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In this paper, the particle size distribution (PSD) and morphology for six different metal powders were measured
and compared using a range of techniques which included laser diffraction, static imaging, and dynamic imaging.
The metal powders were chosen from a diverse end-use (Metal Injection Moulding, Laser - Powder Bed Fusion,
Electron Beam - Powder Bed Fusion, and Hot Isostatic Pressing) and varied in powder size distribution and
morphology. While the results for particles that were predominantly spherical showed some general agreement
for the measured PSD across the range of measurement techniques investigated, larger variation than industrial
tolerances would allow was identified when comparing the results between the different measurement techniques.
The technique did influence the measured PSD at times, with differences large enough to require compensation if
used for critical applications with tight tolerances. For samples that had particle morphologies that deviated away
from spherical (agglomerated, irregular, or satellited), the difference in the measured PSD was more significant
when comparing the results from the different measurement techniques. This was due to the under/overestimation
of the PSD due to the measurement principles of the system being employed. Thus, when reporting PSD, it is of
paramount importance to align specification requirements, and the certification test methods, with the industrial
controls (i.e., laser diffraction when used in production to tune air classification). If different instruments or
techniques are to be used by a purchaser and supplier, any inherent bias must be understood. For morphology,
static imaging tends to result in a higher measured value for sphericity and aspect ratio in comparison to dynamic
imaging. This is believed to be due to the influence of orientation during measurement as well as the resolution
of the optics.

1. Introduction excess laser power/energy density, or if the powder PSD becomes too

coarse, not all the particles will melt due to insufficient laser power

Metal powders are used extensively throughout various industries
for numerous applications. The manufacturing method influences the
morphology of the produced powder (for example gas atomisation is
more spherical in comparison to water atomised powder) [1-3]. The
different processes used are dependent on the specification of the pow-
der required (powder size and morphology). The uses of the different
specification powders depend on the end product being produced. The
particle size distribution (PSD) of the powders varies greatly depend-
ing on the application. Certain applications such as additive manufac-
turing (AM) require powder that is highly spherical for controlled and
predictable flowability/spreadability as well as packing density [4]. It
is common for the powder to be recycled when used for AM applica-
tions, and therefore any changes in the PSD and morphology need to be
monitored to ensure the powder remains in specification [5,6]. For ex-
ample, if the PSD is too fine, spatter formation may increase due to the

[7,8]. These bring about different defects and may ultimately result
in a part with reduced properties or a failed build. Work conducted
concerning Laser-Powder Bed Fusion (L-PBF) recycling has shown that
continual recycling of powder increases the mean PSD and decreases
the circularity (2D information), which ultimately affected the quality
of the fabricated part [5]. Furthermore, certain powder materials (e.g.
aluminium based) are more sensitive to reuse in terms of the change
in PSD and morphology which makes monitoring the reuse of powder
important [9].

The desire is to have a consistent powder in terms of PSD and mor-
phology for reliable flowability (other factors also influence flowability
e.g. moisture and temperature). The correct powder characterisation al-
lows the appropriate quality control to be in place to ensure that powder
behaviour is predictable and repeatable across different batches. A vari-
able powder supply will ultimately affect product quality and lead to
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variations that are unacceptable for certain industries such as medical
and aerospace [10].

There are several methods available to characterise the size and mor-
phology of powder. Dependent on the method used, the results will vary
in terms of the measured PSD. Thus, an understanding and apprecia-
tion of the method used, and its assumptions when calculating the PSD
or morphology data is of importance [11]. Sieving is one of the oldest
and most established techniques, with its principle based on a series
of sieve aperture dimensions stacked progressively. This sorting by two-
dimensional opening can result in particles with irregular morphologies,
such as elongated, passing through (if the orientation is such that the
smallest cross-section can pass through the mesh opening). This tech-
nique is ideal for specifying and certifying any powder sorted in pro-
duction through a sieving process. For gas-atomized powder, sieving
is typically performed in production down to 45 um, below which ag-
glomerated powder can ‘blind’ the sieves. The sieving test method can be
labour and time-intensive and only provides limited size discrimination.
The large test sample offers high sampling statistics, and the mechanism
is aligned with the two-dimensional sorting mechanism in production,
limiting discrepancies between the production control (industrial sieve
cloth) and the quality control (certifying sieves).

Laser diffraction is a faster and automated technique based on mea-
suring the angle of diffraction, reflection, and refraction of the laser as a
sample passes through it, as these angles are proportional to its size. The
scattering of the laser is recorded by detectors situated within the ma-
chine which then process the pattern to calculate the equivalent spheri-
cal diameter as calibrated by perfectly spherical glass beads. Therefore,
laser diffraction is influenced by particle morphology as anything other
than perfectly spherical will result in a different diffraction angle de-
pendent on the orientation of the sample as it passes through the laser
beam(s) path [12]. The measurement may take place in air (dry) or a lig-
uid (wet) medium. The need for a wet measurement may be necessary if
the sample being measured is flammable or for cohesive powder. In the
analysis, light scattering data is converted, via proprietary algorithms
specific to the instrument manufacturer, into volumetric particle size
distribution. Although this technique only requires a small sample size,
sampling errors due to non-standard distributions or morphology effects
can be exacerbated, especially at the tails of the distribution (high and
low length/width aspect ratios).

Imaging is another commonly used approach, for particle size mea-
surement [13]. It involves capturing and processing thousands of im-
ages of particles. It is easier to ensure static images are in focus as the
field of focus is fixed, whereas for a dynamic image this can become
an issue as the sample may move into or out of focus during measure-
ment. Imaging offers an additional advantage over sieving and laser
techniques in that it offers information not only relating to size but also
the morphology of the particles (2D information). This is important as
the manufacturing processes of metal powders vary drastically and the
powder can range from perfectly spherical, elongated, to agglomerate,
to irregular, to satellited. Furthermore, this becomes important for ex-
ample when recycling powder, as subtle changes may occur that slightly
change the morphology of the powder (without changing the PSD sig-
nificantly) [14]. Work has been conducted comparing 2D measurement
techniques (imaging) with 3D (X-ray CT), which has discrepancies and
requires significant time for measurements. Further work is being con-
ducted in this area to better understand how better use can be made of
the 2D measurement technique [15].

The PSD of powder is often reported in percentiles: Dy, D5y and Dgy.
The D, refers to the diameter size below which 10% of the powder by
mass or volume is finer than, Dy, refers to the mean diameter size for
which 50% of the sample mass or volume is finer than, and Dy refers to
the diameter size which 10% of the powder by mass or volume is coarser
than. The size distribution can be presented in various forms, ranging
from the number basis where the fines would dominate the PSD, to a
volume or mass basis where the larger particles are more influential.
If the powder being measured is homogenous and of the same density,
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the mass fraction can be converted to volume fraction and vice versa
[16,17].

At present, there is limited work to show the effect of different pow-
der characterisation techniques in terms of measured particle size dis-
tribution and morphology for metal powders with a range of sizes. Re-
search has been conducted on Aluminium and Tantalum powders show-
ing the carrier fluid speed and ultrasonic power had no substantial effect
on the measured PSD using laser diffraction [18]. Further research look-
ing at X-ray CT and SEM as measurement techniques for analysing steel
powders showed these to be more robust than commonly used tech-
niques, though they are time-consuming and not appropriate for quality
control purposes [19]. The current work compares imaging (dynamic
and static) and laser diffraction (wet and dry) techniques for metal
powders with a variety of particle size distributions to understand how
PSD and morphology results vary due to measurement technique and
instrument-to-instrument differences.

2. Materials and methods
2.1. Samples

Six metal powders for various industrial applications were studied
(supplied by Carpenter Technology Corporation). The powder was se-
lected to intentionally vary size, morphology, satelliting, and agglom-
eration. All powders were manufactured via gas atomisation and are as
follows:

e Powder 1 - Carpenter Technology UltraFine® 316L used for Metal
Injection Moulding (MIM), which was air classified to Dgq < 22 um

e Powder 2 - Carpenter Additive® M300 used for L-PBF, which was
screened with a vibratory screener with a wire mesh at 45 pum for
the top end and air classified at 15 pum at the bottom end

e Powder 3 - Carpenter Additive® XLC used for L-PBF, which was

screened with a vibratory screener with a wire mesh at 45 um for

the top end and air classified at 15 um at the bottom end

Powder 4 - Carpenter Additive® Ti64 Gd5 used for Electron Beam —

Powder Bed Fusion (EB-PBF), which was screened with a vibratory

screener with a wire mesh at 106 pm for the top end and 45 pm at

the bottom end

Powder 5 - Carpenter Technology Micro-Melt® 625 used for Hot Iso-

static Pressing (HIP), which was screened with a vibratory screener

with a wire mesh at 250 um for the top end and no screening at the

bottom end

e Powder 6 - Carpenter Technology Micro-Melt® BioDur® CCM®
used for HIP, which was screened with a vibratory screener with a
wire mesh at 250 um for the top end and no screening at the bottom
end.

2.2. Powder analysis methods

2.2.1. Particle size distribution

The PSD was measured using two different laser diffraction systems,
a Mastersizer 3000 (Malvern, UK), for both dry and wet measurements
(Aero S and Hydro EV, referred to as LD-D and LD-W1 respectively
throughout the paper), and the Microtrac S3500 for wet measurements
(Microtrac, USA, referred to as LD-W2 throughout the paper). Wet mea-
surements were conducted in water at room temperature. There is a
range of different scattering theories used for particle size analysis, with
the main ones being Mie and Fraunhofer (details on the different theo-
ries are outside the scope of this paper) [16]. The Mie theory was ap-
plied for the analysis of the data scattering pattern using the relevant
refractive indices provided by the manufacturer for the materials being
measured.

The PSD was further measured using the dynamic imaging (DI) tech-
nique on a Camsizer XT (Microtrac, UK) using a dry dispersion jet with
a dispersion pressure of 40 kPa. Also, the PSD was measured using the
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Comparison of the different sample quantities required and duration for conducting a measurement on the
different test methods (*general limit for acceptable sieving as opposed to resolution limit).

Equipment No. of particles Time (min.) Mass (g) Resolution Limit (um) Data output

Static imaging ~10* - 10° ~ 120 ~0.01-0.03 0.50 PSD & Morphology
Laser diffraction ~10° - 10° ~ 10 ~ 2.0 0.01/0.02 PSD

Dynamic imaging ~ ~ 10° - 108 ~ 10 ~10.0 1 PSD & Morphology
Sieve analysis ~ 107 - 10° ~ 15 50 or 100 < 45* PSD

static imaging (SI) technique on a Morphologi G3SE (Malvern, UK) us-
ing a dispersion pressure of 400 kPa. The PSD data for both imaging
techniques were populated based on the area principle, which converts
the measured area of a particle into the equivalent diameter of a circle.

The static imaging system takes images of the powder sample after it
is spread on a glass slide (which is cleaned before using Sticklers spray
which dissipates static forces and lens cleaning tissue). The powder is
spread and allowed to settle under gravity. The powder takes the orien-
tation which is most stable for it when settling on the glass slide. Fur-
thermore, the sample quantity measured is significantly less for the SI in
comparison to the other techniques (Table 1), which makes it possible
that if a few of the larger particles are missed during sample selection,
it can result in an underestimation of the PSD drastically.

The dynamic imaging technique takes images as the powder sample
travels past the camera. Therefore, images are taken of the sample dur-
ing various orientations of the powder, and not solely one orientation.
Thus, the DI is less influenced by the orientation of the sample (though
particles will sometimes align because of the airflow while falling) and
produces results similar to the LD systems. Furthermore, the sample
quantity measured in the DI is significantly higher in comparison to the
other techniques (Table 1) and the probability of missing some of the
larger particles during sample selection is minimised.

All PSD measurements were conducted on a volume basis. For the
laser diffraction and dynamic imaging systems, three measurements
were conducted on each powder sample. For the static imaging system,
one measurement was conducted on each powder sample (due to the
time required for measurement per sample).

2.2.2. Morphology
Morphology measurements were conducted on the Camsizer XT

and Morphologi G3SE. The morphology was characterised in terms of
sphericity and aspect ratio. The sphericity is a measure of how closely
the shape of the particle(s) sampled is compared to that of a perfect cir-
cle. A perfect sphere or circular cross-section would have a sphericity of
1, while a needle-like morphology would have a sphericity value closer
to zero. The Camsizer XT uses the term ‘Sphericity’ while the Morphologi
G3 uses the term ‘High Sensitivity Circularity’. They are calculated using
the same equation, though they are referred to differently. The equation
to calculate the sphericity is as follows:

Sphericity (Camsizer XT) = _dnArea
Perimeter?
= High Sensitivity Circularity (Morphologi G3)

Where the Area is the measured particle area and Perimeter is the
measured particle perimeter.

The aspect ratio is the ratio of the minimum chord length (X, i, OF
width) to the maximum Feret diameter (Xge, max Or breadth or length)
of a particle. The Camsizer XT uses the term ‘b/1’ while the Morphologi
G3 uses the term ‘Aspect Ratio’. A circle or square would have an aspect
ratio of 1, while a needle-like or rectangular particle morphology would
have an aspect ratio lower than 1. The equation to calculate the aspect
ratio is as follows:

X min Breadth _ Width
X Femax Length Length

Aspect Ratio (Morphologi G3)

b/1 (Camsizer XT)

Where Length is greater than Width.

Additionally, images of the powder were taken using a scanning elec-
tron microscope (SEM, Carl Zeiss Evo LS25) using a backscatter electron
detector, with a beam landing energy of 20.00 kV and beam current of
10.0 nA for all samples. A powder sample was spread onto a carbon tab
adhered to a specimen stub.

2.3. Equipment comparison

The different measurement techniques require a different quantity
of samples and duration for the measurement. A comparison of this can
be seen in Table 1, with the time quoted referring to a typical measure-
ment time after correct tuning of the operating conditions of the ma-
chine. The different quantity of samples required influences the number
of particles measured and gives an insight into the potential influence
of the results. The static imaging technique requires the longest dura-
tion for measuring a sample as high-resolution images are taken of all
particles. This time can be reduced if a smaller area of particles is mea-
sured, or a Z-stack is not conducted though this will reduce the number
of particles analysed and the accuracy of the measurement. The dynamic
imaging technique also offers morphological information, in addition to
PSD data, however, it does not store all the images taken of the sample
during the measurements. The laser diffraction and sieving system only
provide PSD data.

The approximate number of particles measured quoted in Table 1 is
calculated based on the mass of the sample required for the measure-
ment technique and using the particle count information provided by
the static imaging and dynamic imaging techniques. The resolution limit
refers to the smallest measurable particles for the system (sieving reso-
lution limit refers to the general limit for acceptable sieving).

For the laser diffraction and dynamic imaging techniques, three mea-
surements were conducted with the mean presented. For the static imag-
ing technique, one measurement for each sample was conducted.

3. Results and Discussion
3.1. SEM images

An SEM micrograph for Powder 1 can be seen in Fig. 1. It can be
seen in the SEM image that predominantly the particles appear generally
spherical, however, some particles exhibit irregular morphology. There
is also a large presence of fines which is expected for this powder, as it
has a Dgy < 22 pum.

SEM micrographs for Powder 2 and Powder 3 can be seen in
Fig. 2 and Fig. 3, respectively. There is the presence of agglomerates (red
arrow) and satellites (yellow arrow) as well as some spherical particles.
It can be seen from the micrograph that the agglomerate is composed
of many fine particles. The surface of the particles appears generally
smooth.

SEM micrographs for Powder 4 can be seen in Fig. 4. It can be seen
in the image that the powder is predominantly spherical, though there
is a presence of small satellites which are adhered to the surface of the
powder.

SEM micrographs for Powder 5 and Powder 6 can be seen in
Fig. 5 and Fig. 6, respectively. The surface of Powder 5 appears smoother
in comparison to Powder 6. Satelliting and agglomeration are amplified
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Fig. 1. SEM micrograph for Powder 1, MIM,
Dgyy < 22 pm (1000 x magnification).

Date :24 Sep 2018
1.11e-003 Pa
10.0 nA

20 um EHT = 20,00 kV Sample ID = Micro-Melt M300-45+15
WD= 85mm
750 X Signal A= CZBSD

Fig. 2. SEM micrograph for Powder 2, L-PBF,
15 - 45 pm (750 x magnification).

Date :2 Apr2019
1.30e-003 Pa
939 pA

for the HIP powders in comparison to the L-PBF and EB-PBF powders.
The smaller surface-bearing particles are a combination of smaller par-
ticles fused on the surface of larger particles (satellites, yellow arrow)
and, separately, smaller particles that are loosely adhered to the surface
of larger particles (agglomerates, red arrow). The presence of satellites
is common for powder manufactured via conventional gas atomisation.
The formation of satellites occurs during the solidification stage of atom-
isation, as molten material adheres to partially- or fully-solidified mate-
rial as the particles collide with one another [20].

3.2. PSD data

The PSD for Powder 1 (MIM) can be seen in Table 2. There is poor
(D spread of +13%, D5, spread of +10%, Dy spread of +4%) agree-
ment across the different measurement techniques, with the greatest
difference in values seen for the Dy, of 2.9 um between the DI and the
LD-W1. The powder is specified to have a Dg < 22 pm, and it can be seen
from Table 2 that all measurement techniques fall close to this but the
spread in the results between techniques/instruments is unacceptable
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Fig. 3. SEM micrograph for Powder 3, L-PBF,
15 - 45 pm (750 x magnification).

Date :27 Apr 2018
2.25¢-003 Pa
10.0 nA )

Date :4 Jul 2018
3636003 Pa
10.0nA

100X Signal A= CZBSD

EHT = 20.00 kV Sample ID = CPP Ti64 45-106um

Signal A= CZBSD

Date :4 Jul 2018
29656003 Pa
10.0nA

100 x

500 x

Fig. 4. SEM micrographs for Powder 4, EB-PBF, 45 - 106 um.

in comparison to the manufacturers’ internal tolerance and customer
requirements (Dgy < 22 um)

The PSD data for Powder 2 and Powder 3 (L-PBF) can be seen in
Table 3. There is some (+3-4%) agreement across the different measure-
ment techniques for the D5 . For the Dy, there is good (+1%) agreement
between the optical methods (DI and SI) but poorer (+6-8%) agreement
for the laser methods (LD-D, LD-W1 and LD-W2). For the Dg, there is a
good agreement when comparing the different laser techniques (LD-D,
LD-W1 and LD-W2) with each other (+1-3%) and the optical imaging
techniques (DI and SI) with each other (+0.2-0.6%), however, there is
a large difference when comparing the laser and imaging techniques.
The laser techniques measure approximately 50 pm for the Dy for both
L-PBF powders, whereas for the imaging the Dqy, measures closer to
46 pm. One of the reasons believed for this large difference in the Dg
is the satellites that are attached to some of the larger particles and the
presence of agglomerates (Fig. 2 & Fig. 3). This is known to influence

measurement results greatly via laser diffraction as the particles deviate
away from spherical [21]. These particles of satellited/irregular mor-
phology may influence the diffraction angles when passing through the
path of the laser beam depending on the orientation, thus, resulting in
overestimates of the size. Furthermore, for the imaging technique, some
of these satellites may be missed during measurement, as any satellites
positioned either behind or in front of the particle will not be taken into
consideration for the measurement as it only considers the boundaries
of the silhouettes. Additionally, these results underscore the importance
of aligning specification and certification methods to production con-
trols as the Dqyq o by sieve analysis is ~ 45 pm. Although laser and optical
methods provide consistent results, both 1D simplifications overestimate
the 2D sorting of sieve by a significant margin. To create specifications
using laser or optical results one must establish the bias between the
industrial production controls (sieving) and the desired inspection in-
strument (laser or optical).
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o
Sample ID = CPP 625
Signal A= CZBSD

Date :27 Apr 2018
139003Pa [
100nA

Table 2

EHT =20.00 kV
WD = 85 mm
100X

500 x

2000 x

Fig. 5. SEM micrographs at different magnifications for Powder 5, HIP, sieved using 250 pm mesh.

Signal A=CZBSD

100 x

-
Date :27 Apr 2018
973¢.004 Pa
100nA

R M

Sample ID = CPP A766 Date :27 Apr 2018
910e004Pa RN
100nA

500X Signal A= CZBSD

500 x

Fig. 6. SEM micrographs at different magnifications for Powder 6, HIP, sieved using 250 pm mesh.

Measured PSD data for Powder 1, MIM (The mean values are presented along
with the calculated standard deviations).

Dy (nm) Ds; (um) Dy (um)

LD-D 5.97 (+0.02) 13.70 (+0.01)  24.09 (+0.01)
LD-W1 5.92 (+0.06) 12.96 (+0.11) 23.57 (x0.15)
LD-W2 6.74 (+0.12) 14.28 (+0.10)  22.90 (+0.22)
DI 7.63 (+0.06) 15.87 (+0.06)  24.13 (+0.15)
SI 6.36 13.60 22.22
Mean All 6.5 141 23.4

Laser 6.2 13.6 23.5

Optical 7.0 14.7 23.2
Spread All +13% +10% +4%
(Max.-Min.)/2 Laser +7% +5% +3%
Mean Optical +9% +8% +4%

The PSD data for Powder 4 (EB-PBF) can be seen in Table 4. There is

a wider variance between the different equipment for the D, D5, and
Dg in comparison to the L-PBF powders (Table 3). The largest difference
of 19.9 pm is seen for the Ds, value, between the SI and LD-W2. This is
believed to be due to the dispersion method of the Morphologi and the
low density of Powder 4 resulting in less fine powder being transferred to

the imaging slide. The loss of a small portion of fine particles, coupled
with the small initial sample size used in the SI technique may have
significantly altered this result.

The PSD data for Powder 5 and Powder 6 (HIP) can be seen in
Table 5, along with the graphs of the data in Fig. 7 and Fig. 8, respec-
tively. There is a wide variance between the D5, and even more so for
the Dy, in comparison to the MIM, L-PBF, and EB-PBF powders (Pow-
ders 1 — 4). The largest difference of 101.3 um is seen for the Dy, value
for Powder 6 between the SI and LD-D. A similar large difference is seen
for the Dg, value or Powder 5 of 70.5 um, again between the SI and
LD-D. This is believed to be due to preferential dispersion of fine pow-
der and small sample size resulting in relatively fewer coarse particles
landing on the imaging stage. The morphology of some of the larger
particles may cause additional discrepancies. The SEM images for both
HIP powders (Fig. 5 & Fig. 6), show the presence of agglomerates and
satellites on some of the larger particles.

The HIP powders, seem to be emphasised with the LD-D system (DI
as well for the Dy values for both Powder 5 and 6), which may be mea-
suring the particles agglomerated together as opposed to individually
as they pass the beam path. Thus, overestimating the PSD of the sample
drastically, which may be the case for the results seen. This is not an
issue for the wet systems, as the liquid medium disperses the sample ap-
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Table 3
Measured PSD data for Powder 2 and Powder 3, L-PBF (The mean values are presented along with the calculated standard deviations).
Powder 2 Powder 3
Dy (um) Dsg (um) Dygg (um) Dgg.9 (um) Dy (um) Dsq (um) Dygg (um) Dygg.9 (um)
LD-D 24.30 (+£0.10) 34.63 (+£0.06) 49.40 (+£0.20) 21.19 (+0.01) 32.23 (+0.06) 49.10 (+0.10)
LD-W1 22.93 (+£0.12) 33.77 49.37 (+£0.25) 19.73 (+0.15) 31.23 49.20 (+0.10)
(+£0.12) (+0.15)
LD-W2 25.72 (+0.44) 35.61 (+0.60) 51.90 (£1.47) 23.10 33.53 50.04 (£1.12)
(+0.80) (£0.46)
DI 26.13 (+0.12) 36.10 (+0.17) 45.53 (+0.06) 22.97 33.43 45.70 (+0.30)
(£0.06) (x£0.12)
SI 25.66 36.21 45.67 22.36 33.85 46.29
Sieve 45 45
Mean All 24.95 35.27 48.38 21.87 32.86 48.07
Laser 24.32 34.67 50.20 21.34 32.33 49.40
Optical 25.90 36.16 45.60 22.66 33.64 46.00
Spread All +6% +3% +7% +8% +4% +5%
(Max.—Min.)/2 Laser +6% +3% +3% +8% +4% +1%
Mean Optical +0.9% +0.2% +0.2% +1.3% +0.6% +0.6%

Table 4

Measured PSD data for Powder 4, EB-PBF (The mean values are presented along

with the calculated standard deviations).

of the feeding system, or the application of air pressure to disperse the

sample.

3.3. Morphology data

Dy (um) Dsq (um) Do (um)

LD-D 54.23 (+2.41)  75.80 (+3.87)  106.0 (+5.29)
LD-W1 49.20 (+0.46)  74.53 (+0.06)  110.3 (+0.58)
LD-W2 50.72 (+2.11) 70.41 (+£2.42) 105.6 (+2.94)
DI 52.40 (£1.06)  76.40 (+3.14)  103.8 (+2.00)
SI 64.92 90.3 107.4
Mean All 54.30 77.49 106.63

Laser 51.39 73.58 107.32

Optical ~ 58.66 83.35 105.60
Spread All +14% +13% +3%
(Max.-Min.)/2 Laser +5% +4% +2%
Mean Optical ~ +11% +8% +2%

propriately and helps to reduce the potential for agglomeration of fines
during the measurement.

In addition to some of the reasons mentioned already, it should also
be noted for the wet dispersion systems, the samples are circulated con-
tinuously during measurements meaning that there is the potential for
certain particles to be measured multiple times depending on the speed
at which they travel. Furthermore, the impeller which is driving the
sample may break up some of the agglomerates/satellites if they come
into direct contact. As well as this, some of the larger/heavier parti-
cles may settle on the bottom or within the tubing system (build-up of
powder in the tubing was seen in between some measurements). For
the dry dispersion system, the sample only passes via the optics once
for measurement and it is possible during the measurement that weakly
bonded agglomerates/satellites may be dislodged due to the vibration

For the morphology analysis, the data from the SI was filtered to re-
move particles with an area less than 100 pixels (filter not applied for
the PSD analysis). This was based on the recommendation of the man-
ufacturer, as small particles are difficult to clearly distinguish based on
the resolution, and therefore for morphological analysis, the fine parti-
cles should be removed. This removal of particles based on area equated
to removing particles smaller than 3.15 pm (in diameter) for Powder 1
and 6.25 um (in diameter) for Powders 2 — 6 (Optics used for Powder
1 was x10 and for Powders 2 — 6 was x5 based on Dy, of powders and
recommendations of the manufacturer). For Powders 1 - 4, this resulted
in the removal of ~ 10 to 40 % of particles while for Powders 5 & 6, this
resulted in the removal of ~ 60 % particles (on a number basis). For the
DI data, no filters were applied.

The results for the mean sphericity and aspect ratio calculated using
both the DI and SI can be seen in Table 6. For all the samples measured,
the SI recorded higher sphericity, indicating that the sample was more
spherical in comparison to the DI. The highest mean sphericity for the DI
from the 6 powders studied was for Powder 4 which, based on the SEM
images (Fig. 4), showed the smoothest surface and minimal presence of
satellites and agglomerates. For the SI system, the highest mean spheric-
ity was for Powder 1 and Powder 5. For all the samples measured, the SI
recorded a higher aspect ratio in comparison to the DI. When comparing
the techniques there is general agreement across the range of powders
in terms of the highest and lowest values.

Table 5
Measured PSD data for Powder 5 and Powder 6, HIP (The mean values are presented along with the calculated standard
deviations).
Powder 5 Powder 6
Dy (um) Dsp (um) Dy (um) Dy (um) Dsp (um) Dy (um)
LD-D 14.73 (£0.29) 53.47 (+0.68) 147.0 (1.73) 15.33 (x0.21) 59.5 (+1.04) 181.3 (+2.08)
LD-W1 11.47 (+£0.23) 37.73 (+0.68) 110.0 (+2.65) 4.82 (+0.32) 32.7 (+0.53) 108.3 (+1.15)
LD-W2 13.48 (+£0.21) 42.33 (£1.34) 100.1 (+0.86) 12.57 (+0.20) 38.25 (+£2.94) 96.34 (+11.4)
DI 13.43 (+£0.21) 40.47 (+£1.55) 115.6 (+2.71) 13.57 (+0.15) 39.23 (+0.71) 137.8 (+0.45)
SI 9.30 28.58 76.45 9.75 27.75 79.99
Mean All 12.48 40.52 109.83 11.21 39.49 120.77
Laser 13.23 44.51 119.04 10.91 43.48 128.67
Optical 11.37 34.52 96.03 11.66 33.49 108.91
Spread All +22% +31% +32% +47% +40% +42%
(Max.-Min.)/2 Laser +12% +18% +20% +48% +31% +33%
Mean Optical ~ +18% +17% +20% +16% +17% +27%
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There are five potential reasons for the differences seen in the

sphericity and aspect ratio when comparing the DI and SI systems, which

1 Sample Quantity. The sample quantity used for measurement pur-
poses in the SI is significantly less compared to the DI (Table 1).
The number of particles measured in the DI can be up to 1000 times
more (dependent on the PSD) in comparison to the SI. The quality of
the images from the SI is greater than the DI, however, the DI offers
significantly higher sampling statistics;

Sample Orientation. For the SI system, the sample is spread on a
glass slide and images are taken. The sample will pick the orienta-
tion which is most stable in terms of positioning on the slide. For
a perfectly spherical particle, the orientation will not influence the

result. Whereas a particle of irregular morphology (e.g. needle-like
shape) will be strongly influenced by orientation, and the morphol-
ogy characteristic can be exaggerated/missed. This is different from
the DI system which takes images as the particles pass by a cam-
era screen. The particle orientation will be random (as sometimes
particles will align because of the airflow while falling) and not the
same as that seen in the SI system, and therefore, certain character-
istics maybe are neglected or overstated based on orientation during
measurement for non-spherical particles;

Sample Preparation. The SI system involves dispersing the sample
by applying a burst of air pressure. This may knock off some of the
loosely attached satellites/agglomerate, which therefore will influ-
ence the sphericity/aspect ratio value during measurement. The DI
system involves a vibrator feed along with an air jet to disperse the
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Table 6
Mean powder sphericity and aspect ratio measured via dynamic imaging and
static imaging (volume basis).

Sphericity Aspect Ratio

DI SI DI SI
Powder 1 0.90 0.97 0.90 0.94
Powder 2 0.91 0.92 0.87 0.88
Powder 3 0.90 0.94 0.88 0.91
Powder 4 0.92 0.96 0.90 0.93
Powder 5 0.91 0.97 0.86 0.94
Powder 6 0.90 0.96 0.85 0.93

sample. The air-jet does have the potential to break up some of the
loose satellites/agglomerates;

4 Optics Resolution. The SI system is essentially a microscope, using
objectives to take images of the stationary sample on a glass slide.
The DI system is a CCD camera-based system taking images of pow-
der as it moves past the field of view. The SI images have a higher
resolution (sharper images of the boundary) in comparison to the
DI, however, the number of particles imaged for SI is significantly
lower in comparison to DI;

5 Edge Detection/Thresholding. Thresholding refers to the colour
settings in determining the edge of the particles in the image analy-
sis systems. This is generally determined by the manufacturer (fac-
tory set) though there is the possibility for the Raw data to be ex-
tracted and manually analysed by the operator. Typically, with the
high magnification image, the particle edges are poorly resolved.
The thresholding is important to determine the boundary between
the background colour and the edge of the particle. Slight changes
to this can impact the calculated particle size.

Steps were taken to minimise/remove the influences of the above-
mentioned points by for example ensuring the dispersion pressure was
set to a value to sufficiently spread the powder but not excessively high,
however, it is possible that a combination of the mentioned reasons for
varying magnitudes contributed to some of the differences in the data.

4. Conclusion

Six different metallic powders used in a range of applications (MIM,
L-PBF, EB-PBF and HIP) were characterised in terms of PSD (Do Ds,
and Dgyy) using a range of laser diffraction and optical imaging tech-
niques. Each powder was tested using laser diffraction systems (dry and
wet) and imaging systems (dynamic and static). Samples that contained
predominantly spherical powder produced fewer varying results over
the range of equipment used to measure the PSD but still, enough vari-
ation existed to be problematic for tight tolerances common in critical
applications (production of net shape components). Larger differences
arose between the various measuring techniques, as the morphology of
the sample deviated away from spherical, due to the presence of satel-
lites either adhered to or fused onto larger particles, irregular particles
and agglomerates. The differences seen in the measured PSD values were
due to the contribution of assumed morphology during measurement.
For a spherical particle the orientation is not critical during measure-
ment as, regardless of the orientation for the measurement, it will mea-
sure the same in terms of PSD and not influence the result. However, for
irregular or satellited particles, the influence of orientation becomes sig-
nificant as the presence of these may be magnified or missed dependent
on how the particle is positioned during the measurement. For exam-
ple, if the satellites are positioned at the back or front of the sample
during measurement via imaging, they may be missed, which has the
potential to underestimate the PSD. Conversely, if the satellites are ori-
ented on the side during measurement via laser diffraction, they have
the potential to overestimate the PSD.
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Furthermore, HIP powders proved challenging for the dry laser
diffraction system, as the PSD was drastically overestimated due to ag-
glomerates. This was not the case when using the wet laser diffraction
system as the agglomerates were broken up during the suspension and
circulation of the sample (future work outside the scope of this paper
will be conducted to look at the measurement of PSD overtime in a wet
cell to see how agglomerates are affected by the impeller). The static
imaging system drastically under-measured the PSD for certain samples
(HIP powders), and this was believed to be due to the sample disper-
sion which may not have been proportionally dispersed fine and coarse
particles in samples with wide PSDs. Furthermore, the sample quantity
measured also had the potential to bias the results, as for the static imag-
ing technique, if a few large particles were missed during sampling, in
addition to the sample quantity required for measurement being low (in
comparison to the other measurement techniques), it could drastically
underestimate the PSD.

Due to the discrepancies outlined, the following recommendations
are offered

¢ Specifications for morphology (sphericity or aspect ratio) should al-
ways include a test method until discrepancies between DI and SI
are better understood;

Specifications and test methods should be aligned with production
controls. Typically sieve analysis for 45 um and above and laser
diffraction below 45 um;

If alternate test methods are to be used the bias between production
control measurement and desired test method should be established
and understood.
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