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Uniaxial die pressing is a commonly used shaping technique in powder metallurgy. The initial step within the
compression cycle is the filling process of the cavity with granular materials. Here, the goal is to have a
reproducible cavity filling to manufacture compressed parts of consistent quality. Besides effects linked to the
geometry of the cavity and the mechanisms of filling, the flowability of the granular material plays a major role.
Therefore, a deeper understanding of the flow behaviour is in the centre of the present study. In order to assess
the flowability, two different experimental methods are used. Granular materials of the same composition but

different granular size distributions are characterised by angle of repose (AOR) and mass flow rate measure-
ments. The two methods deliver a set of parameters that are compared using the granular Bond number. Based on
the empirical findings, a modification of the granular Bond number is suggested.

1. Introduction

In the powder metallurgy industry, it is common to wet-mill the
components and spray-dry the resulting homogeneous slurry. The ob-
tained granules are referred to as ready-to-press (RTP) powders. RTP
powders are often used in combination with automatic uniaxial presses,
where a filling shoe containing the granules passes over the die and fills
the cavity. Many factors influence the die-filling process: die geometry
[1], humidity of the powder [2], filling shoe geometry [3] and last but
not least, the flowability of the powder [4,5]. Two well-known tech-
niques to characterise the flow properties are the angle of repose (AOR)
and gravitational mass flow measurements.

In order to measure the AOR, the granular material is poured on a
horizontal plane, creating a pile with a conical shape. The angle between
the inclined surface of the piled-up material and the horizontal base
plane constitutes the AOR [6]. The shape and size of the pile relate to
powder properties such as particle size [7], particle morphology [8] and
interparticle forces [9]. Moreover, the literature suggests that a low AOR
is preferable as it implies excellent flow properties [10,11]. Conse-
quently, the fundamental parameters influencing the AOR also affect
granular flow.

Elekes and Parteli [9] recently studied the effect of interparticle
attraction on the shape of the pile using numerical methods. The results
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show an increasing AOR with increasing interparticle attraction. Elekes
and Parteli [9] describe the effect of the interparticle attraction by using
the granular Bond number (Bo), which is the ratio between the
maximum interparticle attractive force and the gravitational force Fg.
Castellano [12] describes the granular Bond number, assuming the
dominant attractive forces between fine dry powders to be van der
Waals forces Fygw:
deW

Bo = (@)

Fy

However, for powders of different natures, supplementary forces
such as electrostatic forces, capillary forces, and solid contact bridges
have also to be considered [13-15]. Generally, the smaller the particle
diameter, the higher the granular Bond number and the higher the AOR.
Geldart et al. [16], Lumay et al. [17] and Just et al. [18] have reported
similar results.

Furthermore, Elekes and Parteli [9] describe the relationship be-
tween the granular Bond number and the static AOR 6, from simulations
as follows (in radians):

0, ~ tan™ (g (14 4*VBo ) ) @

here, peffo is the infinite effective friction coefficient for a class of
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Table 1

Selected samples and their properties, data in columns marked with “*” are from [18]. Errors stem from repeated measurements.
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Sample Sieving Sauter diameter dpo, 3; Bulk density (g/ Tap density (g/ H(-)* Pyc. density (g/ Bo(dy2, 31) (—) Error: 100% (see

code* Class* (pm)* em®)* em®)* em®)* text)

S Standard 159+ 4 3.36 £ 0.01 3.66 + 0.01 1.09 + 11.50 + 0.01 0.04
0.01

Al >224 241 +2 3.26 £ 0.01 3.51 £0.01 1.08 + 11.50 £+ 0.01 0.02
0.01

A2 200-224 21241 3.27 £ 0.01 3.51 +0.01 1.07 + 11.52 + 0.01 0.02
0.01

A3 150-200 170 £1 3.28 £ 0.01 3.53 £0.01 1.08 + 11.52 + 0.01 0.03
0.01

A4 125-150 127 +1 3.28 +0.01 3.54 +0.01 1.08 + 11.52 + 0.01 0.06
0.01

A5 <125 54+1 3.37 £ 0.01 3.66 + 0.01 1.09 + 11.53 + 0.01 0.30
0.01

A6 100-125 104 +1 3.29 + 0.01 3.55 £ 0.01 1.08 + 11.52 + 0.01 0.08
0.01

A7 63-100 79+1 3.30 + 0.01 3.58 + 0.01 1.09 + 11.52 + 0.01 0.14
0.01

B1 125-200 161 +£1 3.30 £ 0.01 3.56 £ 0.01 1.08 + 11.51 + 0.01 0.03
0.01

B2 150-224 177 £ 3 3.27 £0.01 3.52 +£0.01 1.08 + 11.52 + 0.01 0.03
0.01

Cl 125-224 165 + 3 3.29 + 0.01 3.55 + 0.01 1.08 + 11.51 + 0.01 0.03
0.01

materials, and annotation r marks the static AOR 6. It is independent of
physical interactions of cohesive nature and contains all other influences
on the AOR 0, e.g. morphology and roughness. Furthermore, p is a
weighting factor for the impact of the granular Bond number on the AOR
Or.

Another method to assess the flowability of powders is the mea-
surement of, gravitational mass flow rate; such tests can be performed
with a Hall-Flow Meter as described in ASTM B213 [19]. Anand et al.
[20] correlated the Bond number with the mass flow rate for wet
cohesive powders (particles smaller than 100 pm) via discrete element
method (DEM) simulations. They propose considering the granular Bond
number in the fitting parameter k of the classical empirical model of
Beverloo et al. [21].

Initial investigations of Beverloo et al. [21] with organic materials
and a flat-bottomed hopper yielded the so-called Beverloo Law, which
enables the prediction of the mass flow rates in accordance to

= C*p,,,*/g* (D~ k*d,)’ 3)

here, papp is the apparent density, also known as the bulk density, g
represents the gravitational acceleration, D corresponds to the orifice
diameter, and dj, is the diameter of the granules. C and k are fitting
parameters, ranging for C from 0.55 to 0.65 and k from 1 to 3 [21].

Recently, the effect of the granular Bond number has been increas-
ingly considered within the last years in experimental studies and sim-
ulations to describe the flowability and packing phenomena of granular
materials [13,22]. For instance, Siliveru et al. [23] used the granular
Bond number to predict the flow properties of a mixture of three
different granular materials. Increasing the proportion of very fine
powders (< 45 pm) within the mixture affects the flow behaviour
negatively.

This paper proposes an extension of the granular Bond number
considering the effect of friction that is not due to van der Waals forces.
The friction coefficient is determined from AOR measurements, which
are related to the mass flow rate of the RTP powders through orifices.
The results are discussed in relation to the fitting parameters C and k in
the Beverloo law.

2. Experimental

The upcoming sections provide detailed information about the

properties of the selected granular materials, followed by an explanation
of the measurement procedures for the mass flow rate m (Beverloo law)
and the AOR 6.

2.1. Granular samples with different properties

Table 1 summarises the properties of the selected hard metal RTP
powders. The samples considered in this study consist of homogenised
tungsten carbide, cobalt and organic binder. They are named using the
following systematics: S (“standard”) represents the unsieved mother
batch from which all other samples are retrieved. The A-series repre-
sents different sieving fractions of S having narrower granule size dis-
tributions compared to the B-series. For example, C1 is produced by
sieving S with the smallest (125 pm) and broadest (224 pm) mesh. The
granular size distributions were measured with a laser diffraction system
(Mastersizer 3000 by Malvern Panalytical). The Sauter mean diameter
dpo, 37 is the surface-volume mean diameter of a polydisperse system
[24]. For instance, this parameter is widely used in literature; for
example, one use is to describe the mean size of droplets of atomised fuel
liquids [25] or sediments [26]. In our case, the Sauter mean diameter is
used to express the mean diameter for each sample. A more detailed
description of the samples, including granular size distributions, is given
in Table 1 and our previous work [18].

The apparent density papp and tap density pap was measured with the
GranuPack-system [17] from Granutools, Belgium. The device measures
the powder height for a given mass and calculates the apparent density.
The tap densities were acquired by mechanical agitation (500 taps) of
the selected granular material; the results are reported in Table 1. The
Hausner ratio H expresses the ratio between both densities (prap / Papp)
and is also used to classify powder and granular flowability. The pyc-
nometer density pyyc of the granules was measured with the Accupyc II
1340 from Micromeretics using Helium as measurement gas.

The granular Bond number describes the relationship between van
der Waals forces Fyqw and the weight of a single granule. The van der
Waals forces of dry granular materials are determined according to

A ([ di*d
Fuw =35 4
w=ipz (4 @

where A is the Hamaker constant, z is the closest distance between two
spheres of diameters d; and dp [27] (typically zg = 4 nm [28]).
Furthermore, Xie [29] extended Eq. (4) by considering surface
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Fig. 1. Sketch of the device for measuring the mass flow rate m (left) and
obtained data (right).

asperities, which showed an impact on the van der Waals forces, ac-
counting for finer particles situated on the surface of bigger host parti-
cles. In this work, the particles are assumed to be spherical and dense, i.
e. without intragranular porosity. Additionally, the presence of finer
particles on the host surfaces is not considered.

The Hamaker constant for the granular systems in Table 1 was
determined using atomic force microscopy (Veeco Multimode with
NanoScope V Controller). This technique can directly measure the
attractive forces between two bodies. The goal was to measure the
attraction forces between a flat surface and a granule. This was achieved
by attaching a single granule to a tipless silicon cantilever (from Budg-
etSensors). The cantilever has a nominal stiffness constant of 0.2 N/m
and a nominal resonance frequency of 15 kHz. The flat surface was
produced by compressing granules. The pull-off force is linked to the
attractive forces and was measured between the granule and the flat
surface. The measurements have been performed in nitrogen atmo-
sphere in order to reduce the influence of humidity.

Two cantilevers were prepared as described above. The granule
attached to it had different diameters of 187 4+ 2 pm and 113 + 1 pm
respectively. The pull-off force (maximal force) was measured in contact
mode on the flat surface for each of them at twenty different locations.
The Hamaker constant was determined from each set of measurements
as described by Israelachvili [30]. It turned out that the Hamaker con-
stant differed from (1.5 + 0.2) 10722 J to (3.2 4 0.7) 1022 J for the two
granule diameters. We attribute these differences mainly to the interplay
between granule diameter and roughness of the flat surface. Moreover,
the multi-component nature (WC, Co and organic binder) of the mate-
rial, deviation of the stiffness of the two cantilevers from the nominal
values given by the manufacturer and possible difference of the exact
location of the glued granules on the two cantilevers lead to more un-
certainties in the determination of the Hamaker constant. For the
following, we therefore assume that the Hamaker constant in the order
of 2 10722 J with an error of 100%. This value is considered for the
calculation of the granular Bond number.

The diameters d; and dj in Eq. (4) are assumed to be equal and are
represented by the Sauter mean diameter d[y, 3;, which is used in liter-
ature for granular materials [23,31]. The calculated granular Bond
numbers are presented in Table 1.

2.2. Measurement of the gravitational mass flow rate

The mass flow rate of the selected granular materials has been
measured with the GranuFlow measuring system from Granutools
(Fig. 1). The device consists of a cylindrical tube placed upon a metallic
disc with various circular orifice diameters ranging from 1 to 8 mm.
Below the orifice, a strain gauge is used as a balance to track the mass
change. The mass flow rate m is measured at least three times for each
orifice size.
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Table 2
Measured AOR 6 and friction coefficient p, data in columns marked with “*” are
from [18].

Sample AOR 6 (°)* Friction coefficient p (—)
S 34.3 +£0.3 0.681 + 0.008
Al 31.6 + 0.2 0.614 + 0.005
A2 31.8 £ 0.2 0.619 + 0.005
A3 32.6 £ 0.2 0.640 + 0.005
A4 32,9+ 0.2 0.645 + 0.005
A5 37.4 +0.3 0.765 + 0.008
A6 32.9£0.2 0.649 + 0.005
A7 342+ 0.1 0.680 + 0.003
Bl 32,5+ 0.3 0.637 + 0.007
B2 31.0 £ 0.2 0.602 % 0.005
Cl 32.0 +£ 0.2 0.623 + 0.005
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Fig. 2. The friction coefficient ;4 in dependency of the Sauter mean diameter
djs, 37. Note that if error bars are not visible, they are smaller than the sym-
bol size.

2.3. The angle of repose of granular materials

The AOR 0 is measured using a new approach described in detail in
[18]. The method determines the angle formed between the cone surface
and the supporting plate while the granules are discharging from the
hopper. First, the cone angle is calculated using an image processing
algorithm. Next, several cone angles are determined by changing the
base plate position below the funnel. With these values, the AOR 0 is
calculated as described by Just et al. [18]. Table 2 presents the calcu-
lated AORs 6 and the friction coefficients p. The friction coefficient p is
calculated with

u = tan(6) 5)

in radians and is shown in Table 2.
3. Results and discussion

In this section, the relations between the friction coefficient, the
granular Bond number, AOR and the mass flow rate are presented. This
opens the discussion about an extended granular Bond number.

3.1. Relation between friction coefficient and particle size

Fig. 2 shows the friction coefficient calculated from the AOR 6 with
Eq. (5) in dependency of the Sauter mean diameter d[o, 37 from Table 2. It
is visible that the friction coefficient increases with decreasing particle
diameter. Since a high AOR 6 also results in a high friction coefficient y,
our result is in alignment with the findings of Lumay et al. [17], who
report a substantial increase of the AOR 6 for very fine particles below
100 pm.
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Fig. 3. The friction coefficient y for various granules with respect to the
calculated granular Bond number Bo(d,; 3;). Inset shows data with a
linear scale.
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Fig. 4. Mass flow rate m through an orifice with a diameter of 5 mm in de-
pendency on the granular Bond number Bo(dj5, 3;) for all granular materials
listed in Table 2. The dashed lines are power fits (additional information in
Section 3.3). Note that if y error bars are not visible, they are smaller than the
symbol size.

3.2. Relation between granular Bond number and friction coefficient

Fig. 3 displays the friction coefficient p in dependency on the (log-
arithmic) granular Bond number. The findings show a linear relation-
ship between the Bond number and the measured friction coefficient p
(for clarity, see also inset in Fig. 3). The dashed line in both graphs
represents a linear fit according to

H = Hyy o +const*Bo (6)

with pefr .o = 0.6. Since the standard sample S has a much wider granular
size distribution than the other samples, it has not been considered for
the fit. Elekes and Parteli [9] calculated the influence of a broad range of
granular Bond numbers between 107° to 10° on the AOR 6 by numerical
simulations. Their findings state a strong increase of the AOR 6 and thus
the friction coefficient p for granular Bond numbers higher than 102 In
the present experimental study, the granular Bond numbers vary be-
tween 1072 and 10° for the samples listed in Table 1. Therefore, the
representation of the friction coefficient as a function of the Bond
number shown in Fig. 3 shows only part of the broad range of calculated
friction coefficients found in [9]. In these limits, the presented experi-
mental findings coincide well with the analysis of Elekes and Parteli [9].

Furthermore, Elekes and Parteli [9] showed that the influence of the
attractive forces reduces significantly with an increase of the particle
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Fig. 5. Mass flow rate m through an orifice with a diameter of 5 mm in the
function of the AOR 6 for all granular materials listed.

size d, i.e. the Bond number decreases, leading to an infinite effective
friction coefficient peff o, for granular Bond numbers below 107!, Below
this granular Bond number, the friction coefficient y, i.e. the AOR 0 is
nearly constant. The same can be observed for our experimental data
(Fig. 3), described by the applied linear fit (Eq. (6)), also yielding an
infinite friction coefficient pefr. The absolute value of the infinite
friction coefficient pefro is influenced by the granules’ detailed
composition, such as the amount or type of tungsten carbide.

3.3. The mass flow rate of granular materials as a function of the Bond
number

Fig. 4 shows mass flow rates measured with an orifice diameter of 5
mm in function of the Bond number for all granules listed in Table 1. A
similar trend was obtained using different orifice diameters (to be
published). From Fig. 4, an increasing mass flow rate (A1, A2, B2, A3,
C1, B1, black symbols) can be observed, followed by a decrease in mass
flow rates (A4, A6, A7, A5, grey symbols) in function of the Bond
number. According to Table 1, the increase in the Bond number is
mainly due to a decrease in the mean particle diameter for samples Al,
..., B1, A4, ..., A5. Furthermore, two power law fits are inserted in Fig. 4
to determine an intersection point representing the Bond number for
which the maximal possible mass flow rate for the considered granular
system can be reached. Two opposing dependencies can explain the
existence of a maximum in the mass flow rate: on the one hand,
decreasing particle diameters (and thus increasing Bond numbers) lead
to a higher mass flow rate through an orifice with a given size D (Eq.
(3)). On the other hand, if the particle diameter reduces to values where
the interparticle forces become dominant over gravitational forces
(compare Egs. (1) and (4)), the effective particle diameter increases due
to formation of agglomerates and thus the mass flow rate is reduced. A
similar relationship between granular size and cohesive effect expressed
by the granular Bond number has been reported by Lu et al. [32].

The variation of the AOR with the granular Bond number is signifi-
cantly bigger (approximately 20%, Table 2) than the variation of the
mass flow rate (about 10%, Fig. 4). The reason is the gravitational force,
which acts in AOR measurements only as a downhill force, i.e. the
relatively weak van der Waals forces have a more significant influence.
Whereas for the mass flow measurements, the gravitational force acts
directly in the vertical direction and consequently, the van der Waals
forces are thought to have a less pronounced effect. According to the
literature [11], powders and granular materials with a Hausner ratio
between 1.00 and 1.11 are considered to have excellent flowability.
Following this criterion, all the reported materials have excellent
flowability.
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Fig. 6. Schematic results from (a) Fig. 5, (b) Fig. 4 and (c) Fig. 3.

3.4. The mass flow rate of granular materials as a function of the AOR

Fig. 5 shows the mass flow rate measured with an orifice diameter of
5 mm with respect to the AOR 6 from Table 2. The data points were
classified into the two categories used in Fig. 4. The dashed lines
represent the mass flow rates in function of their corresponding AOR 6
calculated using the trend lines shown in Fig. 4 and a linear fit generated
by the data shown in Tables 1 & 2 (6 = f(Bo), figure not shown in this
paper). This approach has been used for the two data categories (Bo <
intersection point and Bo > intersection point in Fig. 4). The intersection
point of the dashed lines represents the maximal mass flow rate (6 ~
32.4°). Low AORs 6 typically indicate good flowability. Nevertheless, as
already discussed in the previous paragraph, the opposite dependency of
the mass flow rate from particle diameter and interparticle forces leads
to a maximum mass flow rate; this effect is represented in Fig. 5.

3.5. The extended granular Bond number

A schematic comparison of Figs. 3, 4 and 5 is provided in Fig. 6 to
illustrate the two opposite phenomena affecting the granular mass flow
rate. First, for very low AOR 6, as the AOR 0 increases, the mass flow rate
increases until the maximal mass flow rate my,y is reached at AOR 0
(Fig. 6a). This is mainly linked to the diminishing particle size with
increasing Bond number. Then, above AOR 6y, interaction forces or any
other forces (see below) which hinder the free flow of particles start to
take a considerable effect, leading to a decrease in the mass flow rate
beyond AOR 6; (Fig. 6a). Similar results can be found for the dependency
of the mass flow rate m from the Bond number (Fig. 6b).

As already stated, the granular Bond number pictures the comparison
between interaction forces (here: only van der Waals forces) and the
gravitational force. However, the position of the maxima in Fig. 6a and b
results from the competition between decreasing particle diameter and
increasing hindrance of particle flow. This hindrance can be due to van
der Waals forces directly between the particles or geometrical con-
straints such as non-spherical particle shape, satellites on particle sur-
faces, humidity, etc. In addition, the influence of the particle size,
surface roughness and cohesive effects has been shown by Anand et al.
[20] and Lu et al. [32] to negatively affect the flow.

Therefore, we propose an extension of the granular Bond number
such as Boey = & Bo to obtain Boey = 1 at the position of the maximum in
the mass flow rates. This scaling will affect the dependency of the AOR 6
from the extended Bond number, i.e. the curve in Fig. 6¢ will be hori-
zontally shifted, but the infinite friction coefficient pefr o, will not be
affected. This is because Jleff o, (and thus also the fitting parameters C and
k in the Beverloo law, Eq. (3)) already contains all influences which
hinder the flow of particles, not only the direct interaction forces (e.g.
van der Waals forces). In this sense, Jieff,oo and Boey refer to a similar
collection of influences that hinder particles’ flow. It goes beyond the
scope of this analysis to discern if the scaling of the granular Bond
number applies to other hard metal granules. This will be the subject of
further studies.

4. Conclusion

During this study, mass flow rate and AOR measurements of a class of
hard metal powders have been analysed. It turns out that all influences,
which hinder the flow of particles, affect two main parameters of the
experimental studies: the granular Bond number at which the mass flow
through an orifice is maximal and the infinite friction coefficient. The
infinite friction coefficient already pictures all influences on the particle
flow, not only direct interactions such as van der Waals forces. A scaling
of the granular Bond number, i.e. an extended granular Bond number
Boey, for which Boey = 1 at the maximum mass flow rate, takes the same
influences which hinder particle flow into account. More granular ma-
terials need to be studied to analyse the use of a scaled granular Bond
number.
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