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ABSTRACT

Flow occurs in most powder-based processes, opposed by various cohesive forces. Magnetism is
often overlooked for metal powders. Here, flowability and magnetization were measured for a
dual-phase steel powder in size fractions from 20 < D/um <40 to > 200 pum. The finest fraction

KEYWORDS

Powder metallurgy;
flowability; spreadabil-
ity; magnetism

did not flow through a Hall flowmeter, then flow time increased continuously with particle size
from 12+ 1s for the next fraction (40 < D/um < 45) to > 28+0.5s for > 200 um. Drying had little
effect. Key metrics derived from shear tests gave no overall relationship between flow behavior
and particle size. Magnetism was considered the most likely reason for this behavior.

Magnetometry showed a remanent magnetization of 3 x 10°A m

—1, which causes ~ 5uN cohe-

sion between 200 um diameter particles. X-ray diffractometry showed that the powder contained
77 wt%-80 wt% of (magnetic) martensite. Liquid bridging, van der Waals forces and friction (in the
Hall flowmeter geometry) contribute 50 uN, 0.08 uN and 4 puN, respectively, to cohesion in 200 um
particles. These results can be used to help explain flow behavior in other magnetic powders and

allow optimization of powders and/or powder-based processes.

1. Introduction

Metal powder flow is critical for many processes. From the
filling of containers for storage to filling of molds for sinter-
ing, flow has a profound effect on the performance or suit-
ability of a metal powder for a given application. There are
several studies that consider the flow behavior of metal pow-
ders in terms of cohesive forces, but many of these do not
consider magnetism as they deal with nonmetallic powders
(Rumpf 1958; Turner and Balasubramanian 1974). Some
studies do mention magnetism, although it is often
neglected due to the particular materials being studied not
being magnetic (Visser, 1989). However, there are materials
that are often processed as powders that contain magnetic
phases, such as martensitic or ferritic stainless steels
(Jerrard, Hao, and Evans 2009; Murr et al. 2012; Liu et al.
2016; Hengsbach et al. 2017; Ponnusamy et al. 2017;
Zhukov, Barakhtin, and Kuznetsov 2017; Alnajjar et al.
2019; Chang et al. 2020). It is plausible that magnetism has
a significant effect on the powder behavior and relevant
standards recommend that magnetism is considered
(International Standards Organisation 2020). Many studies
that consider powder flow or fluidization assume that cohe-
sion is a single quantity rather than a combination of separ-
ate contributions (Mutsers and Rietema 1977; Chaudhuri et
al. 2006; Mukherjee et al. 2018). This is done either because
the origin of cohesion is not of direct interest to the study,
or because no data are available to quantify the individual
contributions. The current study aims to estimate the

relative importance of various cohesive forces including
magnetism to explain the flow behavior of a martensitic
stainless steel (AISI 420) under both unconfined flow and
during shear under a compressive load. First, it is necessary
to consider the possible origins of cohesive forces and quan-
tify any that may be significant. To simplify analysis, it is
assumed that the cohesive forces act between two spherical
particles of identical size that are either touching or sitting
some short distance apart.

1.1. Liquid bridging

Liquid bridging can oppose the relative motion of particles
by cohesive effects that arise due to surface tension of the
liquid or through viscous effects that dissipate energy
(Rietema 1991; Mikami, Kamiya, and Horio 1998). For
water at room temperature, the force is dominated by sur-
face tension (Ennis, Tardos, and Pfeffer 1991). In metal
powder at ambient humidity, the level of moisture is likely
to be low so that any moisture forms with thin necks at
contact points, possibly with thin films elsewhere (Wright
and Raper 1998; Boyce 2018). For two spheres of equal
radius with a symmetrical liquid bridge, the force may be
estimated using a simple expression (Equation 1, where Fy
is the cohesive force due to the liquid bridge with a surface
tension, g, that forms a neck with a wetting angle, 0, acting
on two spheres of diameter, D, that are very close together)
(Maugis 1987; Pitois, Moucheront, and Chateau 2000).
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Water in air has a surface tension, ¢ = 0.076] m~2 (Pérez-
Diaz, Alvarez-Valenzuela, and Garcia-Prada 2012). The wet-
ting angle, 0 can exist over a range of 0" to 90 . It is difficult
to measure the contact angle of water on such small par-
ticles, but a small contact angle (cos 0 ~ 1) may be assumed
to give an upper bound of force (Equation 2) (Boyce 2018).
It is also possible to include liquid bridging quantitatively in
discrete element modeling simulations of particle interac-
tions (Mikami, Kamiya, and Horio 1998).

F, = nDao cos 0 (1)

Fi, ~ nDo (2)

1.2. Adsorbed water film

At low relative humidity, there is unlikely to be sufficient
water present to form liquid bridges everywhere in the pow-
der ensemble. Water will always bind strongly to the particle
surfaces to form a thin layer that covers the individual par-
ticles. These films are too thin to form necks, but will exert
a cohesive force as they join together when two particles
approach each other: Fy, which depends on the thickness of
the films, t;, surface tension, g, and particle diameter, D
(Turner and Balasubramanian 1974). The adsorbed layer can
be up to 3nm thick (Rumpf 1958), which gives an upper
bound of F¢ (Equation 4).

¢
F]f = 7'[71)0'—f (3)
2
F¢ ~5x 107°Dag (4)

1.3. Electrostatic forces

The peak force between two oppositely-charged insulating
particles depends on the particle diameter, D, and the
strength of the electric field induced by the particles, E.
(Equation 5) (Lapple and Adhesion 1970; Feng and Hays
2003). The electrostatic field could have a maximum inten-
sity of the breakdown voltage of air, 3 x 103V m™!, which
would result in a force of ~ 107 N for a 20 um diameter
particle.

F.=10"'D’E (5)

However, the current material is an electronic conductor,
which greatly diminishes the electrostatic attraction, as
charge can occupy the whole volume, not just the surface,
and can leak away easily (Lapple and Adhesion 1970; Feng
and Hays 2003). Furthermore, previous work has shown
that electrostatic forces provide a relatively minor contribu-
tion to overall cohesion (Turner and Balasubramanian 1974;
Rietema 1991). Therefore, electrostatic forces will not be
considered further in this study.
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1.4. Friction

The force that arises due friction is well known to depend
on the normal contact force between the particles and the
coefficient of friction, u. One example in literature gives the
value of u=0.3 for a hypothetical particle that was
intended to be representative of many materials and was not
taken for a specific case (Mikami, Kamiya, and Horio 1998).
Measurements on powder friction are often performed using
a die and gives the effective coefficient of friction of the
ensemble. However, this will depend on the friction between
adjacent particles and such measurements give coefficient of
friction similar to the value suggested previously
(Solimanjad 2003): a study of the compaction of iron pow-
der showed a coefficient of friction between 0.4 and 0.5
(Olsson and Bexell 2011). A value of 0.5 will be used in this
study to provide an upper bound of the frictional force.

The normal contact force is difficult to estimate, as is the
frictional force itself (Turner and Balasubramanian 1974),
but a first approximation may be made by assuming a close-
packed array of particles with horizontal close-packed layers.
Each particle then effectively occupies a cross-sectional area
of (v/3/2)D* and each particle makes contact with three
particles in the next layer, with a normal contact force ori-
entated at 39.5 to the vertical. Thus, the normal force may
be estimated in terms of a normal compressive stress, o
(Equation 6), which is used to derive a frictional force
(Equation 7).

1v/3D? .
F, = 3 V3 0. €0839.5 (6)
Fr ~ 0.2uD%0. (7)

The compressive stress may arise due to an externally
applied force, which will be the case in shear cell tests, or
due to the weight of the powder itself, as in Hall flow. The
stress caused by the weight of powder may be estimated
from the apparent density of the powder, p,, the height of
the powder above a point of interest, & and acceleration due
to gravity, g (Equation 8). The height of the powder in a
Hall flowmeter may be derived from the geometry of the
funnel (approximated as a ‘right circular cone’ with an aper-
ture angle, o = 30°), the mass of the sample, m = 50g at
the start of the test, and the apparent density (Equation 9).

O, weight — Pagh (8)
3m
h= v e— 9)
np,(tan o)

1.5. Van der Waals forces

Van der Waals forces are routinely considered during calcu-
lations of cohesion in metal powders and are known to be
significant in the adhesion of fine particles (Zimon and
Corn 1969; Turner and Balasubramanian 1974). Using the
simplification of smooth spheres of identical chemistry, the
magnitude of the van der Waals force, Fqw is given by a
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Figure 1. Schematic of a simplified case, in which the displacement vector
between the i" and jt spheres and the magnetic dipole moments of both
spheres align — an upper bound for the magnitude of the magnetic force.

simple equation that depends on D, their separation, R
and a materials property known as the Hamaker constant,
H ~107%° J (Equation 10) (Turner and Balasubramanian
1974; Tomas and Kleinschmidt 2009; Tolias 2020). It is
expected that van der Waals’ forces can affect flow if they
are at least comparable with gravity and can cause adhesion
if they are on hundred times stronger than the gravitational
force acting on one particle (Tomas and Kleinschmidt
2009).

_ HD
T 24R?

Particle separation, R, is a key parameter when quantify-
ing the strength of van der Waals forces. In smooth, spher-
ical particles, R will tend to be very small, which is usually
the condition assumed in literature. However, various phe-
nomena such as surface roughness, irregular particle shapes
and the presence of small particles can disrupt contact
between large particles. This will increase the effective par-
ticle separation and decrease the effective strength of van
der Waals forces (Visser 1989; Zhu et al. 2017). It is also
possible for forces to increase if particles deform and the
contact area between the particles increases (Molerus 1975).
Measurements of the forces required to separate a pair of
powder particles under conditions in which van der Waals
forces were believed to be dominant have found that this
cohesive force is approximately 2 x 107® N (Jones et
al. 2003).

FVdW (10)

1.6. Magnetic forces

Two bodies that are magnetized can rotate to minimize the
energy of the total magnetic field around them and this
leads to an attractive force between them. This could occur
in powder particles (Figure 1). Considering the case of two
touching spheres of the same material and radius, a = 0.5D,
the magnitude of this attractive force may be expressed rela-
tively simply (Equation 11, where f, is the permeability of
free space and M is the volumetric magnetization of the par-
ticles) (Edwards et al. 2017). Equation 11 is consistent with
the expression presented by Visser in a previous study of
powder cohesion (Visser 1989). This represents an upper
bound of the cohesive force between two particles due to
magnetization, as the force will diminish for non-spherical
particles (Osborn 1945), for scenarios in which the magnetic
dipoles do not completely align and if there is any gap

between the particles. Particles also influence the magnetiza-
tion of neighboring particles (Bjerk and Bahl 2013; Oxley,
Goodell, and Molt 2009). The magnetic properties of a mov-
ing powder ensemble represents an interesting and detailed
problem that must be studied in great detail to understand
the behavior of magnetic powders fully. Such a study is
beyond the scope of the current study, which will seek to
quantify the magnetic force in a static powder in the simpli-
fied case of touching, smooth, spherical particles.

gt
24

D> M? (11)

If there is constant magnetization, the magnetic force
increases as the radius of the spheres increases. Therefore, it
is reasonable to expect that magnetic cohesion within a
flowing magnetic powder will increase with particle size.
The only rational explanations as to why this may not have
an effect are if the magnetic forces are negligible compared
to other cohesive forces, if the magnetization becomes
weaker as the spheres get larger, such that the product DM
is constant or decreases with increasing particle size, or if
the particles become so non-spherical that the effective mag-
netization decreases due to the demagnetization factor
(which quantifies the effect of non-isotropic shapes on mag-
netic fields) (Osborn 1945).

1.7. Gravity

Unlike the other forces, which only oppose flow, gravity can
cause flow. In uncompressed powders, it also provides the
origin of frictional forces. The gravitational force is propor-
tional to the particle mass, which is determined by D, the
bulk density, p, and the acceleration due to gravity, g fol-
lowing the well-known Newton’s law of gravitation
(Equation 12).
T
Fg = gD rg
This study aims to characterize the powders to study the
relative importance of magnetic attraction and other cohe-
sive forces. This will then be compared to measured flow
behavior to test if the calculations are applicable to the pow-
der tested.

(12)

2. Materials and methods
2.1. Metal powder

All tests in this study were performed on gas atomized
AISI420 martensitic stainless steel (Erasteel Kloster AB,
Soderfors, Sweden). The powder was provided in the as-
atomized state, without any sieving or classification. The
powder was sieved for 15 min using a Retsch AS200 Control
automated sieve stack. The fractions were selected from
available mesh sizes to provide the narrowest possible size
range while maintaining sufficient mass to allow standard
analysis techniques. The sieves used were: 20 um, 40 pm,
45 pm, 50 pm, 56 pm, 71 pm, 80 pm, 90 pm, 100 pm, 125 pm,



140 pum, 160 pum, 180 pum, 200pm. The mass of powder
below 20 pm was very small and could not be tested.

2.2. Hall flowmeter

The sieved powder was subjected to Hall flow testing in
accordance with the relevant international standard: ISO
4490:2018 (International Standards Organisation 2018) using
a Hall funnel (Qualtech Products, Industry, Denver, CO,
USA). In accordance with the ISO standard, all flow times
are reported to the nearest second. All tests were performed
a minimum of three times. Uncertainties are presented as
either + 0.5s or the standard deviation of the measurements,
whichever is greater.

2.3. Angle of repose

The powder was tested in an angle of repose meter
(Qualtech Products, Industry, Denver, CO, USA). The
method was in compliance with the active standard: ISO
4324:1977 (International Standards Organisation 1977,
2020). The equipment used in this study deviates slightly
from the standard as the distance that the powder will drop
is 105 mm instead of the required 75 mm. It is not expected
that this will impact the results significantly, although this
assumption has not been tested explicitly for the current
equipment. All angles were measured three times for each
pile, at 120 intervals and each powder was tested three
times. The uncertainty is assessed to be dominated by the
scatter in the data and so the standard deviation of the data
is used to calculate the size of the error bars.

2.4. Shear cell testing

Shear cell testing was performed using a FT4 powder rhe-
ometer (Freeman Technology Ltd., Tewksbury, UK; now
part of Micrometrics, Norcross, GA, USA). Due to a lack of
mass in each fraction, it was not possible to perform a flow-
ability test in this study. However, sear cell testing, which
requires less powder, was performed on fractions across the
size distribution. Shear cell tests find the stress required to
cause motion under various compressive stresses and a
Mohr’s circle diagram is constructed to derive various met-
rics. The software provided by the manufacturer (Freeman
Technology Data Analysis v4.0.17 for Windows) was used to
analyze the shear cell testing data. Both ‘cohesion’, which
gives the effective shear strength under zero applied com-
pressive stress and ‘unconfined yield stress’, which gives the
effective yield strength under zero shear stress, can be used
to infer information about the cohesive forces in the ensem-
ble. Before testing, compressive pre-stress of 9kPa was
applied to compact the powder, in accordance with the rele-
vant standard: ASTM D7891 (ASTM International 2015).
Cohesion is believed to be similar to the stress required to
pull apart particles in the powder ensemble and compression
is expected to lead to a higher cohesion (Jones et al. 2003).
Each test was performed three times per size fraction.
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2.5. Metallography

A small mass of selected fractions from across the size dis-
tribution was mounted in phenolic mounting resin and pre-
pared using standard metallographic procedures to a 1pum
finish for examination in an optical microscope. The open
source image analysis software Image] was used to measure
particle sizes within each fraction and to derive shape met-
rics (Schneider, Rasband, and Eliceiri 2012). A stereological
correction factor of 7/2 was used to calculate the expected
mean particle sizes from the micrographs (Underwood
1984). Statistics were derived in accordance with the inter-
national standard for static image analysis: ISO 13322-
1:2014, including the area of each particle, A, the perimeter,
P the equivalent diameter, D.q (Equation 13) (International
Standards Organisation 2014). Applying the stereological
correction factor to the circular equivalent diameter provides
an estimation for the particle size distribution from micro-
graphs, deq sereo (Equation 14). A measure of the shape of
the particles, circularity, C is also calculated (Equation 15).
C=1 for a circle and is lower otherwise.

4A

Deg =/ — (13)
D,
Deq,stereo = zeq = VvmA (14)
4mA

eq

2.6. X-ray diffractometry

Samples of selected fractions from across the size distribu-
tion were tested using X-ray diffractometry to determine the
phases present and their relative abundance. Tests were per-
formed using a Bruker Panalytical D8 Discovery X-ray dif-
fractometer with a copper source, no filter and a LynxEye
detector with a 2" detection range. During the test, an angu-
lar range of 40° <20< 125 was used with a step size of
0.02" and a dwell time of 1.0s. Two further experiments
were conducted for each size fraction to ensure repeatability.
Due to limitations in equipment availability, the repeats
were performed using a dwell time of 0.8s. A constant illu-
mination length of 10 mm was used in all experiments.

The data were processed using a built-in algorithm in the
software Diffrac.Suite Eva to convert the data to emulate a
constant illumination angle (rather than constant illumin-
ation length), which allows easier analysis. Data were ana-
lyzed by Rietveld refinement using the program MAUD
(Lutterotti, Matthies, and Wenk 1999). A calibration dataset
of powdered silicon was used to calibrate broadening caused
by the diffractometer in accordance with recommended
practice (McCusker et al. 1999). Results are presented as the
mean and standard deviation of the three experiments con-
ducted for each size fraction.
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Figure 2. Hall flow times for 50 g of powder. The powder did not flow through
the Hall funnel without drying for the size fraction 20 < D/um < 40. Error bars
in the y axes are the standard deviation of the repeated measurements; error
bars in the x axis are the range of particle sizes in each fraction.

2.7. Magnetometry

10mg samples of each size class were tested in a EG&G
model 155 vibrating sample magnetometer (Princeton
Applied search Corporation, now part of AMETEK Inc.,
Berwyn, PA, USA) to measure the magnetization of the
powder. All samples were first degaussed to remove any
magnetic history. A field was then applied up to a maximum
of +6.6 x 10°A m™'. The field was then reduced to —6.6 x
10°]A m~! and then increased back to +6.6 x 10°A m™! to
give a complete hysteresis loop. Since the powder is used in
the absence of any applied field, it is the magnetic moment
under zero applied field (the remanent moment) that is of
interest in the current study. This was measured in both
halves of the hysteresis curve and the absolute values of the
two measurements were averaged.

3. Results

All raw data are available from a permanent online reposi-
tory for further analysis (Hulme-Smith 2021).

3.1. Hall flowmeter and angle of repose

The finest fraction (20 < D/um <40) did not flow without
drying, and required continual tapping to encourage flow,
even after drying. The next finest fraction (40 < D/um < 45)
required a single tap to initiate flow in both the as-stored
and dried conditions. Other fractions flowed without tap-
ping, but below 50 pm, the powder exhibited ratholing dur-
ing flow; above this, the flow was free. With the exception
of enabling flow in the finest fraction, drying had no signifi-
cant effect on flow time in the powder (Figure 2).

3.2. Angle of repose

The angle of repose increased with particle size (Figure 3).
However, it was only possible to record the angle of repose
for the four finest particle fractions. All fractions above this
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Figure 3. Angle of repose results in the as-stored (non-dried) condition. Angles
of repose could not be measured for particles larger than the data shown here,
as the powder did not form a pile. Error bars in the y axes are the standard
deviation of the repeated measurements; error bars in the x axis are the range
of particle sizes in each fraction.

failed to form any pile and all powder particles fell off the
flat surface. In these cases, powder did not flow preferen-
tially in any direction and there was a similar amount of
powder at all locations around the machine after the tests
were complete.

3.3. Shear cell

Neither the cohesion nor the unconfined yield stress show
any overall dependence on particle size (Figure 4). However,
both are greatest for the finest particles.

3.4. Metallography

Optical micrographs show that both spherical and irregular
particles form in all size classes, including the smallest
(Figure 5(a)) and the largest (Figure 5(b)). The stereologi-
cally-corrected particle size of each fraction is similar to the
assumed fraction with the exception of the fraction of
140 < D/um < 160 (Figure 6(a)). The circularity generally
decreases as the particles get bigger (Figure 6(b)).

3.5. X-ray diffractometry

X-ray diffractometry shows that all fractions contain only
two phases, well-described by a face-centred cubic phase
(austenite) and body-centred tetragonal phase (martensite).
Ferrite will be avoided due to the rapid cooling during gas
atomization (Abbasi-khazaei and Mollaahmadi 2017). All
samples showed a similar volume fraction of martensite,
77-80 wt%, with a maximum standard deviation for the
repeats of any size fraction of 0.4 wt%. The most significant
uncertainty in the phase fraction is the uncertainty in the
Rietveld refinement of each size fraction, the largest of
which is 1.1 wt%.
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(b) Unconfined yield stress, the onset of flow under a pure normal stress.

Figure 4. Two metrics from shear test data that represent the resistance to
flow under various stress states. Larger values imply more resistance to flow. (a)
Cohesion, the stress required to cause flow under pure shear (with no applied
compressive stress). (b) Unconfined yield stress, the onset of flow under a pure
normal stress.

3.6. Magnetometry

During testing, the samples were found to be magnetically
soft with a significant remanence. One example of the data
obtained during this study is given in Figure 7, which is rep-
resentative of all datasets. The magnetometry data show that
all samples retain a similar remanence and saturation
(Figure 8). The smallest particles seem to exhibit a slightly
stronger remanence than larger particles, although the rem-
anence is of a similar magnitude in all samples (Figure 8(a))
The saturation magnetization of all samples is similar
(Figure 8(b)).

4. Discussion
4.1. Overview of forces

A summary of all forces acting on the particles is given in
Figure 9. All forces are calculated for smooth spheres either
in contact with each other (friction, magnetism), at an
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(b) D > 200 pm

Figure 5. Optical  micrographs of the powder studied. (a)

20 <D/ pum < 40;(b) D = 200 pm.

appropriate separation for any adsorbed liquids to be in
contact (for liquid bridging, adsorbed films), or at 1 nm sep-
aration (van der Waals forces). Magnetic force is calculated
assuming a magnetization equal to the larger spheres in this
study (30000 Am™'). Friction was calculated using a com-
pressive stress of 5kPa (representative of the normal stress
during shear strength measurements in the shear cell) or
caused by the weight of the powder at the start of a flow-
meter test. Mutual gravitational forces between particles are
negligible. Particle interlocking has not been considered as it
is impossible to quantify using algebra and is unlikely to be
significant for spherical or near-spherical particles. While
there are significant uncertainties in the calculations of each
force, which shall be considered, the relative magnitude of
each force is likely to be correct.

4.1.1. Gravity

Gravity is weak compared to most cohesive forces, although
it exceeds van der Waals forces for particles over 100 um.
The gravitational force is proportional to the density and
volume of the particles (Equation 12). The density of indi-
vidual particles is usually assumed to be close to the density
of bulk material, as gaps between particles do not need to
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Figure 7. Magnetization hysteresis curve for powder with particles in the size
range 90 <D/um < 100. The inset shows an enlarged versions of the curve
about zero applied field. The dashed lines indicate zero applied field and the
remanent magnetization in the powder sample.

be accounted for (which is done in other powder density
measurements, such as apparent density). However, the
magnitude of the gravitational force is likely to be domi-
nated by the effects of size and shape, so these must be
known to a good degree of accuracy to ensure a realistic
prediction of gravitational force. If particles are non-spher-
ical, this will significantly impact the form of Equation 12,
with the D> term replaced by another term appropriate for
the geometry of the particle. In the current study, all par-
ticles are assumed to be spheres with a single diameter. Both
of these assumptions represent potential sources of inaccur-
acy. In the widest particle fraction, the width has a range of
25 um. However, the uncertainty in the finest size fraction
(20 < D/um < 40) is more significant. This leads to a vari-
ation in gravitational force of a factor of eight within the
size fraction. However, the relatively low value of gravita-
tional force acting on each particle renders such inaccuracies
fairly insignificant on the overall behavior of particles.
Nevertheless, this may be significant in some studies where
gravity is comparable to other forces.

4.1.2. Van der Waals forces

Van der Waals forces are predicted to be approximately one
hundred times stronger than gravity for the finest particles,
at which point such forces are able to impede flow, but not
prevent it. Although van der Waals forces do become stron-
ger as particle size increases, they do so more slowly than
other forces. The relative strength of van der Waals forces
decreases until they are similar to gravity for particles of
100 pm and then become smaller. Compared to other cohe-
sive forces, van der Waals forces are the least significant
considered in the current study (Figure 9).

The van der Waals force is proportional to the Hamaker
constant, H, particle diameter, D and inversely proportional
to the separation between particles (Equation 10). The value
of the Hamaker constant is affected by the surface condition
of the powders, such as the presence of oxides. Literature
also presents values of the Hamaker constant for iron par-
ticles that cover two orders of magnitude. Deviation from
spherical particles will also affect the effective separation of
the particles. It is difficult to know any of the parameters
accurately. Using estimates of the parameters allow the van
der Waals forces to be calculated to an order of magnitude,
which is significantly smaller than other cohesive forces.
Such a calculation shows that a highly accurate determin-
ation of the van der Waals force is not essential to under-
stand the behavior of the power ensemble in the
current study.

4.1.3. Magnetism

For large particles, magnetism is as significant as liquid
bridging and stronger than all other forces. Similarly, for
fine particles, it is more significant than other forces, with
the exception of liquid-based forces. If liquid-based forces
are absent, magnetic forces are the most significant cohesive
force, subject to the assumptions in the current study.
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The magnetic cohesive force is proportional to the square
of the particle diameter. The force is also proportional to
the volumetric magnetization (Equation 11). The latter was
measured for the current powder, while the former is known
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to a reasonable accuracy as the powder has been sieved.
However, as has already been mentioned, each size fraction
is assumed to consist of one size only, which is a simplifica-
tion and the largest error this leads to is a factor of four in
the magnetic cohesive force, which is unlikely to alter the
conclusions of this study. Based on the measurements per-
formed in the current study, the particle magnetization is
constant to within a factor of two and is, therefore, unlikely
to contribute significantly to uncertainty in the strength of
the magnetic force.

Deviations from a spherical shape or any surface rough-
ness will cause most cohesive forces to decrease in strength,
as the effective separation between the particles will increase.
The only exceptions to this are gravity, which depends only
on the volume of the particle, not its shape or roughness
and magnetism, where self-demagnetization or the effects of
neighboring particles could cause stronger fields to develop
at some regions of non-spherical particles and weaker fields
at others (Osborn 1945; Bjerk and Bahl 2013). This is likely
to be more significant than uncertainties in particle size and
magnetization. Further work is recommended to understand
these effects better and to derive an expression by which
these effects can be accounted for in modeling of pow-
der ensembles.

4.1.4. Moisture effects

Liquid bridging is expected to be dominant in the particle
sizes studied here, with adsorbed water films next most
important below particle sizes of 90pum and magnetism
above this (Figure 9). It appears as though gravity will not
be sufficient to overcome cohesive forces in a flowmeter
until the particles are 10 pm in diameter.

In the case of liquid bridging, the upper bound of the
force is proportional to the particle size and the surface
energy (Equation 2). The force is, therefore, relatively
insensitive to estimations. The surface energies of water on
many metals are well known and the particle diameter is
known within the limits of the sieving. Therefore, there is
unlikely to be more than a 50% uncertainty in the liquid
bridging force, which is a result of the width of the smallest
size class. Beyond this, the liquid bridging force could be
significantly smaller if the wetting angle of the liquid bridge
is large (Equation 1). These data are not reported for articles
of the size considered here, so the angle has been assumed
to be small to give an upper bound of the force. Further
research is required to measure or otherwise derive the wet-
ting angle on small particles and apply this to calculate the
liquid bridging force.

Film adhesion depends on film thickness, particle size
and surface tension of the liquid on the particle. As for
liquid bridging, the surface energies and particle size are
well known. In addition, the adsorbed film thickness is usu-
ally in the nanometer range — a film will never form with a
thickness above 3nm and thinner films will lead to weaker
forces. A film must have a thickness of at least one water
molecule, plus the distance between the particle surface and
the molecule itself. A water molecule is approximately 2.8 x
1071 m wide, which is a reasonable lower bound for the
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layer thickness. This means the layer thickness is known to
within one order of magnitude and since the resulting force
is proportional to layer thickness, it cannot change by more
than this amount.

4.1.5. Friction

Friction is larger in shear cell tests, where the applied com-
pressive load gives rise to larger frictional forces, while in
other cases only the weight of the powder itself contributes to
friction. The magnitude of friction is approximately three
orders of magnitude larger than gravity for the finest particles
(Figure 9). This is consistent with the strength required to
make the powder ‘adhesive’ (i.e., the cohesive force is more
than 100 time stronger than gravity) (Tomas and
Kleinschmidt 2009). Increasing the particle size to
40 < D/pum < 50 reduces the ratio of friction to gravity below
100 and the powder will be free-flowing. If fluid-based forces
or magnetism are dominant, gravity will only cause powder
to become free-flowing above approximately 200 pm.

Friction depends proportionally on both the normal con-
tact force between two particles and the coefficient of fric-
tion between them. The normal contact force can be
approximated fairly well as described previously. A discrete
element model (DEM) simulation of a Hall flow funnel was
performed for a powder comprising perfectly spherical par-
ticles of diameter 160 < D/um <240 using the software
EDEM 2020. Inter-particle forces were calculated using a
Hertz-Mindlin model and a coefficient of friction of 0.5.
The simulation showed compressive forces up to 8 x 10™*
N, but only for a very small number of particles. Most par-
ticles were under compressive loads of no more than 3 x
10> N, which would result in frictional forces of ~ 107® N,
consistent with the calculations performed here. The coeffi-
cient of friction, p, is reported in literature to be in the
region of 0.2<< u<0.5. Clearly, this introduces some error,
but not enough to change any conclusions of this study.

The application of discrete element modeling to such fine
powders is yet to be validated, which should be done to give
confidence to such models when they are applied to simu-
late powder handling or processing. However, much work is
underway to achieve such confidence, both using a single
‘cohesion” force (Chaudhuri et al. 2006; Mukherjee et al.
2018) with quantified contributions to particle cohesion
(Mikami, Kamiya, and Horio 1998; Abbasfard, Evans, and
Moreno-Atanasio 2016; Meier et al. 2019). Analysis of the
relative importance of input parameters to the modeling
results should also be performed to help design powders
optimized for flow and/or spreading. Examples of appropri-
ate analyses have been presented in Barati et al. and Akbari
and Barati (Barati, Rahimi, and Akbari 2012; Akbari and
Barati 2012).

4.2. Hall flowmeter

4.2.1. Gravity, friction and Van der Waals forces
When the powder does not flow (i.e., the size fraction
20< D/pum < 40), it is expected that the van der Waals

forces are more than ten times stronger than gravity acting
on one particle and the frictional forces are one hundred
times stronger than gravity (Figure 9). In size classes for
which a single tap is required to start flow
(40 < D/um < 45) or ratholing is observed (40 < D/um < 45
and 45<D/um <50), van der Waals forces are several
times stronger than gravity and friction is one hundred
times stronger than gravity. For coarser size fractions, grav-
ity is within two orders of magnitude of friction and exceeds
van der Waals forces when the particle diameter exceeds
100 um. These findings are consistent with literature that
flow will be affected when gravity and cohesive forces have
these relative strengths (Tomas and Kleinschmidt, 2009).
However, this implies that the other cohesive forces are
much weaker than predicted in Figure 9. This is explained
by the presence of surface roughness, irregular particles, or
satellites. All of these phenomena increase the effective sep-
aration of the particles (Tomas and Kleinschmidt 2009). The
powders in this study certainly contain non-spherical par-
ticles (Figure 5).

4.2.2. Moisture

The fact that Hall flow occurs without drying and the fact
that drying has no significant effect suggest that forces that
depend on moisture are not significant. This is consistent
with literature that suggests that such mechanisms are insig-
nificant below some lower limit: 65% (Zimon and Corn
1969; Turner and Balasubramanian 1974; Wright and Raper
1998), or 66% (Stanford and DellaCorte 2006). At the time
when data were collected for the current study, the lab in
which the equipment is situated had a relative humidity of
between 20% and 30%, measured using four independent
SDS011 air quality sensors and a Testo 174H temperature
and humidity sensor. Measurements of the force required to
separate a pair of particles conducted using atomic force
microscopy have also shown that not all materials are sus-
ceptible to cohesive forces due to humidity (Jones et al.
2003). It is, therefore, unlikely that moisture affected the
flow behavior of this material under the conditions tested
and related mechanisms can safely be ignored. If moisture is
ignored, then the predicted cohesive force is approximately
107° N and is dominated by magnetism. In the absence of
magnetism, the remaining cohesive force in particles of
50 um diameter is dominated by friction and is approxi-
mately 1077 N, which agrees with the relevant atomic force
microscopy measurements performed on particles of that
size (Jones et al. 2003).

4.2.3. Magnetic forces

The Hall flow tests indicate that once particles are large
enough to permit flow, the flow rate gradually decreases as
particle size increases (Figure 2). This implies that cohesive
forces in the powder increase and is in contradiction to
accepted behavior (Liu et al. 2008), but the flow times them-
selves are consistent with other results (Stanford 2002;
Kulkarni, Berry, and Bradley 2010; Vlachos and Chang
2011; Moghadasi et al. 2020; Dai et al. 2021). Even some



studies on powder that is likely to be magnetic do not follow
the trend observed in this study. One example is the study
by Dobson and Starr (2021), although that study focused on
atomization conditions, with each sample produced in a sep-
arate atomization run, which could easily change other
properties between samples. In this study, all sample come
from one atomization run, which should avoid similar con-
founding factors. Furthermore, some literature does contain
results that are consistent with the current observations, for
example (Yang and Evans 2005; Vasquez et al. 2020; Rock et
al. 2021). Those angle of repose tests that were possible also
seems to support this trend (Figure 3).

The majority of systematic studies of flow time and par-
ticle size originate from particle recycling during additive
manufacturing. Amongst these studies, many observe a
decrease in flow time as fine particles are gradually removed
and particle size increases, (Tang et al. 2015; Nguyen et al.
2017; Harkin et al. 2020). Some show no dependence of
flow time on particle size (Terrassa et al. 2018)) and some
show an increase of flow time with the particle size (Carroll
et al. 2006; Popov et al. 2018; Rock et al. 2021). However, in
recycling studies, the chemistry of the particles changes, in
particular the surface chemistry, with higher contents of
oxygen and nitrogen accumulating as powder is recycled.
This is generally considered to have the greatest effect on
the flowability and, by extension, the cohesive forces. In
addition, repeated heating can alter the microstructure of
the powders, which may also affect magnetism. In this
study, all particles have a very similar history and have not
been heated above 105 C (the temperature at which drying
was performed) at any time since they were first atomized.
Therefore it is unlikely that the surface condition of the par-
ticles will be significantly different and the explanations
offered in studies about powder recycling are not relevant.

Another possible explanation is that the larger particles
caused partial clogging of the opening of the Hall flowmeter.
However, this is unlikely, as the flow time rose gradually
from a particle size of 40 um, which is much too small to
cause clogging.

4.3. Shear cell testing

Shear cell testing greatly reduces the effect of gravity, as the
powder flows horizontally under an applied compressive
stress that is much larger than that caused by the weight of
the powder in the Hall flowmeter. The unconfined yield
stress and cohesion show no dependence on particle size,
which implies that the cohesive forces during the shear test
do not depend strongly on particle size. The shear cell test
does not require particles to move apart but simply to begin
to undergo rearrangement — the shear stress is recorded at
the point when the ensemble first begins to rearrange. This
requires that frictional forces are overcome, but not neces-
sarily magnetic forces, as the particles can remain close
together, even if sliding occurs. Since the friction under the
applied compressive load is expected to be larger than other
sources of cohesion except magnetism (Figure 9), it is likely
that this friction dominates the cohesive forces during the
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shear tests. In a situation such as high humidity, when
another force could become significant, different behavior
may be observed, but this is not observed in the cur-
rent study.

4.4. X-ray diffraction and phase analysis

The alloy studied consists of martensite and retained austen-
ite. It is commonly known that it is the martensite that is
magnetic. The fact that saturation magnetization has no
dependence on particle size (Figure 8(b)) is consistent with
the analysis of the X-ray diffraction results, which show a
martensite volume fraction, V, of between 77% and 80%.
The well-known and widely used Koistinen-Marburger equa-
tion (Equation 16) predicts 79% martensite, assuming an
exponential coefficient, 1 = 0.011, which is common for
many steels (Koistinen and Marburger 1959), a martensite
start temperature, Mg = 160" C, which is reported for the
current alloy (Zhu et al. 2018) and a final temperature, T =
20" C. V, is the fraction of the material that was austenite
and was available to transform to martensite. In the current
case, V, = 1.

Ve = V(1 exp [$(T — Ms)) (16)

4.5. Magnetization

The change in remanent magnetization from the finest par-
ticles to the coarsest (Figure 8(a)) is relatively small. Since
the tests are performed without an external field, it is the
remanent magnetization (the magnetization remaining in
the particles when no field is applied) that will determine
the behavior of the powder. Such a small change is unlikely
to cause a significant change in behavior in the powders and
will be dominated by the change in diameter (equation 11).
The small change that does occur in remanent magnetiza-
tion may be caused by the change in average particle shape,
with larger particles being less spherical (Figure 8(a) cf.
Figure 6(b)) and so more prone to demagnetization. This is
difficult to investigate and quantify explicitly, but an attempt
should be made in the future to understand the influence
particle shape has on magnetic forces in metal pow-
der ensembles.

The findings imply that powders that have the potential
to be magnetic should be degaussed to remove their mag-
netization and eliminate magnetic cohesion. While it is pos-
sible to overcome this for small samples, such as the 10 mg
samples used in the magnetometer experiments in this
study, it is more difficult to degauss a large ensemble —
such as would be of practical use in a manufacturing process
— in a reasonable time. Further studies should be conducted
to confirm if magnetism is indeed the cause of the results
obtained in this study and to test how effective different
degaussing techniques are.

The fact that powder can flow despite the presence of
magnetism is consistent with the relative sizes of the two
forces: magnetism is always approximately 100-1000 stron-
ger than gravity in this study. This leads to the powder
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being ‘adhesive,” but the cohesive forces are not able to stop
flow completely (Tomas and Kleinschmidt 2009). It is also
possible that the strength of the magnetic force is lower
than that calculated in this study due to the effects of par-
ticle shape (Osborn 1945). However, the magnetization
measured experimentally will already be affected by any
shape effects, so it is likely that this is the true effective mag-
netization of the powder particles in each case and no fur-
ther correction needs to be applied. Interactions2 between
particles may also alter the strength of the magnetic force,
but it is beyond the scope of this study to predict that effect
(Bjork and Bahl 2013).

5. Conclusions and future work

Flow tests have been conducted on ferromagnetic powder,
AISI 420 martensitic stainless steel. The flowability has been
quantified using a Hall flowmeter, angle of repose and shear
cell testing as a function of particle size.

e An assessment of the relative magnitude of different
cohesive forces using available data reveals that magnet-
ism is significant up to 500 pm diameter particles.

e Drying has little effect on flow in a Hall flowmeter. This
implies that forces arising from moisture are not signifi-
cant in this study.

e The force due to gravity is expected to be several orders
of magnitude lower than all cohesive forces studied for
particles that are 20-40 pum in diameter. This is consist-
ent with the lack of flow for particles of that size.

e The need for tapping to initiate flow for particle between
the sizes of 40 um and 50 pm is consistent with the
expected strength of gravity compared to van der Waals
forces, magnetism, friction — the strongest cohesive
forces are approximately one hundred times stronger
than gravity.

e If sufficient compressive stress is applied, friction can be
of similar magnitude to magnetic force and alters the
dependence of flow behavior on particle size.

e The measured remanent magnetization is highest for the
finest particles. This may be due to the fact that the
larger particles are less spherical and therefore exhibit a
shape effect that reduces the measured magnetization.
However, further in-depth study is required to under-
stand this phenomena precisely.

e The findings of this study can be used to inform future
developments of contact forces for discrete element mod-
eling (DEM) simulations.

e Degaussing the powder will remove magnetic effects and
would allow a direct comparison of the flowability in the
magnetized and demagnetized state, but is difficult to
achieve in practice. Further studies to investigate the
effects of degaussing similar powder is warranted.

e Further research to improve the quality of data for the
calculations used in this study will improve future mod-
eling of cohesive forces, including discrete element mod-
eling. Sensitivity analysis for input parameters should be

performed to find the properties that have the strongest
influence on powder flow.
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