introduction of new virgin powder 
that exhibits a finer particle size, and hence, a reduced flowability. 

From the inert gas fusion experiments, both the oxygen and nitrogen 

Fig. 4. The PSD curves for powder after 2, 15 and 30 sieves of recycling, as determined by a) laser diffraction and b) SEM with AztecAM software.  

Table 3 
Dx numbers for the powder batch after 2, 15 and 30 sieves as determined by laser 
diffraction and SEM with AztecAM software.  

Sieve Count D numbers (laser 
diffraction) 

D numbers (AZtecAM) 

D10 

(µm) 
D50 

(µm) 
D90 

(µm) 
D10 

(µm) 
D50 

(µm) 
D90 

(µm) 

2  20  32  51  14  23  39 
15  20  32  54  12  21  36 
30  24  36  57  15  32  50 
Overall Difference 

(2–30 sieves)  
+4  +4  +6  +1  +9  +11  
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content of the powder were seen to increase with powder recycling level, 
as presented in Fig. 6. Oxygen content increased from 442 ppm to 
487 ppm, representing a 10 % increase. Over the same level of powder 
recycling, the nitrogen content increases from 677 ppm to 694 ppm, a 
2.5 % increase. This occurs despite the build chamber being backfilled 
with nitrogen, where the pickup associated from this remained low. In 
previous studies, Murray et al. [20] observed a larger increase in oxygen 
content in the order of 20 % when recycling from 1 to 30 builds, whilst 
Delacroix et al. [31] also found significantly higher levels of oxygen with 
recycling. It is difficult to determine the precise reasons for the differ-
ences in oxygen pick-up across the different studies, but particular fac-
tors such as the adopted process parameters or the thickness of the oxide 
scale on the surface of unmelted powder particles could be considered. 
In the study by Murray et al., they used a maximum Ev value of 
90 J/mm3 [20], whilst Delacroix et al. used 116 J/mm3 [31], as opposed 
to 100 J/mm3 used in the current study. Likewise, the extent of oxida-
tion is promoted by the elevated temperatures and adequate oxygen 
partial pressure during the manufacturing process. Galicki et al. [32] 
reported that spatter particles containing elevated levels of oxygen and 
their subsequent re-introduction into the powder bed process are un-
likely to be a significant source of oxygen pick-up, but such a factor 
could also be considered. Furthermore, Cr is typically added to SS316L 
to improve oxidation resistance, but interestingly the Cr wt% had min-
imal variation across the different studies. The SS316L powder used by 
Delacroix et al. contained 17.5 wt%, Murray et al. contained 16–18 wt% 
and the current study had 17.04 wt% Cr [20,31]. As such, given that the 
Cr content was relatively consistent across the three studies, it is not 
considered to be a significant factor influencing the differing oxygen 
pick-up behaviours. 

Energy Dispersive X-ray Spectroscopy (EDS) was used to characterise 
the composition of oxides that formed on recycled powder particles. 
Examples of this are shown by a powder particle with melted satellite 
particle scale (Fig. 7a)) and of a remelted spatter particle (Fig. 7b)) after 
30 sieves. Both EDS maps show that the oxides that formed on the sur-
face of powder particles are lean in iron and rich in oxygen, manganese 
and silicon. Manganese and silicon rich oxides have previously been 
identified on recycled/spatter particles in SS316L powder [33,34]. By 
studying the oxide stability and the partial pressure of oxides formed, Lu 
et al. ranked common oxidising elements within SS316L as the 
following: Si>Mn>Fe>Ni [33]. The lower partial pressure of oxygen for 
Si and Mn oxides encouraged their formation. For other oxides to form, 
they require a higher partial pressure of oxygen which is limited within 
the build chamber. This suggests that with future enhancements to 
PBF-LB/M processing, better backfilling and removal of oxygen may 
contribute to fewer and a less variety of oxides. 

Characterisation of these oxides to determine their exact composi-
tion has shown them to be a mix of species. Lu et al. speculated that in 
addition to SiO2 and MnO, differing quantities of these elements may 
react to form MnSiO3 or Mn2SiO4 [33]. This was shown to be true by 
Gorji et al. through synchrotron analysis where MnSiO3 was observed to 
increase in quantity in recycled SS316L powder [11], whilst in their 
study, Heiden et al. identified both SiO2 and MnCr2O4 oxides on the 
surface of recycled SS316L powder [26]. Formation and detection of 
such oxides is important to understand as they have been shown to affect 
the melting and solidification of powder in PBF-LB/M and promote a 
greater number of oxide inclusions within the final fused material [35]. 
Oxide inclusions that are rich in Mn and Si have been associated with a 
reduced performance for AM 316 L material in impact experiments and 
for stress corrosion cracking [36]. The SEM imagery and inert gas fusion 
measurements have indicated that the number of oxides increases with 
powder recycling. Likewise, EDS scans have shown oxygen residing in 
the form of oxides on the surface of the powder particles. 

In addition to oxygen, previous studies of powder recycling in 
SS316L have shown an increase in the ferrite content of powder with 
recycling [26,37,38]. Ferritic powder is magnetic, whereas austenitic 
powder is not, which makes it more susceptible to agglomeration of 
powder particles that could lead to clumping of powder on the build 
plate or poor flow properties in the powder. EBSD stich maps (Fig. 8) 
were recorded in order to scan a large enough sample of powder. IPF 
maps were also generated as part of this process. As the orientation of 
powder is random, the directions of texture generated are redundant. 
However, these maps do reveal that all ferritic powder particles have a 
single crystal microstructure. This is due to rapid cooling of powder 
ejected from the laser. Heiden et al. established that these particles had 
no noticeable change in composition that could affect phase composition 
but that instead these particles are formed as a result of spatter that had 
undergone large thermal gradients [26]. As ferritic powder is formed via 

Fig. 5. a) BSD image of 2 sieves powder showing fine satellite and segregated particles. Powder particle a and b have maximum lengths of 6.7 and 6.5 µm 
respectively, b) 2 sieves powder post thresholding by AZtecAM. 

Fig. 6. Bulk oxygen and nitrogen content in powder samples at different levels 
of recycling. 
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spatter, the increase in ferrite content from 0.8 % to 1.4 %, as displayed 
in Table 4, also indicates the increase in spatter particles within the 
sample. However, despite this marginal increase, the low levels of ferrite 
seen in the heavily recycled material is still favourable for corrosion 
resistance, given that in previous research, ferrite content was found to 
reach 6 % by volume in recycled SS316L [38]. In the study by Pinto et al. 
[38], a far lower Ev value of 22 J/mm3 was utilised. Therefore, it is likely 

that the material experienced high cooling rates in the build chamber 
and the retained ferritic particles were unable to transform to austenite. 
At this point, defects can occur due to clumping of the magnetic powder, 
however, after 30 sieves the powder in this study has not reached this 
level where it would be considered to be a concern (<2.2 %). The single 
crystal nature of the ferritic powder confirm it was formed via rapid 
cooling and most likely as a result of recoil spatter [26]. Different pro-
cesses will have varying laser parameters and gas flow, which will in 
turn increase or reduce the amount of recoil spatter that generates 
ferritic powder and determine how much is removed. The larger sample 
size of approximately 1000 powder particles that were studied provides 
confidence that the levels of ferrite powder observed are accurate to the 
overall sample. 

Fig. 7. EDS maps of a) a powder particle with melted powder on its lower half, potentially from a satellite powder particle and b) a smooth surfaced spatter powder 
particle. Oxides on the surface are rich in manganese, silicon and oxygen while being lean in iron. Both EDS maps are taken on 30 sieves recycled powder. 

Fig. 8. EBSD stitch maps of 30 sieves powder, a) phase map displaying austenite (denoted by red particles) and ferrite (blue particles), b) IPF map of powder showing 
single crystal powder particles occur when powder is ferritic, these particles are circled in white. 

Table 4 
Ferrite content of powder from samples taken at the start and end stages of 
powder recycling as determined by area fraction from EBSD.  

Recycling 
Level 

Powder Particles 
Analysed 

Ferrite Content by 
Particle Frequency (%) 

Ferrite Content 
by Area (%)  

2  975  0.82  1.54  
30  1057  1.42 %  2.16  
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3.2. Laser powder bed fused (PBF-LB/M) samples 

3.2.1. Material 

3.2.1.1. Microstructure. EBSD maps were collected to characterise the 
microstructure of a selection of SRHT and HIP samples at different 
powder recycling levels, both parallel (XZ) and perpendicular (XY) to 
the build direction. Some commonalities are present across all samples. 
Firstly, the phase composition of all samples was near 100 % austenitic 
in all cases (Fig. 9). An increase in ferrite content associated with the raw 
powder feedstock did not translate into an increase of ferrite in the bulk 
material. This could be due to the laser power during PBF-LB/M, where 
the powder within the melt pool is likely fully consumed and therefore 
any remaining ferritic microstructure can be resolidified as austenitic. 

Also true across all samples was the presence of <101> texture 
parallel to the build direction and an anisotropic microstructure where 
the grains were elongated in the XZ plane (Fig. 10). Due to the direc-
tional cooling of PBF-LB/M material towards the build plate, grains 
experience epitaxial growth in the build direction which creates an 
anisotropic microstructure [39]. In addition to this, the high energy 
density used for the manufacture of PBF-LB/M SS316L samples also 
promotes this directional cooling and in turn the <101> texture [4]. The 
average texture (otherwise known as maximum multiples of uniform 
density (MUD)) values decreased however for the SRHT samples, from 
7.2 in the 2 sieves sample to 4.2 in the 30 sieves sample. Yet in the HIP 
samples, the MUD value raised slightly, from 2.9 to 4.0, as given in  
Table 5. This indicates that the HIP procedure is promoting grain growth 
with increased texture after recycling. 

In addition to the changes to crystallographic texture, aspect ratios 
were also calculated to provide a quantitative representation of poten-
tial anisotropy for each respective plane. This was achieved using the 
mean linear intercept method, and then dividing the length of the minor 
axis by the length of the major axis of a given grain. For SRHT samples, 
the aspect ratio ranged from 0.51 to 0.52 in the XY plane (Fig. 11) and 

0.34–0.36 in the XZ plane, indicating more equiaxed grains in the XY 
than the XZ, as typically expected for AM material. For HIP samples, the 
XY aspect ratio is similar to that of SRHT samples, approximately 
0.51–0.53, but for the XZ orientation it is slightly higher than the SRHT 
condition samples at 0.39–0.42. This suggests partial recrystallisation of 
the microstructure during HIP where new grains are more isotropic and 
are less textured. Furthermore, the average grain size of HIP samples 
tends to larger sizes than equivalent SRHT samples. Average grain size in 
the XY orientation are 31 % larger in the XY plane and 47 % greater in 
the XZ plane for HIP samples, compared to the SRHT equivalents. Grain 
size did vary slightly between samples manufactured at different levels 
of powder recycling, however a trend relating grain size with powder 
recycling is non-existent. It should be noted that EBSD scans are limited 
in scan area and therefore some variation is expected in the results, 
particularly for grain size. Despite differences of up to 40 µm2 between 
samples in the XZ plane, this is likely due to the limited scan area of the 
map. 

3.2.1.2. Porosity. From the investigation of studying the presence of 
defects in the different PBF-LB/M SS316L samples, porosity was found to 
slightly increase from a volume fraction of 0.01 % to a high of 0.08 %, as 
powder recycling increased from 2 sieves to 30 sieves in the SRHT 
material (as shown in Table 6). The increase in total porosity with 
increasing powder recycling may be due to the reduction of fine particles 
with increased recycling. Fine particle proportion is closely related to 
build plate packing, as these particles can occupy smaller vacancies 
within the build plate, improving build plate packing and subsequent 
mechanical performance [15]. This minor increase in porosity has also 
been observed within other studies on recycled powder [21,40]. As well 
as porosity increasing, pore size was also greatest in the 30 sieves SRHT 
samples in both the XY and XZ plane. Yet, despite this variation, it is 
important to note that the overall porosity in all samples remains rela-
tively small and that all samples, in both the SRHT and HIP conditions, 
were above 99.9 % dense. This is in line with previous studies that 

Fig. 9. Phase maps of SRHT and HIP samples at all levels of powder recycling in the XY orientation. Red colour indicates the austenite phase, blue colour represents 
the ferrite phase. 
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investigated porosity when recycling SS316L powder, where it was 
found that recycling only resulted in slight changes to part density [21]. 
However, in this research, as expected, porosity was marginally greater 
within the SRHT samples than the equivalent HIP samples, but the dif-
ference is not discernible. It is important to note that these values are 
indicative and ideally, porosity volume fraction data would be provided 
via X-ray computed tomography (XCT). 

Fig. 12 shows a selection of the porosity images taken of PBF-LB/M 
SS316L at varying levels of powder recycling and post processing con-
ditions. The pores in the SRHT samples are prone to being more angular 
whereas, the HIP material, although containing pores, shows them to be 
generally spherical and less angular. As such, even though HIP may not 
be fully successful in removing all porosity, it appears to have removed 
some of the unfavourable porosity geometries that would be most 
damaging. The 30 sieves HIP is shown to have significantly more 
porosity than the other two HIP samples. As the porosity has increased 
within recycled material, the HIP process has not been capable of fully 
removing all remaining pores. In each figure, the images were captured 
on polished unetched surfaces, yet the final stage of the polishing pro-
cedure using OPS suspension has partially etched the surface revealing 
some microstructural detail. 

3.2.1.3. Composition. Earlier it was shown that the oxygen content 
within powder particles increased with recycling and was predomi-
nantly located within surface oxides that were rich in both Mn and Si. 
The chemistry of solidified parts manufactured with near virgin and 
recycled powder were also measured to identify whether the changes in 
powder chemistry translated in to the chemistry of the final LPBF 
manufactured component. 

As given in Table 7, the composition of recycled powder parts across 
the majority of elements did not vary significantly as powder recycling 
increased. As the powder feedstock remained consistent throughout, 

Fig. 10. Inverse pole figure maps, orientated in the Z direction parallel to the build direction, of HT and HIP samples at all levels of powder recycling in the XZ 
orientation showing elongated columnar grains parallel to the build direction. 

Table 5 
Microstructural measurements for all PBF-LB/M samples as calculated through 
EBSD.  

Sieve 
Count 

SRHT/ 
HIP 

Orientation Average 
Grain Size 
(µm2) 

Aspect 
Ratio 

Maximum 
<101> MUD 
value  

2 SRHT XY  109.4  0.51  7.61  
2 SRHT XZ  159.9  0.36  6.78  
2 HIP XY  125.4  0.53  2.44  
2 HIP XZ  263.6  0.40  3.39  
15 SRHT XY  104.4  0.51  5.94  
15 SRHT XZ  202.8  0.35  5.42  
15 HIP XY  146.6  0.51  5.95  
15 HIP XZ  248.9  0.39  1.80  
30 SRHT XY  80.5  0.52  3.23  
30 SRHT XZ  175.2  0.34  5.26  
30 HIP XY  113.8  0.54  3.34  
30 HIP XZ  277.5  0.42  4.69  
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there is no occasion in the PBF-LB/M process where major contamina-
tion of metallic elements could occur. The nitrogen content of manu-
factured parts did not vary from 670 to 680 ppm, a similar level to what 
was observed within the powder. Therefore, the manufacture of PBF-LB/ 
M components and subsequent HIP operations within a nitrogen atmo-
sphere have not contributed to a pickup of nitrogen within the micro-
structure. The oxygen content only increased slightly, but all values lay 
between 320 and 340 ppm. This is contrary to the increase of 10 % 
observed within the recycled powder as reported earlier.(Table 8) 

3.2.2. Mechanical properties 
As shown earlier, the changes to SS316L powder have included a 

coarsening of the PSD, increase in powder flowability and increase in 
oxygen content as the powder was recycled from 2 sieves to 
15–30 sieves. An extensive series of mechanical tests and analysis were 
subsequently performed on samples manufactured at these points, to 
identify any changes to part properties as a result of the changes to the 
powder characteristics. These samples were also prepared in the SRHT 
and HIP condition. 

3.2.2.1. Low cycle fatigue results. For all samples in the SRHT and HIP 
conditions across each of the three recycling levels, no major difference 
in fatigue lives were observed (Fig. 13a)). For the SRHT condition, the 
variation in fatigue performance between the three different recycling 
levels was extremely low, as shown by the R2 value of 0.98. Therefore, 
the fatigue behaviour of SRHT samples appear to be insensitive to 
recycling level. For the HIP samples, the variation is not quite as small 
but still relatively low with an R2 value of 0.92. This slight drop in 
consistency is driven by the samples from the 2 sieves condition. At three 
of the four strain values tested, these samples exhibited the worst fatigue 
life of any specimen type, yet the best at εa = 0.6 %. At higher strain 
amplitudes (>0.6 %), the power curve trendlines for SRHT and HIP 
samples begin to drift apart so the SRHT samples appear to have superior 
lives. This variation is not considerable and across the range of strains 
investigated, it does not appear to be significant. 

Fig. 11. Inverse pole figure maps, orientated in the Z direction perpendicular to the build direction, of SRHT and HIP samples at all levels of powder recycling in the 
XY orientation showing a more equiaxed morphology perpendicular to the build direction. 

Table 6 
Volume fractions of porosity recorded from cross sections of samples of different 
post processing and powder recycling levels.  

Sample Porosity (%) Maximum Pore Size (µm2) 

2 Sieves SRHT XY  0.02 %  134.98 
2 Sieves SRHT XZ  0.01 %  418.48 
2 Sieves HIP XY  0.01 %  200.61 
2 Sieves HIP XZ  0.04 %  45.44 
15 Sieves SRHT XY  0.03 %  278.19 
15 Sieves SRHT XZ  0.04 %  354.70 
15 Sieves HIP XY  0.04 %  48.36 
15 Sieves HIP XZ  0.04 %  48.37 
30 Sieves SRHT XY  0.08 %  645.59 
30 Sieves SRHT XZ  0.07 %  447.79 
30 Sieves HIP XY  0.04 %  296.46 
30 Sieves HIP XZ  0.08 %  73.57  
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The corresponding stabilised stress range behaviour for the different 
samples is presented in Fig. 13b). Similar to the strain amplitude plot in 
Fig. 13a), the S-N curves for the SRHT and HIP samples at the three 
different levels of powder recycling show minimal variation in fatigue 
performance. The R2 values are again very high (0.98–0.99) and indicate 
that the recycling level has no measurable impact on the fatigue per-
formance of the material, regardless of post processing. This also sug-
gests that powder recycling did not generate defects within the material, 
either as porosity or oxides, that were of a sufficient size that they may 
negatively affect the fatigue performance. The most clear difference 
between the HIP and SRHT samples is the superior response of the SRHT 
material, where the SRHT samples achieve a consistently higher level of 
stress. This indicates that despite the HIP operation being employed to 
remove critical defects, this may in fact be unnecessary and further re-
inforces the theory that any process-induced defects are having no 
discernible impact on the cyclic properties. 

Monotonic and stabilised hysteresis stress-strain loops were also 
generated across the different sample types. As shown in Fig. 14, there 
appears to be no clear difference in the maximum or minimum stress 
values achieved in the SRHT samples. The 2 sieves SRHT sample does 
achieve a lower yield stress (approximately 50 MPa lower) compared to 
the other samples, but the Young’s modulus across the three material 
types is not affected, with values of 202 GPa, 214 GPa and 192 GPa 
recorded across the 3 recycling points, respectively. Despite the differ-
ence in yield properties, this is only noticeable on the first cycle, as once 
the material reaches the stabilised condition, the loops are perfectly 
aligned with negligible difference between the three data sets in terms of 

Fig. 12. Images of porosity within the XZ plane for samples of varying powder recycling level and post processing condition. a) 2 sieves SRHT b) 15 sieves SRHT c) 
30 sieves SRHT d) 2 sieves HIP e) 15 sieves HIP and f) 30 sieves HIP. 

Table 7 
Elemental composition of PBF-LB/M SS316L samples of differing powder recy-
cling and post processing.  

Element 2 Sieves 
SRHT 

2 Sieves 
HIP 

15 
Sieves 
SRHT 

15 
Sieves 
HIP 

30 
Sieves 
SRHT 

30 
Sieves 
HIP 

Cr (wt 
%)  

17.2  16.8  17.4  16.7  16.7  17.2 

Ni (wt 
%)  

12.4  12.5  12.5  12.5  12.5  12.5 

Si (wt 
%)  

0.6  0.5  0.6  0.5  0.5  0.6 

Mn (wt 
%)  

1.2  1.2  1.3  1.2  1.2  1.2 

Cu (wt 
%)  

0.04  0.02  0.03  0.02  0.02  0.02 

Mo (wt 
%)  

2.4  2.4  2.5  2.4  2.4  2.4 

Al (wt 
%)  

0.05  0.05  0.05  0.05  0.05  0.05 

Fe (wt 
%)  

66.0  66.4  65.7  65.7  66.6  66.0 

C (wt%)  0.02  0.01  0.01  0.01  0.02  0.01 
S (wt%)  0.003  0.003  0.003  0.003  0.003  0.003 
N (ppm)  670  680  680  680  680  670 
O (ppm)  320  330  320  330  340  330  
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the modulus, yield, cyclic softening and extent of plasticity. 
The hysteresis stress-strain response of the HIP samples are presented 

in Fig. 15 and in a similar manner to the SRHT samples, show that there 
is minimal difference in the loops as the powder feedstock becomes more 
recycled. Unlike the monotonic loops for the SRHT samples, no 
discernible difference is noticeable in the yield behaviour of the three 
samples during the first loading cycles. Likewise, this is also true for the 
stabilised cycles, where the tested samples with three different levels of 
recycling show no difference in their stress-strain response. 

When comparing the hysteresis response of the HIP material to the 
SRHT samples, the main observation is the difference in the level of 
cyclic softening that occurs. Whereas the HIP material exhibits minimal 
softening, the SRHT material softens by approximately 40 MPa across 
each of the three recycled samples once they reach their respective 
stabilised conditions. 

Post test fractography was carried out on a selection of the samples to 
identify whether any discernible differences could be detected as a result 

of the different powder recycling levels and post processing methods.  
Fig. 16 shows comparative fracture surfaces for SRHT and HIP samples 
tested at the same powder recycling level (2 sieves) and maximum εa 
(0.6 %). As shown, the bulk fracture surfaces (Fig. 16a) and b)) are 
similar between the two samples, although the overload zone is more 
clearly defined in the HIP sample. There is also evidence of more bulk 
deformation in the SRHT sample, suggesting a higher level of ductility, a 
behaviour that is also seen later when the tensile behaviours are dis-
cussed (Section 3.2.2.2). Both samples failed from surface initiation 
sites, which was consistent for all the samples tested, regardless of post 
processing method or powder recycling level. The lack of sub surface 
initiation indicates that the porosity or other defects within the samples 
were never of a size to be deemed sufficient enough to facilitate initia-
tion from such types of features. 

The initiation zones for these samples are shown at higher magnifi-
cation in Fig. 16c) and d). The images show a variation in surface 
elevation as the crack propagates and both have several circular 

Table 8 
Tensile properties for SRHT and HIP samples at the three stages of powder recycling.  

Sample 0.2 % Proof Stress (MPa) Ultimate Tensile Stress (MPa) Young’s Modulus (GPa) Strain to Failure (%) 

Avg Min Max Avg Min Max Avg Min Max Avg Min Max 

2 SRHT  447  446  447  663  661  665  161  145  177  39.6  38.0  44.2 
2 HIP  379  377  380  638  638  639  144  135  151  46.1  43.9  50.0 
15 SRHT  447  445  449  668  664  670  174  171  180  66.1  62.3  73.2 
15 HIP  375  371  379  636  632  640  180  161  192  70.4  67.0  72.1 
30 SRHT  443  441  444  664  662  665  194  186  209  61.7  61.0  63.8 
30 HIP  376  373  378  637  635  640  181  171  197  61.7  43.2  71.1  

Fig. 13. Low cycle fatigue results for PBF-LB/M SS316L samples a) Strain amplitude plotted against cycles to failure, b) Stabilised stress range plotted against cycles 
to failure. 

Fig. 14. a) Monotonic and b) stabilised stress-strain loops for SRHT samples at each of the three recycling levels, at εa=0.6 %.  
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particles present around the crack path. Dark spots, likely oxides, are 
also present on the samples. However, it is unclear whether these oxides 
have formed pre or post fracture. The circular particles visible are in the 

same size range (10–20 µm) and could potentially be resultant of fine 
powder that has not fully fused. These particles often appear along the 
line of crack propagation, suggesting that they may accelerate this stage 

Fig. 15. a) Monotonic and b) stabilised stress-strain loops for HIP samples at each of the three recycling levels, at εa=0.6 %.  

Fig. 16. SEM fractographic images of PBF-LB/M SS316L LCF samples tested at εa=0.6 % a) HIP sample manufactured with 2 sieves powder, b) SRHT sample 
manufactured with 2 sieves powder, c) initiation zone of HIP sample, d) initiation zone of SRHT sample. 

Fig. 17. Tensile stress-strain plots for a) SRHT and b) HIP samples at each of the three recycling levels.  
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of crack growth. Shortly after, striations become visible within the 
sample and the prevalence of powder particles on the fracture surface 
drops, indicating they may be more impactful in the earlier stages of 
fatigue crack growth. 

3.2.2.2. Tensile results. Tensile tests were completed on samples from 
all three levels of powder recycling and in both post processing condi-
tions. Fig. 17 presents the typical response for each of the six variants 
and indicate that the majority of tensile properties were found to be 
insensitive to powder recycling level, irrespective of the post-processing 
condition. Based off three tensile tests performed on samples from each 
of the six conditions, the results revealed that UTS does not vary with 
powder recycling level, but is generally greater for the SRHT samples 
(average of 665 MPa) than the HIP samples (average of 637 MPa). This 
increase in UTS is also reflected in the proof stress behaviour, which was 
also insensitive to powder recycling but saw the SRHT samples outper-
form HIP by approximately 70 MPa. On the contrary, strain to failure 
was generally found to be greater in the HIP samples [41], as would be 
expected given the slightly coarser grain size in this material, as has also 
been found previously [16]. 

In the SRHT samples, other factors such as large internal stresses and 
dislocation density may also be positively affecting the proof stress 
alongside the more refined grain morphology. However, other in-
vestigations of PBF-LB/M SS316L show an improvement in elongation to 
failure values as well as better yield strength [42,43]. This can not be 
explained solely by the Hall-Petch relationship which would expect a 
decrease of the elongation to failure. Therefore, other factors such as 
process-induced defects including porosity need consideration. Li et al. 
[44] reported that ductility in small build structures are particularly 
sensitive to built-in flaws, despite a high material density (> 99 %), as 
also seen here. Another factor is the presence of deformation twins, 
which shall be discussed later. 

As powder recycling increases, the Young’s modulus of samples also 
increased, by 35 GPa from the 2 sieves to 30 sieves condition in the 
SRHT material, and by 27 GPa from 2 sieves and 30 sieves for the HIP 
condition. 

Unlike proof stress and UTS, strain to failure was generally found to 
be more sensitive to the level of powder recycling. Fig. 18 presents the 

fracture behaviours of two of the SRHT samples; after 2 powder recycle 
sieves and 30 sieves. EBSD was employed to calculate the quantity of 
deformation twins in the two samples, since previous studies have 
identified twinning deformation as a major contributor to an increased 
ductility within PBF-LB/M SS316L [42,43,45]. Previously, Pham et al. 
[43] found that the small cellular structure of PBF/LB-M SS316L 
resulting from rapid cooling and dense dislocations contributed signif-
icantly to the high yield strength observed in the material, typically 
nearly twice that of the annealed equivalent. In their study, the presence 
of twinning induced plasticity was believed to be the main factor for the 
enhanced ductility of the material despite a relatively high volume of 
porosity. Pham et al. attributed the twinning behaviour to the presence 
of nitrogen gas in the manufacturing process, since nitrogen has the 
ability of reducing the stacking fault energy of the material, thereby 
causing dislocations to disassociate and subsequently facilitating 
deformation twinning. This twinning mechanism results in substantial 
plasticity during deformation, which can offset the adverse impact of 
porosity [43]. 

To understand the twinning behaviour of the materials in the current 
study, EBSD maps were recorded approximately 1 mm away from the 
fracture surface to achieve a balance between scanning a highly 
deformed area while also being able to scan effectively, as the success 
rate of an EBSD scan can drop significantly when there is a high degree 
of deformed cells. In the analysis, twins were classed as any boundary 
with an angle between 59 ◦ and 61 ◦ to account for imprecision within 
the EBSD scan. From this, it was found that the twin percentage 
increased slightly from undeformed material and also increased with the 
level of powder recycling. The overall increase was not significant with 

Fig. 18. SEM micrographs of the deformed microstructures of SRHT PBF-LB/M SS316L after tensile testing a) 2 sieves sample, b) 30 sieves sample, c) 2 sieves sample 
(higher magnification), d) 30 sieves sample (higher magnification). 

Table 9 
Twin boundary percentages in undeformed and deformed PBF-LB/M SS316L 
from tensile tests.  

Sample % Twins (59◦-61◦) 

Undeformed PBF-LB/M SS316L 0.19–0.24 % 
2 sieves fracture zone 0.9 % 
15 sieves fracture zone 1.2 % 
30 sieves fracture zone 1.3 %  
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twins only contributing to a maximum of 1.3 % of the grain boundaries, 
as presented in Table 9. This suggests that twinning deformation is 
taking place to a limited extent during tensile testing, but that it is un-
likely to be the main factor contributing towards the high strain to 
failure values recorded after 15 and 30 sieves. 

3.2.2.3. Impact results. The results from three Charpy impact tests on 
SRHT and HIP samples from three different levels of powder recycling 
are presented in Fig. 19. The results show that no trends exist between 
the energy absorbed and recycling level, after either type of post pro-
cessing procedure. The impact energies for SRHT samples are almost 
identical at every level of recycling, however, scatter within these 
measurements increases slightly with powder recycling. This trend is not 
represented within the HIP samples, where the range of results is min-
imal for all levels of powder recycling. There is a slight decrease in the 
impact energy of HIP samples between BP1 at 2 recycles and BP2 at 15 
recycles. This drop of approximately 9 % is not repeated between BP2 
and BP3 (30 recycles). Lou et al. have previously identified a drop in the 
impact energy of SS316L when additively manufactured due to the 
presence of Si rich oxide particles [36]. Particles of similar chemistry 
have been seen to increase in recycled powder within this study. How-
ever, if these particles were responsible for a drop in impact energy with 
powder recycling, it might be expected that the decrease in impact en-
ergy would be present in the SRHT condition as well as the HIP, which 
did not occur. 

There is a significant difference in the impact toughness of SRHT and 
HIP samples. At BP1, BP2 and BP3, the impact energy of SRHT samples is 
28 %, 36 % and 36 %. SRHT samples consistently achieved higher 
impact energies than the HIP samples, indicating a higher level of 
toughness properties. This level of variation suggests that some level of 
microstructural variation is responsible for the improved performance of 
SRHT samples. 

When comparing the fracture surfaces of each of the impact samples 
(Fig. 20), the SRHT sample exhibits far more angular faceted features 
that are more typical of a brittle fracture. In comparison, although the 
HIP bulk surface is less rough, higher magnification images shows more 
unevenness of the surface. The HIP samples, particularly at higher 
magnification, show evidence of faceted features that are more typical of 
a brittle fracture. Greater ductility is generally associated with greater 
toughness energy in impact testing. But, for SRHT samples to require 
greater fracture energy while also showing lower potential ductility 
requires them to have a higher overall strength. This trade-off is possible 
with the finer grain size of SRHT samples. 

3.2.3. Corrosion properties 
Due to the aggressive marine environment that PBF-LB/M SS316L 

parts can be exposed to in service, it is important to consider how the 
corrosion properties of the material may be affected by powder recy-
cling. In order to characterise these properties, cyclic polarisation tests 
in 3.5 %NaCl were performed to identify the variation in corrosion 
properties associated with parts manufactured with recycled powder. 

SRHT samples were tested in both the 2 sieves and 30 sieves condi-
tion to identify the variation to corrosion performance in both extremes 
of the recycling spectrum. Cyclic polarisation curves for SRHT samples 
are somewhat consistent, even between the 2 sieves and 30 sieves 
condition (Fig. 21a)). Pitting potential for all samples sit between 1.0 V 
and 1.1 V, regardless of recycling level. Re-passivation above the Ecorr 
only occurs in one sample which was manufactured with fresher powder 
at 2 sieves. The Ecorr itself was typically around − 0.15 V; the consistency 
of this value suggests that the initial protective barrier oxide formed on 
SRHT samples was uniform and similar across multiple samples. How-
ever, the passive current densities of the SRHT samples after 2 sieves 
exhibit a difference of around two orders of magnitude (or 100 times). 
This infers that if the oxide layer breaks down and pitting starts, the pit 
current density could potentially be 100 times greater in some samples 
as compared to others, and therefore the rate to corrosion damage could 
be considerably quickly. 

Similarly to the SRHT samples, HIP samples displayed excellent 
consistency within cyclic polarisation curves. The pitting potential of 
samples lay between 0.4 and 0.5 V, which is lower than the SRHT ma-
terial (Fig. 21b)). The values of Ecorr sat around − 0.15 V which was 
similar to the SRHT material. Metastable pitting was far more prevalent 
among all HIP samples but the point of Epit is difficult to determine for 
two samples (2 Sieves 3 and 30 sieves 1). Both of these samples pitted 
but then stabilised at a lower current density. 

Overall, PBF-LB/M SS316L was shown to be consistent in terms of 
Ecorr and Epit. Pitting potential was generally greater in PBF-LB/M ma-
terial, with previously analysed wrought samples having a pitting po-
tential of 0.33 V to 0.46 V, HIP at 0.40 V to 0.46 V and SRHT at 1.03 V 
to 1.15 V (as given in Table 10). It has previously been reported that 
wrought samples of SS316L are liable to contain MnS precipitates that 
do not form within PBF-LB/M 316 L due to the faster cooling rates 
present [46]. These MnS precipitates are preferential sites for pitting 
corrosion to occur and therefore can reduce the pitting potential of 
wrought material over PBF-LB/M samples [47]. The quantity of chro-
mium within the passive layer of SS316L has also been reported to be 
greater for PBF-LB/M material than wrought samples, thus also 
improving corrosion resistance [48]. These factors help to explain the 
improved performance of PBF-LB/M material over wrought in terms of 
Epit. 

The competitive and consistent values of Epit also indicate good 
densification of the PBF-LB/M SS316L material, since the pitting po-
tential of PBF-LB/M has been shown to be sensitive to porosity within 
the sample. Grech et al. identified a difference in the pitting potential of 
HIP PBF-LB/M SS316L from between 0.2 and 1.0 V, which was driven 
significantly by the presence of porosity [49]. Sander et al. determined 
that the effect of porosity on the pitting potential of SS316L is negligible 
when a porosity volume fraction below 0.4 % is achieved [47], as was 
also seen within this study. Therefore, this highly densified structure 
reduces the impact of porosity on pitting potential. 

The lack of variation in pitting potential after different levels of 
powder recycling indicates that any changes within the samples, either 
within the chemistry or porosity due to powder recycling, were not 
significant enough to affect a change in corrosion performance. How-
ever, the pitting potential was superior within the SRHT condition than 
in HIP material. Although porosity is expected to be less within the HIP 
material, the density of the SRHT material appears sufficient so that pore 
size did not majorly inhibit the performance of the material. As porosity 
and chemical changes are unlikely to be the cause of increased Epit 
values in the SRHT material, microstructural variations are suggested to 
be the main driver for the difference. Grain boundaries in SS316L are 
richer in chromium and therefore their increased prevalence improves 

Fig. 19. The average Charpy impact energies of samples manufactured with 2 
sieves, 15 sieves and 30 sieves powder, in the SRHT and HIP conditions. 
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the distribution of chromium and molybdenum across the alloy surface. 
The more even distribution of elements is important for corrosion 
resistance and this has been shown to improve the stability of the pro-
tective oxide layer [50]. This is also supported by the increased amount 
of metastable pitting in HIP samples where the oxide layer was tempo-
rarily breached more often than in SRHT samples prior to failure. 

4. Summary 

In general, the microstructure, mechanical properties and chemistry 
of PBF-LB/M SS316L were unaffected by the use of recycled powder. 
Despite the evolution of powder properties, the knock-on effects on the 
mechanical behaviour were not significant. Overall, this is a positive 
outcome for the further reuse of SS316L powder in a production setting. 

SRHT samples were observed to have a superior mechanical behav-
iour compared to the HIP material across the majority of mechanical 
performance metrics. Microstructural analysis identified finer grain 
sizes and slightly greater anisotropy and texture within the SRHT sam-
ples compared to HIP material. The HIP process was conducted at 1150 
◦C compared to 700 ◦C for the SRHT. At this increased temperature, 
recrystallisation and grain growth are possible, which results in less 
anisotropy and lower texture, but grain growth leads to larger grain 
sizes. The overall effect of this saw a reduction in the UTS, proof stress 
and LCF S-N behaviour in the HIP material, as a result of the Hall-Petch 
relationship. 

The LCF performance of PBF-LB/M SS316L was seen to be extremely 
stable in terms of fatigue lives and stress ranges, which resulted in an 

Fig. 20. Charpy impact fracture surfaces for PBF-LB/M SS316L samples manufactured with 2 sieves powder a) SRHT fracture surface, b) HIP fracture surface, c) 
faceted features on the SRHT fracture surface, d) cracking, pores on the HIP fracture surface. 

Fig. 21. Cyclic polarisation curves for PBF-LB/M SS316L after 2 sieves and 30 sieves in a) SRHT and b) HIP conditions.  

Table 10 
A summary of cyclic polarisation results for all samples. *Only taken from one 
value.  

Sample Ecorr (V) Epit (V) Erep (V) 

Wrought -0.08 to − 0.18 0.33–0.46 -0.10 to − 0.27 
2 Sieves SRHT -0.13 to − 0.19 1.08–1.15 -0.09 to –0.24 
2 Sieves HIP -0.15 to − 0.17 0.40–0.46 -0.23 to − 0.28 
30 Sieves SRHT -0.15 to − 0.16 1.03–1.08 N/A 
30 Sieves HIP -0.14 to − 0.16 0.44–0.46 -0.26*  
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almost identical S-N behaviour for different levels of powder recycling. 
The remaining variation can confidently be attributed to scatter asso-
ciated with the test arrangement and typical material variance. The 
similar fatigue performance with differing levels of powder recycling is 
firstly due to the lack of microstructural variation present from using 
recycled powder. In terms of grain size, anisotropy and texture, powder 
recycling was not observed to have any significant effect. Secondly, low 
porosity was observed across all samples, regardless of powder recycling 
or post processing method. Fractographic images showed that all fatigue 
failures were surface initiated and that defects within the material, if and 
when present, were not significant enough in size to encourage sub- 
surface initiation or to accelerate fatigue crack growth. The critical 
defect size for SS316L has been shown to be heavily dependent on the 
defect location with surface initiations being far more significant for the 
fatigue life of specimens [51]. The high ductility of 316 L also make it 
insensitive to internal defects in regards to fatigue life. Although 
porosity was seen to increase in samples manufactured with recycled 
powder, it did not reach a point where it had a substantial effect on 
fatigue behaviour as the maximum pore size only increased marginally. 
Porosity was observed to typically be more angular and larger within 
SRHT material, yet despite this, a negative influence on the fatigue 
performance did not occur. The consistently low porosity also resulted in 
highly repeatable results during cyclic polarisation corrosion testing. 
SRHT and HIP samples were also competitive or outperformed wrought 
material in regards to their Epit values. The superior pitting potential for 
the SRHT samples was attributed to the favourable distribution of Cr at 
grain boundary locations. 

The tensile performance of PBF-LB/M SS316L was also mainly un-
affected by the change in powder recycling level. UTS and yield strength 
were not changed at all, yet both strain to failure and Young’s modulus 
saw increases with powder recycling. With Young’s modulus, there was 
a small steady increase with powder recycling level and strain to failure 
saw a large increase for some samples after powder recycling. The dif-
ference in the ductility properties has been proposed to be attributed to 
the small amount of twinning within the material, that was not present 
in the samples prior to deformation. Twinning deformation can lead to 
excellent ductility within PBF-LB/M SS316L [42,45], but the overall 
increase in twin boundaries was relatively small, rising from 0.9 % to 
1.3 % from 2 sieves to 30 sieves material. Although this slight increase 
may have helped with greater deformation, it may also just be a result of 
the increased deformation within samples manufactured with recycled 
powder. As a result, it can not be used to conclusively explain the 
changes that occurred in recycled powder samples. 

The larger grain size of the HIP samples was also associated with a 
drop in mechanical strength and this was seen in both the fatigue and 
tensile experiments. The tensile results displayed the typical Hall-Petch 
relationship of increasing strength and decreasing ductility for the SRHT 
samples as the grain size decreased. The grain size differences also agree 
with the findings from the cyclic polarisation and Charpy impact testing. 
The increase in isotropy, seen in the HIP samples, may be desirable for 
reducing the difference in performance between vertically and hori-
zontally orientated samples, but overall, the SRHT samples offered a 
superior mechanical performance. 

Conclusions 

This study consisted of understanding the influence of powder 
recycling on the mechanical and corrosion properties of PBF-LB/M 
SS316L. From this research, the following conclusions can be drawn:  

• The physical and chemical properties of SS316L metallic powder was 
found to change during the recycling procedure. The PSD was seen to 
coarsen by approximately 5 µm after 30 recycles, which subse-
quently led to an increase in powder flowability due to a reduction of 
fine particles, particularly in the <20 µm range.  

• The oxygen content of recycled powder increased by approximately 
10 % after 30 recycles. The oxygen was predominantly located 
within oxides on the surface of spatter particles in manganese and 
silicon rich oxides. The rate of oxygen accumulation in powder 
particles was linear with the amount of sieving of the powder.  

• The ferrite content was shown to increase slightly with powder 
recycling. However, these changes were small and not deemed sig-
nificant enough to create any visible knock-on effects on the me-
chanical properties of fully fused material.  

• Limited microstructural changes were identified in PBF-LB/M 
SS316L as a result of using recycled powder. This included grain 
size, texture and phase composition. The lack of microstructural 
variation and low porosity in the final material containing recycled 
powder resulted in no effect of powder reuse on the low cycle fatigue 
performance of PBF-LB/M SS316L. The low variation in porosity also 
meant that powder recycling did not affect the pitting potentials of 
316 L parts as determined from cyclic polarisation studies.  

• The tensile strength and yield strength properties of PBF-LB/M 
SS316L were not affected by powder reuse. Yet, ductility increased 
in parts with recycled powder, potentially aided by limited defor-
mation twinning but predominantly driven by low porosity in the 
samples.  

• The more significant influence on the mechanical and corrosion 
behaviour of recycled PBF-LB/M SS316L material was the post- 
processing procedure. Whereas the HIP operation employed was 
designed to reduce or eliminate any process-induced defects such as 
lack of fusion and porosity, this was found to be unnecessary given 
the comparable density found in material that was not subjected to 
HIP. Indeed, given that the HIP procedure was performed at a tem-
perature in excess of the material’s solution temperature, this inad-
vertently led to a larger degree of grain growth, as opposed to the 
stress relief heat treatment performed at 700 ◦C. Thus, the HIP pro-
cess coarsened the microstructure, leading to a subsequent reduction 
in the tensile strength and LCF properties of the material. 
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