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2. INTRODUCTION

Introduction

There is a growing interest in the use of powder reclamation within the powder bed additive 
manufacturing (PBAM) industry. Powders are considered reclaimed if they are sourced from scrap 
material [1, 2, 3]. Most PBAM parts are constructed from feedstock powders retrieved by traditional 
means, including mining, melting, and atomization. Regardless of the material sourcing method used, 
both powder bed fusion and binder jetting, the two general types of PBAM methods, build parts by using 
feedstock powder within a layerwise, build-up scheme that alternates between powder recoating and 
densification. The goal of powder recoating is to supply a smooth, dense layer of powder onto the build 
plate for subsequent densification either by melting or liquid binding [4, 5]. Near-net-shape, highly dense 
parts with low surface roughness can be constructed with high probability if the recoating step is 
successful. Feedstock powders with low cohesion and high particle mobility (flowability) have the least 
stringent printing requirements to establish a high-quality layer spreading process. For example, powders 
with inherently high flowability do not need minimal spreading speeds, maximal layer thicknesses, 
substantial hopper oscillation, flow additives, particle surface treatment, air fluidization, or extremely 
precise moisture control. As a result, using these powders in PBAM printers reduces overall costs related 
to trial-and-error printing and printing process modification. 

Powder surface chemistry, particle size distribution, and particle shape are among the most important 
factors affecting powder spreadability, all heavily influenced by the powder production technique. 
Atomization feedstock materials are traditionally retrieved through ore mining. This extraction process is 
not only expensive in terms of financial resources and time [6, 7], but it is also one of the key 
contributors to the carbon footprint associated with PBAM product life cycles. Historically, most parts 
printed from powder bed fusion and binder jetting technologies consist of powders atomized from fresh 
metal extractions. However, powder reclamation can significantly reduce the product carbon footprint 
and material costs by leveraging scrap metal parts from decommissioned systems and failed prints 
through repeated melting and atomization [8, 9]. Excessively coarse particles produced from the 
atomization process can also be reclaimed within this method of part production, known as circular 
manufacturing [10].  Essentially, waste material is continuously melted and atomized to yield reclaimed 
feedstock powder.

The powder reclamation process is especially beneficial when printing with a material of high intrinsic 
value. This study provides an example of such a case with M247 nickel powder and compares its powder 
rheological behavior and additive manufacturing suit-ability to that of 2205 and 316 stainless steel 
powders. Recommendations on the layer thickness and spreading speed of the powder recoating phase 
can be derived from the analysis of powder flow at varying stress levels and strain rates using powder 
rheology [11, 12, 13]. Traditional techniques such as the angle of repose [14, 15, 16] and shear cell testing 
[17, 18], as well as modern methodologies such as rotating drum experiments [19, 20], have become 
standard elements in academic and corporate additive manufacturing suitability analysis. This study 
observes the flowability (the ease of relative particle motion) and cohesion (a measure of interparticle 
attraction) of one reclaimed powder and two conventionally sourced powders according to a suite of 
tests provided by the FT4 powder rheometer, commonly deployed for PBAM applications [21, 22, 23, 24]. 
Implementing newer materials like M247 into an AM pipeline can be challenging. Therefore, 
benchmarking the flowability and additive manufacturing suitability of M247 against conventionally 
sourced powders that are commonly used in AM, such as stainless steel, can inform printing parameter 
modifications. Additionally, the feasibility of high-quality circular manufacturing with M247 (and other 
reclaimed metal powders) is strengthened by its superior powder flow performance in comparison to 
2205 and 316 stainless steel, demonstrating that powder reclamation does not necessarily reduce 
powder flowability or AM suitability.



Material & Methods

3. MATERIALS & METHODS

The powder flowabilities of three different metals, one nickel superalloy (OptiPowder M247) and two 
steel powders (2205 and 316), were measured in this study. OptiPowder M247 (Continuum Powders, 
USA) is 100% reclaimed powder and is sourced from scrap metal parts of the same alloy. Scrap parts are 
converted into powder using a proprietary method involving plasma torch melting within a cold hearth for 
purity control followed by fully inert horizontal gas atomization to prevent contamination. 2205 stainless 
steel (Sandvik, U.K.) and 316 (Desktop Metal, U.S.A.) are both gas-atomized with nitrogen as the inert 
gas. Particle size distribution and density measurements for each material are shown in Table 1.

M247

2205

316

Material D10(µm) Sw

Table 1: Particle size percentiles (D10, D50, and D90), PSD width (span), and conditioned bulk density (ρc).

D50(µm) D90(µm) Span ρc (g/cm3)

7.44

7.60

7.60

18.2

24.3

29.9

48.4

53.4

43.5

2.25

1.88

1.20

3.15

3.02

3.38

5.49

4.31

4.52

The FT4 powder rheometer, a universal powder flow tester, was used to conduct a battery of 
characterization tests on the three metal powders. The rheometer provides three types of tests: dynamic 
flow, bulk, and shear. This work covers examples from the dynamic flow and bulk methodologies. One of 
the dynamic flow tests is called the stability and variable flow rate test (SVFR), and it centers on measuring 
resistance to blade circulation within a powder bed. The following equation is used to determine flow 
energy (resistance) E=∫₀H T/R tan(α) + F) dh, where E is the total energy, T is the torque experienced by the 
blade, R is the bladeʼs radius, α is the helix angle, F is the axial force experienced by the blade, and H is the 
height of the powder column. The SVFR test consists of seven test cycles at blade tip speeds of 100 mm/s 
(stability region) and four test cycles at blade tip speeds of 100, 70, 40, and then 10 mm/s (variable flow 
rate region) through a 25 ml powder bed vessel.

Stability of powder flow at constant flow speed is estimated by the stability index, which is the ratio of the 
stability regionʼs last flow energy to its first flow energy. Another measure of powder flow stability is the 
flow rate index (FRI), which accounts for the change in flow rate by calculating the ratio of flow energy at 10 
mm/s blade tip speed to the last flow energy at 100 mm/s blade tip speed. Lastly, powder bulk density (ρc) 
is determined after a pre-conditioning cycle establishes a highly repeatable packing state at the beginning 
of the SVFR test. The remaining category of FT4 powder rheometer experiments discussed in this study is 
bulk testing. An example of this type is the compressibility test, which consists of measuring the change in 
powder column volume (CPS) from 10 ml to lower amounts as a function of normal stress imparted by a 
stainless steel mesh head. Normal stress ranges from 1 to 15 kPa during this test.



Dynamic flow testing
Confined (downward) flow resistances for each of the three metal powders are shown in Fig. 1. The flow 
energy profiles do not portray erratic behavior and do not exhibit spurious spikes. High flow stability at a 
constant tip speed can be qualitatively asserted for all materials. Nonetheless, 2205 and 316 exhibit 
slowly increasing flow resistances as the cycles progress, whereas M247 remains relatively constant. 
Positive slopes in consumed energy within the stability region, albeit small in magnitude, could be caused 
by limited moisture exposure, particle attrition, or plastic deformation. It is quite apparent that the blade 
consumes the most energy when traversing downwards through a column of M247 powder rather than 
through steel powders. In other words, M247 requires the greatest amount of energy to start powder flow 
in a confined system. Within the stability region (cycles 1 through 12), 2205 presents greater flow 
resistance than 316. However, in the variable region (cycles 13 through 17), 316 surpasses 2205 and even 
approximates the flow energy of M247 at a tip speed of 10 mm/s.

The basic flowability energy (BFE) is simply the confined flow resistance of cycle 12, as shown in Fig. 1. 
M247 possesses a BFE around 750 mJ, and the BFE values of the remaining two metal powders range 
from 500 to 600 mJ. Flow energy has an intricate relationship with general flowability and spreadability. 
Consider two hypothetical powders: Powder A and Powder B. If Powder A and Powder B are very different 
in terms of their particle size and density, then superior flowability is typically indicated by greater 
magnitudes of flow resistance. This is because high flow energy is normally associated with coarse and 
dense particles rather than cohesion. Gravitational forces have a cubic relationship with particle size [25], 
while cohesive forces showcase a linear correlation with particle size [26]. Therefore, if Powder A has a 
greater average particle size or density than Powder B, its ratio of gravitational forces to cohesion will be 
greater than that of Powder B, optimizing flowability and spreadability [27, 28, 29]. Alternatively, flow 
energy is inversely correlated with flowability when considering powders similar in particle size and 
density. In this case, if Powder B has a lower flow energy than Powder A, this likely signifies that Powder 
B experiences less opposition to motion from friction and cohesion due to smoother particle surface 
topologies, more spherical particle morphologies, or less interparticle attraction due to material [30, 31].

Figure 1: Downward flow energies associated with the SVFR test.

4. RESULTS

Results



According to Table 1, M247 is the finest of the three powders in terms of mean particle size and moderate 
in terms of D90. In terms of overall PSD, M247 has the broadest PSD as measured by span and a moderate 
PSD width according to Sw. Based on particle size, M247 should not exhibit relatively excellent flow 
properties. However, the high conditioned bulk density (ρc) of M247 should play a critical role in increasing 
its flowability. Due to the significant dissimilarity in powder density, the greater confined flow resistances 
of M247 in the SVFR test, as shown in Fig. 1, characterize it as having superior flowability over the steel 
powders. Although M247 will most likely require higher kinetic energy transfer from recoating systems to 
initiate flow than steel powders, its greater density should correlate with easier powder deposition and 
less entrapped air.

Flow stability has already been commented on qualitatively, but quantitative results can be seen in Fig. 2. 
In both the stability and variable region, M247 has the highest flow stability as indicated by the lowest SI 
and FRI. M247 nearly attains the ideal stability index value of 1. The powderʼs very low SI showcases that 
minimal irreversibilities have been produced by SVFR testing, and its minimal FRI indicates that its flow is 
weakly dependent on the dynamic conditions. 2205 has slightly less flow stability, followed by 316. The 
AM spreading phase should be easier and more consistent during repeated use and with varying spreader 
traverse and rotational speeds for M247 than for the steel powders. Additionally, it is expected that M247 
would require the lowest refresh rate of all tested powders, since its flow behavior is highly reproducible, 
reducing the amount of unused conventionally sourced powder material needed for each printing session. 
In general, M247 should exhibit exemplary AM spreading performance as long as sufficient energy is 
provided to kickstart flow.

5. RESULTS

Figure 2: Flow stability indices related to constant flow rate (SI : Stability Index) and variable flow rate 
(FRI : Flow Rate Index).



6. RESULTS

Desktop Metal and Freeman Technology developed an AM spreadability classification system (shown as 
colored regions in Fig. 3) that includes criteria for the compressibility test [32]. This FT4 test is most 
pertinent to processes such as hopper flow where stress application from machinery or extensive 
overlying powder layers is present during flow. Insufficient powder compressibility is a sign of potentially 
poor powder relocation and packing behavior. Excessive compressibility is common among cohesive 
materials, since these powders tend to trap pockets of air. Because these materials are usually less
permeable, entrapped air does not simply vent out of deposited powder, but is instead forced out upon 
compression. Percent changes in powder column volumes are plotted as functions of compressive stress 
acting normal to the column in Fig. 3. 316 and 2205 steel powders comfortably reside in the medium to 
high region, with 316 exhibiting more of a linear relationship with normal stress than 2205. M247 exhibits 
the lowest compressibility (reaching slightly over 2%) and travels along the boundary between the low to 
medium and medium to high regions. All materials predominantly occupy the printable regions. Cohesive 
powders tend to have higher CPS. Therefore, flowability is negatively correlated with this test metric. 
M247 indicates the lowest powder volume change as a result of normal stress, supporting the claim that it 
possesses a small amount of entrapped air pockets. M247ʼs moderate compressibility also implies that 
there should be minimal disturbance of underlying layers during recoating compression.

Bulk Testing

Figure 3: Compressibility percentages (CPS) or volume changes of a powder column as functions of 
compressive stress. Regions of flowability were determined by extensive AM material testing [30].
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Figure 4: Normalized components of the additive manufacturing suitability factor (AMS). Minimal values 
for each component align with high flowability and spreadability.

Additive Manufacturing Suitability
Multiple aspects of the PBAM compatibility of various powders have been captured within two major 
methods. Both methods specifically relate to the powder recoating step and do not provide direct insight 
into melting or jetting suitability. An aspect of one of these methods was covered in the previous section, 
and the other method will be discussed here. This AM feasibility assessment technique is known as the 
additive manufacturing suitability factor (AMS) [33]. The traditional form of this factor is defined as 
AMS = (SV* + CI*15 kPa  + PD*15 kPa + SE* + AE*10 + BFE* + c*)/7, where SV is the specific volume (the 
inverse of ρc), CI15 kPa is the compressibility index (ratio of powder density under 15 kPa of normal stress 
to ρc), PD15 kPa is the pressure drop of air flowing at 2 mm/s across a column that is compressed at 15 
kPa, SE is the specific energy (flow energy per unit mass for unconfined flow), AE10 is the aeration 
energy (confined flow energy with air flow of 10 mm/s), and c is the cohesion parameter from shear cell 
testing. Each parameter is normalized by the maximum value recorded among the considered materials. 
As a result, AMS ranges from 0 to 1. If the average particle sizes and densities of two powders are 
similar, the powder with more cohesion tends to exhibit greater flow resistance (BFE, SE, and AE10), 
greater density change under compression (CI15 kPa), greater shear strength without compression (c), and 
greater porosity (SV ). Consequently, optimal spreadability aligns with minimal values for each of the 
seven AMS components shown in Fig. 4.

2205 and 316 powders have similar performance according to CI15 kPa
*, c*, SE*, and SV*. For the remaining 

variables, 316 possessed the lowest flow energies (AE* and BFE*) while 2205 exhibited the lowest 
pressure drop (PD15 kPa

*). M247 receives significantly lower SV, SE, c, and CI15 kPa than 316 and 2205. The 
compressibility index (CI15 kPa

*) is where M247 separates itself from the steel powders by the largest 
degree in terms of spreadability. The AMS factors are reported in Fig. 5. 

Unsurprisingly, M247 receives the lowest (and best) AMS factor slightly above 0.6, while the steel 
powdersʼ factors are slightly greater than 0.8, with 316 powder slightly outperforming 2205 powder. 
These findings imply that M247 should be considerably better suited for the powder delivery and 
spreading phases within PBAM techniques. As was previously demonstrated, the AMS factor is a 
comparative heuristic and depends on normalization and select powder flow metrics. Regardless, since 
both 316 and 2205 powders are qualified AM powders that have repeatedly resulted in high-quality 
parts, the AMS factors indicate that M247 is expected to perform favorably as a feedstock powder for 
the recoating phase in binder jetting and powder bed fusion printers. 



8. RESULTS

Circular manufacturing provides immense advantages over traditional sourcing techniques for the AM 
industry. Metal powders, such as those with high nickel concentration, can be entirely produced by 
atomizing revert scrap material. High-quality parts are then utilized for a prescribed amount of time or 
until monitored performance worsens below some threshold. These parts are then converted into powder 
once again, closing the loop of circular manufacturing.

Building ASTM-grade metal parts with M247 and other circular manufacturing powders reduces the 
product carbon footprint and overall material costs. Although powder reclamation can worsen AM 
suitability, the powder flow behavior of M247, compared with that of 2205 and 316 steels, shows that a 
materialʼs intrinsic flowability is not always jeopardized by circular manufacturing. As long as a certain 
material exhibits excellent flowability, as M247 consistently did across a variety of FT4 powder 
rheometer tests, reusing scrap parts of that same material only extends its advantages by increasing 
material efficiency and mitigating international supply chain concerns. M247 powderʼs excellent flow 
performance indicates that it is highly likely to provide part suppliers and customers with an easier, more 
robust, and more consistent AM printing experience. M247 is a dense, moderately sized powder that 
performed extremely well with respect to various AM applications including but not limited to dynamic 
stability upon repeated use (SI), robustness of flow resistance to various spreading speeds (FRI), and 
weak underlying layer disturbance caused by powder rearrangement under consolidation (CPS). Printing 
recommendations can be made for M247, such as the need for a sufficiently high spreading speed to 
overcome flow resistance and the relatively light influence of a further increase in printing speeds on 
powder dynamics.

Conclusion

Figure 5: Additive manufacturing suitability factors (AMS) for each powder. Lower values correlate with 
better printing feasibility within the powder recoating phase.

It is worth acknowledging that this work does not include uncertainty bounds for FT4 powder rheometer 
data, a comparison between steel and nickel powder chemical compositions, or print-scale validation. 
The aim of this work is simply to investigate the powder rheology of a high-quality reclaimed metal 
powder and to compare the results with the flow metrics of standard, conventionally sourced AM 
powders. The AMS factor suggests that M247 is better suited for the powder recoating phase within 
PBAM processes than 316 and 2205 steels. This is mostly due to the very low compressibility index of 
M247 relative to the steel powders. Overall, M247 powder benefits from high bulk density, resulting in 
relatively exceptional rheological performance and providing an insightful case study that bolsters the 
relevancy of circular manufacturing.
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