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ABSTRACT
Effects of Powder Recycling in Selective Laser Melting
Nina Menon

The following report analyzes 316L stainless steel powder characteristics of new powder and
powder that has been used in the selective laser melting process for 40-50 builds. A literature
review was done of powder characteristics, different ways flowability can be tested, and effects
of recycling other types of metal powders in Additive Manufacturing. Flowability improved over
21 reuses of the titanium alloy Ti-6Al-4V and resulted in stronger printed parts. Flow of S17-4
PH steel powder was measured with a Hall flowmeter and increased significantly over the course
of 10 reuses. Heavily recycled (estimated 50 reuses) 316L SS powder and brand new powder
were examined with a particle size analyzer and a Freemantech FT4 Powder Rheometer. The
recycled powder was freer flowing, denser, and has slightly larger particles. The increase in
particle size is hypothesized to be a result of partial sintering. The recycled powder is likely to
have a higher flow and lower cohesion because of the repeated handling over time. The denser,
freer flowing powder should result in stronger SLM parts; a plan to print and test SLM parts is
described to confirm the hypotheses.
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1. Introduction and Background
1.1 Powder Bed Fusion
Additive manufacturing (AM), also known as 3D printing or rapid prototyping, is becoming an
increasingly popular and powerful manufacturing method due to its near-net shape capabilities;
little to no post-processing is required to achieve the part’s final shape. The most common 3D
printing process is material extrusion, in which a polymer is heated and extruded out of a nozzle
to build parts layer by layer. Unlike a subtractive manufacturing process like machining, 3D
printing adds material. This results in much less wasted material, as the process only uses the
required raw polymer to make the part itself and any necessary support structure. Although
material extrusion is a widely-used 3D printing process, it can only be used to print polymers,
like resins or plastics. The raw polymer-based material is heated and extruded onto a build plate,
where it solidifies.
There are six other additive manufacturing processes that are less widely known. Two of these
use metal powder to create 3D printed metal parts: direct energy deposition and powder bed
fusion (PBF). 3D printing with metal is a vastly different process than material extrusion with
polymers. During the PBF process, a part is built layer by layer through the melting of metal
powders with a laser or electron beam [6]. This report will focus on one type of PBF that uses a
laser to melt powder and create a metal 3D part: selective laser melting (SLM).

Figure 1. Selective Laser Melting Schematic [14]
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1.2 Problem Description
The Cal Poly, San Luis Obispo Industrial and Manufacturing Engineering Department has a
Selective Laser Melting 3D printer on campus, which is owned by Lawrence Livermore National
Labs. This printer has a 125 mm x 125 mm x 125 mm sized print bed, which is about 5 inches
cubed. However, not all of the powder in an entire print bed will be melted to create a part; there
is always excess powder.
This leftover powder has been in contact with argon gas within the build chamber. During the
laser melting process, some particles get stuck together. To maintain uniformity, the powder is
collected, sieved to a size of 40 µm, and then used again. While reusing powder for selective
laser melting reduces process cost and waste, it is unknown whether the Cal Poly AM
Department’s process of recycling 316L powder in selective laser melting affects powder
characteristics and the quality of 3D printed parts. It is important to maintain consistently
even layer thickness of the powder when 3D printing parts.
1.3 Project Objective
The additive manufacturing department at Cal Poly, run by Dr. Xuan Wang, is interested in the
examination of potential effects of old powder on the SLM parts. Because the 316L Stainless
Steel powder costs $300 for 20 kilograms, the department tries to maximize powder usage. If
only brand new powders were to be used, the excess powder after every print would have to be
thrown out or sent to a recycling facility to melt the powder. Because powder is expensive, the
department tries to re-use as much of it as possible. At this point, a portion of the recycled
powder has been used for an estimated 40+ builds. The aim of this project is to determine if there
is a correlation between flowability of old and new powders and the characteristics of parts
created using old and new powders.
This project began by examining the characteristics of new, unused 316L stainless steel powder
along with those of heavily recycled SS 316L powder. Dr. Wang is primarily interested in
observing how well powder flows after it has been recycled, and if a difference in flow can be
related to mechanical properties of the parts. Dr. Sara Moghtadernejad, a Chemical Engineering
professor at Cal State Long Beach, has a powder rheometer and a powder size distribution tester.
We.. no personal pronouns in a technical report used these machines to analyze powder
properties. Properties and other terms are defined in Appendix A. Some of those include:
particle size distribution: percentages of different particle sizes of a bulk powder
basic flowability: powder’s resistance to flow in a constrained environment
Then, these powders will each be used to manufacture selectively laser melted parts. The parts
will be tested for mechanical properties of strength and hardness, and they will be measured to
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determine surface roughness and dimensional accuracy. The original goal was to determine
whether or not there is a correlation between recycled powder characteristics and any defects or
discrepancies on finished parts when compared to virgin powder. Because it was not possible to
print parts due to COVID-19, the project just focused on new and reused powder. The parts
should be printed and tested in the future to fulfill the original goal and ensure that parts made
with recycled powder are not significantly weaker.
In the fishbone diagram below, all categories of parameters that go into producing an in-spec,
additively manufactured part from powder are listed. In this project, powder properties and part
properties (highlighted in red) will be the main focus. Process parameters (in the production
branch of the diagram) such as laser power, scanning speed, and recoating time are out of the
scope of this project, so they will remain constant when parts are printed.

Figure 2. Additive Layer Manufacturing Fishbone Diagram
1.4 Current State
The powders currently in use at Cal Poly have been used for about one year. Every month, about
5% of new powder is mixed in with the recycled powder. After every build, powder is sieved to a
size of 40µm to remove particles that may have stuck together during the SLM process and
maintain a fine, even layer thickness. It is estimated that the current powder has been reused
about 40-50 times.
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2. Literature Review
2.1 Recycling Effect on Powder
The potential effects of powder flowability in particular have not been evaluated for Cal Poly’s
Selective Laser Melting machine in the past, so there is little current state data. This project is
meant to set a baseline to give the Cal Poly SLM team a better idea of how recycling powder
affects parts. A Cal Poly senior project in 2016 analyzed the effects of powder characteristics on
printed parts on a different material, 21-6-9 stainless steel. They did not find significant changes
in physical or mechanical properties, but did notice a chemical difference. Chemical testing is
out of the scope of this project; the intention was to collect as much physical data as possible
using the FT4 Rheometer.
2.1.1 Particle Granulometry & Density
Particle granulometry is particle size. In a study done by the National Institute of Standards &
Technology, a change in particle size distribution of S17-4 PH powder (stainless steel alloy) was
not detected over the course of 10 reuse cycles. They saw an increase in powder flow, apparent
density, and powder bed density. The powder bed density increased 2.3% from new powder to
4x recycled powder, and then increased an additional 1.6% from 4x to 10x recycled. This means
that the powder was denser with more reuses, which is better for reducing porosity in parts.[4]
The study done by the National Institute of Standards and Technology (NIST) employed a
dynamic image analysis system that captured the shadows of particles with two digital cameras
at different magnifications to measure particle size distribution. The minimum cord diameter was
used to represent particle size because it measures the minimum particle width. They found that
the particle size did not change significantly from virgin powder to 10x recycled powder. [4]

Figure 3. Particle size distribution of S17-4 PH powder for up to 10 reuse times [4].
Note for Figure 3: D10 means that 10% of the powder sample sizes fall below that value
(roughly 27 microns on this chart); D50 is the average of all the particles (a little under 35
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microns) and 50% of the particles are at or below that value; D90 is the upper range value (about
48 microns in this chart) where 90% of the particle diameters are at or below that value.
A study done on the recycling of Ti-6Al-4V powder, however, showed that particle size
distribution (PSD) changed after 6, 8, and 16 reuses. As powder gets reused, the distribution
curve gets narrower. It was also determined that the particle size increased from 72.7 ± 1.7 µm
after the second reuse to 73.2 ± 2.1 µm after the 16x recycled; this was deemed not significant.
[3]

Figure 4. Particle size distribution of Ti-6Al-4V powder for up to 16 reuse times [3].
2.1.2 Flowability
Tang, et al. used a universal powder characteristics tester (Model BT-1000) to analyze
flowability. Their sample size for powder was 50 grams. The results from their tests are listed
below, with an uncertainty of ± .04 seconds. The flow time measured in seconds decreased over
the course of the 21 reuses (shown in the table below), so the powder’s ability to flow increased.
[3]

Table 1. Flow time for reused Ti-6-Al-4V [3].
The increase in flowability was unexpected for recycled Ti-6Al-4V, but it can possibly be
attributed to removal of agglomerated particles during powder sieving and reduced moisture after
exposure to high heat [3].
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NIST used Hall funnel tests, which are described in more detail in the next section. Their
conclusions on flowability align with those of the previously mentioned study. This study
consisted of 11 builds, with the first sample, P-40, consisting of unused S17-4 PH powder, and
the 12th, P-98, consisting of powder recycled 11 times. They did not observe flow for the first 2
samples, and flowability increased (shown by a decrease in flow time) with the number of times
recycled.

Figure 5. Flow time for powder samples for each build (error bars are one standard deviation) [4]
2.2 Recycling Effect on Parts
In the NIST experiment, recycling 10x did not cause a significant change in mechanical
properties, although it is difficult to tell [4]. The graphs below show tensile properties (ultimate
tensile strength on the left and elongation on the right). The tensile strength is the stress the part
will take right before it breaks; elongation is the percentage of its original length that a material
will stretch after it breaks. There is a drastic increase in ultimate tensile strength (UTS) after
build 6 because an estimated 23% new powder was introduced and mixed in with the recycled
powders. The vertical lines are error bars of one standard deviation [4]. There is a general
downward trend in UTS, which would mean that parts with more reuse times can handle less
stress and are therefore weaker. However, NIST concludes that the effect of recycling S17-4 PH
on mechanical tensile properties is insignificant.

11

Figure 6. Ultimate Tensile Strength (left) and Elongation after failure (right); error bars are one
standard deviation [4].
In the study done by Tang, et al, the Ti-6Al-4V powder was manufactured not with SLM but by
selective electron beam melting (SEBM). In this case, the resulting parts with recycled powder
were also stronger than those consisting of virgin powder. In the table below, the titanium alloy
that was recycled 21 times had the highest yield and tensile strength.

Table 2. Tensile Properties of Ti-6Al-4V Reused for Electron Beam Melting
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2.3 Evaluating Powder Flowability
Many particle characteristics affect overall flowability of powders. It is difficult to predict
flowability based on properties such as particle size distribution, particle shape, and density [11].
The graphic below shows factors that influence flowability, the study from which it was
retrieved focused on surface interactions between particles.

Figure 7. Properties that influence flowability [12]
A comprehensive list of key terms are defined in Appendix A, but some key properties related to
how well a powder flows are:
• angle of repose: the angle at which the top of a pile of powder begins to slide
• compressibility: changes in a powder’s density as a result of applying a load [8]
• cohesion: how strongly powder particles stick to each other
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2.4 Testing Powder Flowability
2.4.1 Shear Tester
Several types of devices to measure powder flowability have been developed in recent years.
Many types of shear testers have been developed and used to measure shear stress of powder
beds under high stress. In 2018, Y. Shimada et al. measured flowability using constant load and
constant volume shear testers. Flowability was quantified by the flowability function (ƒƒ ): a
ratio between unconfined yield strength (ƒ ) and major principal stress (𝝈 ) [11].
c

c

1

They used the following guidelines for flowability:
1 < ƒƒ < 2 indicates very cohesive
2 < ƒƒ < 4 indicates cohesive
4 < ƒƒ < 10 indicates easy flowing
ƒƒ > 10 indicates free flowing [11]
c

c

c

c

Figure 8. Flow functions of powders and lines of constant flowability [11]
The larger the flowability function is for a certain powder, the higher flowability it has. Of the
three samples tested in this experiment, fused alumina had the highest flowability. It is also
apparent that the growth rate of ƒ decreased with an increase in 𝝈 . This trend is known to apply
to many powders [11].
c

1
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2.4.2 Hall Flowmeter
Flow time was measured with Hall flowmeters, which are funnels of a certain diameter (.1”) that
powder flows through; the time the amount of powder takes to flow through the funnel is flow
time. A general downward trend (see Figure 5) was seen in flow time as the number of times
S17-4 PH was recycled increased, which means flowability improved with the number of times
recycled.
From an additive manufacturing point of view, larger flowability of powder correlates to more
uniform layers of powder spread [3]. Even layers of powder are highly desired in powder bed
fusion because it decreases the likelihood of irregularities in parts.
2.4.3 Avalanche Angle
Avalanche angle, or angle of repose, was determined using a Revolution Powder Analyzer
(Mercury Scientific Inc., Newtown, CT, USA). Avalanche angle is the angle in degrees of the
powder prior to a powder ‘avalanche’, or when the powder free surface begins to slip.
The larger the avalanche angle, the more cohesive the powder. MRC coffee, or milled coffee,
was one of the food powders used in the avalanche angle test. It showed the highest avalanche
angle, resulting in higher particle cohesivity. This makes sense because it was defined as a very
fine powder from its particle size distribution. [12]
2.4.4 Hausner Ratio
Hausner ratio (HR) is defined as the ratio between tapped density and bulk density. Bulk density
is just mass divided by volume of a regular container of powder. Tapped density of a powder will
be higher than bulk density because the powders are tapped with a certain pressure and become
more consolidated. Hausner ratio less than or equal to 1.25 indicates that a powder is free
flowing. A Hausner ratio of 1.4 or more indicates that powder is not flowing. This method of
evaluating flowability does not correlate nicely with more sophisticated methods as it is fairly
simple. [13]
2.4.5 Powder Rheometer
Reg Freeman of Freeman Technology concluded that less-cohesive powders flow more freely
when unconfined [9]. Intuitively, this makes sense; particles that don’t stick as much to other
particles will generally move more freely. Fine powder particles stick together (adhere) easily
and create agglomerates [11]. The cohesivity of fine powders causes them to have a lower
flowability.
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Flowability, while a significant powder property, does not completely indicate how a powder
will behave. The following diagram shows which particle, powder, alloy, and optical material
properties contribute to overall characteristics of a powder in AM.

Figure 9. Powder Properties for AM [13]
2.5 Flowability of Food Powders
In the food industry, flowability of powders is important for processing and handling.
A study was done on coffee and cocoa powders that were processed differently. It was found that
material surface composition and surface interaction of powders affect powder flow.
Complex mixtures such as cocoa and coffee require a thorough characterization of powder to be
able to analyze flow [12].
Regardless of application, powders that have a greater surface area per unit mass, or smaller
particle powders, have more cohesion between particles. This is because there are stronger
interacting forces in finer particles. However, powder shape affects flowability too, not just the
powder size. Perfectly spherical particles do not cohere to surrounding particles as much as more
angular particles do. Smooth surfaces on food powders have large contact areas, and more
interaction, than rougher surfaces.
2.6 IME Skills
A cost analysis is done on the savings between reusing powder and using new powder for every build.
Other manufacturing skills to be employed during the project are included on the Society of
Manufacturing Engineers’ list for Manufacturing Technologist Certification statistical analyses, applied
materials (metal in this case), project management, and waste reduction. [18]
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3. Experiment Design Development
3.1 Overall Experimental Design
The study done by NIST on recycling of S17-4 PH stainless steel powder did a more detailed
study in which they measured 11 different powders of different stages of recycling. NIST’s study
used advanced techniques and machinery that we do not have access to, such as white light
interferometry and wire electrical discharge machining. They tested 11 builds, the first with
virgin power, and then used recycled powders from the previous builds for the latter 10 builds. A
breakdown of the stages of recycled powders used in each printed part is shown below. [4]

Figure 10. Percentage of powder portions for each of 11 build cycles [4]
This project examined heavily recycled powder versus new powder instead of studying varying
levels of recycled powder because it is not as costly and time consuming. Conducting a similar
study to NIST’s would require eleven multiple hour builds and collecting data in between builds.
This was not feasible, as our SLM is used for many projects. When designing this experiment,
the team knew it was possible that there could be a slight or nonexistent difference between the
40x or 50x recycled powder and the brand new powder. Examining 1x, 2x, 3x up to 10x recycled
powder would be unnecessary because this type of study has not been done for the IME
department’s process; this project aimed to get a baseline idea of the effects of recycled powder.
Dr. Wang believes beginning with a comparison of just 2 powders is a valid preliminary
evaluation. Further experiments can be done to scrutinize the different levels of recycled powder.
This project is an opportunity to establish a baseline, only two samples of powder were used.
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3.2 Transporting Powders
About 200 mL of new and old powders were placed in two airtight containers and labeled by
Nam Le, a mechanical engineering student who was also taking part in this project. He wore
gloves and poured each type of powder into their respective containers. His measurement was
not exact, as we only needed 160 mL of each powder type for the rheometer test. These
containers were brought to CSULB on February 18, 2020 when Dr. Wang, Nam, and I visited the
lab, along with two other students who are not on this project.
3.3 Testing Powder Characteristics (Pre-print)
3.3.1 Constraints
3.3.1.1 Powder Testing
We are limited to the equipment at CSULB. Dr. Sara Moghtadernejad and her students were kind
enough to test our powders on their particle size characterizer and powder rheometer. She and
her students completed the analysis at the beginning of April.
3.3.1.2 Material
It is only possible to safely print parts consisting of 316L stainless steel powder on campus, so
this report is constrained to that material. This is the only material used in the SLM machine at
Cal Poly.
3.3.2 Powder Testing Procedures
3.3.2.1 Freeman Technology Rheometer
A powder rheometer uses moving blades through a test sample to measure certain powder
characteristics. As the blade moves downward in a test sample, it measures a powder’s resistance
to flow in a constrained environment, or basic flowability energy (BFE). On the other hand, the
upward motion of the blade measures how powders move in an unconstrained environment, or
the specific energy (SE). [2] A picture is shown of the test vessel and blade below. The blade
rotates and moves vertically within the vessel.
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Figure 11. Freemantech FT4 Rheometer Blade [17].
A rheometer measures a wide variety of powder behaviors such as flow, aeration, moisture
content, permeability, compressibility, shear stress, and wall friction. Characteristics that Dr.
Sara and her students test are analyzed in the results section of the report..
The following table shows categories of properties measured with a powder rheometer. This
information comes from a brochure from Freemantech on the FT4. All data that was collected by
Dr. Sara is highlighted. In the future, more properties should be analyzed to connect as many
powder changes to the SLM process as possible.

Properties of Bulk Powder

Conditioned Bulk Density
Compressibility
Permeability

Aspects of Dynamic Flow

Basic Flowability Energy
Specific Energy
Aeration
Consolidation
Flow Rate Index

Shear

Shear Stress
Wall Friction

Process

Segregation
Caking
Moisture Content
Agglomeration
Table 3. Properties Evaluated by FT4 Rheometer [8]
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3.3.2.2 Tapped Density Tester
A difficulty of quantifying powder density is that the powder can settle or be more compacted,
which would lead to a higher density. We can somewhat control this using a tapped density
tester, in which the powder is tapped with a certain force. However, this is not a comprehensive
characterization of powder because it doesn’t take particle shape, or morphology, into account.
For example, powders that are more spherical will have larger gaps between particles, resulting
in a lower density than more angular particles of the same powder material. The tapped density
tester in Long Beach did not end up being used, as Dr. Sara believes conditioned bulk density
(mass over volume after a certain amount of mixing) is a similar, more appropriate measurement
of density.
3.3.2.3 Particle Size Analyzer
The particle size analyzer produced a particle distribution curve. The curve shows where the
average particle size lies and the spread of the particle data.
3.4 Testing Part Properties (Post-print)
The following is the plan for testing printed parts. Unfortunately, parts could not be printed this
quarter, so focus shifted to just analyzing powder.
3.4.1 Instron
Tensile properties will be tested on an Instron. Properties such as ultimate tensile strength, yield
strength will be analyzed to observe whether parts made with recycled powder are stronger than,
weaker than, or similar to parts made with virgin powder.
3.4.2 Rockwell Hardness Tester
Rockwell hardness will be tested on coupons made with new powder and used powder.
3.4.3 Profilometer
A profilometer will be used to measure the surface roughness (Ra) of the test coupons to observe
whether or not recycled powder affects surface finish of selectively laser melted parts.
3.4.4. Coordinate Measuring Machine
A CMM with a standard ruby-tip probe will be used to take points on a test coupon. These points
will be transformed into planes and lines by the machine’s program to output dimensions.
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3.5 Cost Analysis
Current State:
•
•
•
•
•

$300/20 kg of powder is bought every 6 months
$50/month spent on 316L
By estimating 5 builds each month, each build costs about $10.
Each year there are about 50 builds (excluding July and August)
In one year $600 is spent on about 50 builds

If new powder was used every build, each build would become significantly more expensive.
• Powder bed volume: 125 mm x 125 mm x 100 mm = 1562.5 mL
• Density of 316L powder: 7.9 g/cm³ = 7.9 g/mL [3]
• Mass of powder per build: 1562.5 mL * 7.9 g/mL = 12.34 kg
• $300/20 kg of powder every 1.3 builds would cost about $185 per build
• In one year that would be $9250 on about 50 builds

3.6 Project Shift
The original project plan was to 3D print parts and test them in April and May. However,
campus closure due to COVID-19 rendered this portion of the project impossible. The team
decided to analyze data from CSULB and focus on the powder behavior rather than the outcome
of parts during this time. A simple powder experiment to simulate the motion of a recoater blade
during SLM is to be built.
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4. Powder Test Results & Analysis
Dr. Sara and the students at CSULB did not use their tapped density tester because conditioned
bulk density is a similar way to accurately measure powder density. The following section
summarizes the data; the full tables and graphs are located in Appendix B.
Although it would have been helpful to run a t-test to determine statistical differences between
the new and recycled powders, there was not enough data to do so. Each test was only run twice
with each powder. Since the shear tests are destructive, more samples of each powder would be
needed to run more tests.
4.1 Dynamic Flow Tests (second recycled lot data thrown out as erroneous due to table
shaking):

Dynamic Flow Test
Basic Flowability
Energy

Units New, lot
1

Recycled, lot 2 (needs to be
redone)

872.7673 882.8574

864.5828

977.4457

Stability Index

1.202929 1.030966

1.024403

1.014979

Flow Rate Index

1.158458 1.174269

1.178409

1.175387

mJ/g 3.189625 3.540676

3.154205

3.883393

Specific Energy

mJ

New, lot Recycled, lot 1
2

Table 4. Dynamic Flow Test Results

The flow tests results compare the average of new lot 1 and 2 with recycled lot 1; recycled lot 2
is thrown out as Dr. Sara believes the table was shaken during that test.
4.1.1 Basic Flowability Energy
877.812 mJ new > 864.58 mJ recycled
Basic Flowability Energy is the powder’s ability to flow in a confined environment, measured
with a downward motion of the blade. The recycled powder requires less energy than the new
powder does to be displaced at certain consolidation conditions. This makes sense because the
recycled particles flow more freely and have larger particle sizes.
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4.1.2 Specific Energy
3.365 mJ/g new > 3.154 mJ/g recycled
Specific Energy is similar to BFE, but the blade’s upward motion simulates powder behavior in
an unconfined environment. Again, it takes less energy per gram of powder to move recycled
powder up due to its slightly more free-flowing nature than new powder.
4.1.3 Stability Index
1.117 new > 1.0244 recycled
The Stability Index is how much flow energy changes over repeated processing. The ratio for
new powder is further from 1 than recycled powder, so the flow energy was more varied over the
testing cycle for new powder. This may be because the new powder has not been handled and
processed nearly as much as the old powder, so it is less resistant to change over time.
4.1.4 Flow Rate Index
1.167 new < 1.178 recycled
The Flow Rate Index is how much the flow energy changes when the blade tip velocity (tip
speed) is reduced by a factor of 10. Non-cohesive powders in general are not very sensitive to
change in tip speed, which is confirmed by the ratio of energy at 10 mm/s over energy at 100
mm/s being close to one.
4.2 Bulk Properties
Bulk Properties

Units
g/mL

New,
average
3.955

Recycled,
average
4.503

Conditioned Bulk Density
CPS (% change in vol after
compression)
CPS

% @ 1.00 kPa

2.205

2.692

% @ 2.00 kPa

2.558

2.902

CPS
CPS
CPS
CPS

% @ 4.00 kPa
% @ 6.00 kPa
% @ 8.00 kPa
% @ 10.00 kPa

2.868
3.320
3.556
3.653

3.355
3.836
4.115
4.264

CPS
CPS

% @ 12.00 kPa
% @ 15.00 kPa

3.777
3.873

4.427
4.634

Table 5. Conditioned Bulk Density and Compressibility Averages
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4.2.1 Conditioned Bulk Density
3.955 g/mL new < 4.503 g/mL recycled
The Conditioned Bulk Density is measured after the powder has been mixed. The lower density
of new powder is likely due to more angular shaped powders; the old powders have been sieved
and handled many times, so its particles are more closely packed.
4.2.2 Compressibility (CPS)
new < recycled for all tested levels of stress (see Table 5)
CPS (% change in volume after compressing) measures the change in density when different
normal stresses are applied. The volume change for recycled powder is larger than that for new
powder for all of the tested applied stresses (1 kPa, 2kPa…15 kPa), which can be attributed to its
lower cohesivity. The recycled powder is less likely to stick to itself than the new powder, so
when compressed, the particles slip past each other more easily.
4.3 Shear Cell Test
Shear Cell Test

Units

New,
average

Recycled,
average

cohesion

kpa

0.1934

0.1381

unconfined yield
strength

kpa

0.5769

0.4194

major principal stress kpa

8.2652

8.1788

flow function

14.3258

19.8119

3.4541

3.3647

major consolidation
stress

kpa

Table 6. Shear Cell Averages
4.3.1 Cohesion
.1934 new > .1381 recycled
Cohesive powders want to stick to themselves and typically do not flow well. Recycled particles
that have been handled many times may have smoother surfaces. The surface characteristics of
new and recycled particles should be looked at to confirm this hypothesis. The morphology, or
particle shape, was also not analyzed but should be in the future. The recycled particles may be
less angular and more round due to the processing and sieving over time. Rounder and smoother
particles could be the reason for the recycled particles tendency to slip past each other.
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4.3.2 Flow Function
19.81 recycled flow constant > 14.33 new flow constant
The flowability function of powder is plotted as unconfined yield strength vs. major
consolidation stress. For a powder to be classified as free flowing, its flowability function
constant must be 10 or higher. Both the new and recycled powders were free flowing, but the
recycled powder flows freer than the new powder. This is likely due to the larger particles and
lower cohesion. The recycled powder has been mixed and handled so many times that the
particles slip past each other easily. It would be interesting to analyze the surfaces of the particles
because the recycled powder may be more round or smooth than the untouched powder.
4.3.2 Unconfined Yield Strength, Major Principal Stress, Major Consolidation Stress
new > recycled (see Table 6)
New powders are generally stronger, as exemplified by these 3 parameters. The recycled
powders have been heated and cooled repeatedly, so they are weaker and can handle less stress.
The tensile strength and ultimate yield strength of printed parts using these two powders would
be interesting to observe. Due to school closure during the coronavirus epidemic, it was not
possible to print tensile bars using these powders.
4.4 Particle Size Distribution
34.4 µm of recycled > 30.1 µm of new powder
spread of recycled particles (StDev = 11.96) > spread of new particles (StDev = 10.84)
The recycled powder has larger particles; D50 (recycled) is equal to 34.4 µm, while D50 (new) is
equal to 30.1 µm. This could be due to the agglomeration of particles during the SLM
process. This is probably due to agglomeration and partial sintering of particles during SLM.
Although the larger clumps are removed during sieving, there are still partially sintered particles
that fit through the 400 mesh. Because the additive manufacturing team’s target size for powder
diameter is 37 µm, this slight increase in average diameter is not concerning.
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Figure 12. Particle size distribution of new powder (blue) and recycled powder (red)
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5. Sand Recoater Simulation
5.1 Intention
The aim of this mini-project was to simulate a recoating blade in a selective laser melting
machine. By using a sharp blade and scientific sand, observations of powder movement can be
made in relation to the speed at which the blade moves. The largest angle a pile of powder can
make with a horizontal surface before it starts slipping is the angle of repose. This could be
viewed with a solid experiment setup and requires a camera with the capability of slow motion
video to visually capture the shape of the sand over time.
5.2 Design
The bill of materials included in the setup to scrape powder is shown below. Dr. Thomas Mackin
of the Cal Poly SLO Mechanical Engineering Dept. lent ballistic sand to this project to take the
place of powder.
The idea was to build a motorized assembly with a mounted blade, guided by 4 wheels riding on
the sides of a container filled with sand.
Item

Quantity Purpose

Steel grooved wheel

4

Roll on sides of container

Motor

1

Move blade at a constant speed

Speed controller

1

Adjust the speed of the motor

Battery pack & batteries

1

Power source

Shoulder bolt

4

Act as axles for the wheels

Nylon spacer

4

Space the wheels to the right width of
the container

Aluminum blade (w/ factory-cut edge)

1

Push the sand

Table 7. Items needed for sand experiment
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Figure 13. Sand Experiment Motor Assembly

Figure 14. Sand Experiment Side View – Blade Pushing Sand
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5.3 Outcome
Since there was no opportunity to actually 3D print a part on campus, this was a good at-home
hands-on learning experience. Engineering a design from scratch with functioning electrical and
mechanical components was more difficult than expected. It was not possible for this device to
give helpful data before the end of this project. The blade was not perfectly perpendicular to the
flat sand surface, and the motor did not have enough torque to consistently push sand. The setup
of the blade would have to be within tighter tolerances (and not manufactured in a garage) for the
images of the sand angle to be reliable.
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6. Conclusions
It was apparent from the FT4 rheometer and particle distribution data that the recycled powder
had many properties that made it more suitable for additive manufacturing. It was more freeflowing and dense, which will most likely lead to more even layers during selective laser
melting, and stronger printed parts. Although, the particles were slightly larger overall. The
effects of flow, density, and particle size should be tested in the future, as it was not possible to
do this quarter.
The changes that were seen between recycled and new powder characteristics could be
confirmed by collecting more data. A statistical significance could not be determined with a ttest with only sample size of 2 for each powder sample.
The table below shows possible reasons for the changes that were seen after 40-50x recycling.
Another valuable future project would be a similar study but with different levels of recycling;
for example, powder that was recycled for 5, 10, 25, or 100 builds could be tested for both
powder properties and printed part properties compared to unused powder.

PARAMETER

Particle Size
Cohesion

INCREASE OR
DECREASE WHEN
POWDER
IS RECYCLED?
Increase
Decrease

WHY? (HYPOTHESIS)

- Particles sintered together during SLM
- Powder has been handled, mixed, processed
- Likely to have smoother surfaces

Flow Function (FF)

Increase

- Larger particles flow more easily
- Less cohesive, particles slip past each other

Conditioned Bulk
Density (CBD)

Increase

- Recycled particles are more closely packed

Table 8. Possible causes for changes in powder
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APPENDICES
A. Definitions of Key Terminologies
•
•
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•

aeration: introduction of air into a powder, usually from processing and handling [8]
AOR: angle of repose; the angle at which the top of a pile of powder begins to slide
basic flowability energy: energy required to move powder using downward-moving blade
[16]
bulk density: density of a part after SLM
coarse powder: particle size greater than 50 µm
cohesion: how strongly a powder sticks to itself
compressibility: changes in a powder’s density as a result of applying a load [8]
conditioned bulk density: mass over volume of a powder that has been disturbed by a
slicing rotating downward blade and lifting it while rotating upward [16]
fine powder: particle size less than 50 µm
flow rate index: how flow energy changes when the speed of rotating blade is reduced by
a factor of 10 [16]
flowability: dynamic flow properties of powders under certain conditions
granulometry: particle size; characterized by area, diameter, mass, etc [1]
morphology: particle shape; characterized quasi-quantitatively with descriptions such as
spherical, angular, dendritic, dish-shaped, acircular; mathematical models of
morphological characteristics are found in Source 1
PSD: particle size distribution
permeability: resistance of air flow between powder particles; defined as a pressure drop
[8]
shear cell: testing in which the blades move downward to induce a normal stress as the
blades contact the top of the powder [17]
specific energy: similar to basic flow energy, but energy needed during upward testing
(unconfined powder flow) [16]
stability index: factor that flow energy changes by over the course of repeated testing [16]
tapped density: mass over volume at a certain tapping force
tip speed: velocity of blade tip along helical path [16]
rheology: powder flow properties
wall friction: measuring the friction acting between a powder and equipment surfaces [8]
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B. Data Tables
Dynamic Flow Test

recycled, lot 2 (needs to be
units new, lot 1 new, lot 2 recycled, lot 1 redone)

Basic Flowability Energy mJ

872.7673 882.8574 864.5828

977.4457

Stability Index

1.202929 1.030966 1.024403

1.014979

Flow Rate Index

1.158458 1.174269 1.178409

1.175387

mJ/g 3.189625 3.540676 3.154205

3.883393

Specific Energy

Bulk Properties

Units

new, lot 1 new, lot 2

recycled, lot 1 recycled, lot 2

Conditioned Bulk Density

g/mL

3.363

4.494

4.511

CPS (% change in vol after
compression)

% @ 1.00 kPa 2.545645 1.864025

2.629527

2.754253

CPS

% @ 2.00 kPa 2.913735 2.203254

2.693801

3.109895

CPS

% @ 4.00 kPa 3.249228 2.485898

3.290906

3.41957

CPS

% @ 6.00 kPa 3.67984

2.960771

3.751285

3.921259

CPS

% @ 8.00 kPa 3.920591 3.191211

3.983063

4.247521

CPS

% @ 10.00
kPa

4.008141 3.298396

4.147414

4.380625

CPS

% @ 12.00
kPa

4.140184 3.413211

4.295861

4.558925

CPS

% @ 15.00
kPa

4.250128 3.496746

4.489556

4.778377

new 2

4.547

Shear Cell Test

units

new 1

recycled 1 recycled 2

cohesion

kpa

0.1936438 0.1930656 0.1196523 0.156458

unconfined yield strength kpa

0.5751232 0.5787649 0.3627998 0.4759711

major principal stress

8.234353 8.295998 8.021385 8.33626

kpa

flow function

14.31755 14.33397 22.10967 17.51422

angle internal friction

degrees 22.0874

22.58042 23.18192 23.35605

bulk density

g/mL

3.209

major consolidation stress kpa

4.59

4.535

4.478

3.473206 3.435001 3.332086 3.39729
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C. Project Schedule

D. Updated Project Schedule for COVID-19

Spring Week 1

4/6 4/10

Spring Week 2

4/13 4/17

Spring Week 3

4/20 4/24

Spring Week 4

4/27 5/1

Spring Week 5

5/4 5/8

Spring Week 6

5/11 5/15

Spring Week 7

5/18 5/21

Spring Week 8

5/25 5/29

Plan for
Virtual
Quarter
Review
Powder
Samples From
Long Beach
Test

Analyze Powder
Data to Determine
Statistical
Differences

Conduct
Sand
Experiment

Detailed Economic
Analysis /
Conclusions

Finish
Report

Finish Final
Presentation
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