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There are a number of techniques available for characterising powder flow behaviour, most of which are carried
out under quasi-static conditions. Quasi-static methods are commonly used to define the conditions for the flow
initiation, but they are inadequate for characterising the shear strain rate sensitivity of powder flow. The number
of devices available to capture powder behaviour under dynamic conditions is indeed very limited. The very few
commercially available instruments all require a large sample, which is not desirable for early stages of product
development. We have recently proposed the use of ball indentation for characterising flow resistance of cohe-
sive powders. The technique can be applied at very low consolidation stress levels (much less than 1 kPa) and
requires only a small sample quantity, typically a few mm3. Previous work showed a good correlation of
flowability with established methods under quasi-static conditions. Therefore, an attempt is made to extend
the method to dynamic conditions and investigate the sensitivity of the stresses on the shear strain rate for a
range of powders, including glass ballotini, α-lactose monohydrate, calcium carbonate (Durcal) and limestone.
The results show the existence of a threshold boundary abovewhich the flow resistance experienced by the pen-
etrating ball becomes dependent on the shear strain rate. This is in line with the trends reported in the literature.
Therefore, the ball indentation technique has the potential to be used to assess powder flowability at high strain
rates.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

There is a great interest in understanding the rheometry of cohesive
powders due to the dynamic nature of industrial processes operating in
continuous mode. Many techniques exist for characterising powder
flowability in the quasi-static regime. However, powders do not exhibit
the same behaviour under quasi-static and dynamic flow conditions
[11]. In the quasi-static regime, resistance to motion is brought about
through frictional contacts between particles. As the strain rate is in-
creased sliding friction at contacts become less influential as particle
collisions become dominating. There have been a number of studies fo-
cusing onhigh strain rates, known as the rapidflowor collisional regime
(Tirupataiah and Sundararajan, 1990; [12]). Extensive work has been
reported in literature on development of constitutive models of flow
in this regime for non-cohesive powders, based on the kinetic theory
of gases [8,13,19]. Between the quasi-static and rapid regimes, there ex-
ists an intermediate flow regime as addressed by Tardos et al. [21]. This
flow regime is actually more prevalent in process industry, but it is
. This is an open access article under
difficult to quantify, as the boundaries between the regimes may vary
for different types of materials.

Savage et al. [20] and Tardos et al. [21] investigated the transition be-
tween the slow to rapid granular flow regimes. In order to characterise
this transition, Tardos et al. [21] devised a Couette type device in which
they analysed the shearing response of a powder sample between two
co-axial vertical cylinders rotating at differential speeds and classified
the flow regimes based on the dimensionless shear strain rate, γ⁎,
given by Eq. (1).

γ∗ ¼ γ
dp
g

� �1=2

ð1Þ

where γ is the shear strain rate (defined by the characteristic speed di-
vided by the shear zone depth), dp is the particle size and g is the grav-
itational acceleration. The boundaries between flow regimes are
graphically illustrated in Fig. 1, in which the quasi-static regime is delin-
eated by the region dominated by friction and having a low dimension-
less shear strain rate of the order of 0.2 or less. In the dynamic flow
regime the frictional forces are small, as high speed collisions between
particles become more significant at dimensionless shear strain rates
greater than 0.3, where the shear stress increases with strain rate to
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Classification of flow regime according to Tardos et al. [21].
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the power 2. In the middle of these two regimes there exists the inter-
mediate flow regime, where the shear stress contributions of both colli-
sional and frictional contacts between particles are comparable. The
power index therefore is in the range of 0–2.

In contrast, Klausner et al. [10] showed increasing shear stress, τ, and
stress ratio (τ/σ, where σ is normal stress) with strain rate in the fric-
tional (quasi-static) regime. Within the intermediate regime the
stresses increased with strain rate for silica, yet reduced for polymer
particles. Behaviour similar to that of the silica particles has been ob-
served in DEM simulations of cohesive glass beads in the FT4 Powder
Rheometer by Hare and Ghadiri [5].

The flow regime boundaries found in DEM simulations of
the Couette device by Vidyapati et al. (2012) were in agreement with
the experimental measurements of Tardos et al. [21], showing that the
shear stress is independent of the strain rate in the quasi-static regime.
By increasing the strain rate, fluctuations in the shear stress start to in-
crease and the dependency of shear stress on strain rate becomes prom-
inent. Pasha et al. [18] observed similar increasing fluctuations at high
strain rates in DEM simulations of dynamic ball indentation. The DEM
simulations of Vidyapati et al. (2012) also showed that for monodis-
perse non-cohesive spheres the transition between regimes and the
power law relationship are not sensitive to particle properties and oper-
ational details.

An alternative dimensionless number to represent the flow regimes
of powders is the inertial number, I, given by Eq. (2).

I ¼ γdp
ffiffiffiffiffiffiffiffiffiffiffi
ρp=P

q
ð2Þ

where ρp is the particle density and P is the pressure.
MiDi [15] considered powder flow in six different configurations, in-

cluding plane shear, chute flow and a rotating drum. The evolution of
stresses with strain rate was found to follow similar trends to those re-
ported by Tardos et al. [21]. As noted by Nan et al. [17] the dimension-
less shear strain rate given by Eq. (1) is a simplified version of Eq. (2),
when pressure P is equal to ρpdg. So Eq. (2) characterises the full span
of flow regime more generally, where I < 10−3 for quasi-static flow,
10−3 < I < 10−1 for dense inertial flow and I > 10−1 for collisional
flow. It should also be noted that in the development of constitutive
equations, non-local rheology must be considered, and it is insufficient
to consider only a single geometry [3,14]. Moreover, Mort et al. [16]
urge caution for relating theory developed in simple systems to more
complex flows.
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More recently there have been attempts to develop flow prediction
models spanning the three regimes. Chialvo et al. [2] developed a
model of bulk friction as a function of the inertial number, based onmo-
lecular dynamic simulations of non-cohesive, frictional soft spheres.
Berger et al. [1] analysed the scaling behaviour of cohesive granular
flows and proposed a method for incorporating the effect of bulk cohe-
sion in the inertial number for describing the dynamic flow resistance
due to shearing. Nan et al. [17] analysed the particle flow behaviour
by DEM simulations in the presence of air drag in the FT4 Powder Rhe-
ometer. They report that the increase in bulk friction with the inertial
number could be expressed by a linear relationship, having an intercept
at low shear strain rates corresponding to the quasi-static conditions.
Jenkins and Berzi [9] compared predictions from the simple kinetic the-
ory with those from the deformation theory to describe the dense iner-
tialflow regime. Theirwork on simple homogenous shearflows showed
good agreement, though it has not yet been applied to more complex
flows.

The preceeding discussion demonstrates that powders exihibit di-
verse dynamic flow behaviour influenced by wide ranging constitutent
particles properties. Despite considerable development in the analyses
and modelling as recently reviewed by Ghadiri et al. [4], the prediction
of cohesive powder flow still remains a grand challenge. Therefore, ex-
perimental characterisation of powder flow behaviour is a necessary
first step. For instances where the quantity of powder available for test-
ing is very small, for example less than 1 g, the only practical way to as-
sess powder flowability is by the Ball IndentationMethod (BIM), as first
proposed by Hassanpour and Ghadiri [6] and later analysed by Pasha
et al. (2013) and Zafar et al. [24]. Under such conditions the currently
available commerical instruments are unsuitable. However, develop-
ment of this method has been limited to quasi-static range of shear
strain rates, with the exception of Tirapelle et al. [22], who used the
same approach as presented here and evaluated the dynamic hardness
of two types of titanium dioxide, corn starch flour and α-lactose
monohydrate crystals. They demonstrated that flow resistance typically
increased in the intermediate regime. Furthermore, they showed that
the achievable shear strain rate range could be extended by manipulat-
ing indenter size and density, and provided a generalised relationship to
determine optimum operating conditions for the test. In the present
work we explore the sensitivity of flow resistance to strain rate for
four different powders, i.e. fine cohesive glass ballotini, inhalation-
grade of α-lactose monohydrate, which is much finer than that used
by Tirapelle et al. [22], limestone (BCR) and calcium carbonate (Durcal).
High strain rates are achieved by dropping a glass ball onto a powder



Table 1
Characteristic measures d10, d50 and d90 of the particle size distributions obtained by the
wet dispersion method (volume basis).
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bed at various velocities and the impact process is recorded by a high
speed video camera in order to determine the impact depth and
strain rate.
Material d10 (μm) d50 (μm) d90 (μm)

Glass ballotini (45–63) 35 55 87
Durcal 15 2 15 30
Limestone 5 7 24
Lactohale 300 3 5 9
2. Materials and methods

In this work, cohesive glass ballotini with a sieve cut of 45–63 μm
were used as a model material. They were made cohesive by a
silanisation process, applying a commercially available silane coating,
having a functional group of heptane, known as Sigmacote®, supplied
by Sigma-Aldrich®. The procedure reported by Zafar et al. (2014) for
silanisation, drying time and temperature was followed. Cohesive
glass ballotiniwere used as they are spherical and suitable for numerical
simulation by Discrete Element Method, carried out in another piece of
workwhich ranparallel with thiswork [18]. Othermaterials used in this
work were two commercial calcium carbonate powders, i.e. Durcal 15,
BCR limestone andα-lactosemonohydrate powder used in the pharma-
ceutical industry with the commercial name Lactohale 300, supplied by
DMV International, the Netherlands. Lactohale 300 is used for dry pow-
der inhalation and its flowability under small loads and using a very
small quantity is the subject of great interest. Durcal 15 and limestone
powders are fine and cohesive and often used for calibration purposes
and widely available. Scanning electron micrographs of the test mate-
rials are shown Fig. 2. The particle size distributions of the test materials
were measured by Malvern Mastersizer 2000 using the wet dispersion
method. The glass ballotini were dispersed in deionized water, whilst
propan-2-ol was used as the carrier medium for the other materials.
For particle sizemeasurements, three repeats of eachmaterial were car-
ried out, each at 10 s time intervals with 30 s duration. The characteris-
tics particle sizes d10, d50 and d90 of the particle size distribution on the
volumetric basis are given in Table 1. For flowability characterisation in
the quasi-static regime, the Schulze Ring Shear (RST-XS) tester was
20 μm(a)

(c)

Fig. 2. Sample material: (a) silanised glass ballotini; (b) D

569
used. A family of yield loci were obtained for all the material samples
and the unconfined yield strength was determined a function of the
major principal stress. The results are shown for all the test materials
in Fig. 3. The ratio of the major principal stress over the unconfined
yield strength is commonly known as the flow function coefficient,
which is an indicator of powder flowability under different stress states.
The range of flow function coefficients for the test materials is shown in
Table 2. All the experiments reported in this study were carried out at
the temperature range of 20-23 °C and 38–45% relative humidity.

It can be seen from Figs. 2 and 3 that the four test materials have dif-
ferent particle size, shape, and surface morphologies. Lactohale 300
(milled grade of α-lactose monohydrate) is the finest of all the test ma-
terials and hence is themost cohesive. The flow classification for Durcal
15, silanised glass ballotini and limestone is similar over the range of
pre-shear normal stresses used.

Ball indentation measurements at low strain rates were carried out
using the Instron 5566 mechanical testing machine (Instron Corp.,
USA). Sample filling was done using the sieving method of Zafar et al.,
(2017), to achieve a uniform packing of the powder bed in the die and
then pre-consolidated by a stainless steel piston using a 10 N load cell
which had a resolution of 1 mN. The flow resistance is characterised
by the hardness of the bed, asmeasured by indentation with a spherical
(b)

(d)

urcal 15; (c) BCR limestone; and (d) Lactohale 300.
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Table 2
Flowability assessment of the powders tested at pre-shear normal stresses of 4–8 kPa
based on Jenike [7] criteria.

Material Flow function
coefficient, ffc

Flow classification

Silanised glass ballotini
45–63 μm

2.7–4.4 Cohesive - easy flowing

Durcal 15 2.7–6.3 Cohesive - easy flowing
Lactohale 300 1.0–1.6 Very cohesive
BCR Limestone 2.7–4.1 Cohesive – easy flowing

h

Ra

Powder Bed

Fig. 4. Schematic diagram of ball indentation penetration into the powder bed.
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indenter. The spherical indenter used in this study is a high precision
glass bead supplied by Sigmund Lindner GmbH (Warmensteinach,
Germany), having particle density of 1.53 kgm−3 and average rough-
ness, Ra, of 0.08 μm. During the ball indentation test, the applied load,
F, and the penetration of indenter, h, were continuously recorded
throughout the process. The determination of hardness of the powder
bed, representing the flow resistance, is based on the maximum inden-
tation load, Fmax, and projected area of the impression after the load is
removed. The hardness of the powder bed,H, is calculated using Eq. (3).

H ¼ Fmax

A
ð3Þ

where A is the projected area of the impression of the indenter which is
obtained using Eq. (4).

A ¼ πhc di−hcð Þ ð4Þ

where di is the diameter of the indenter and hc is the plastic depth, de-
termined by the intercept of the tangent to the unloading curve [6,24].
The standard operating procedure and window for the Ball Indentation
Method (BIM) established by Zafar et al. [24] were followed in
this work.

The experimental setup for dynamic hardness measurement is dif-
ferent compared to the quasi-static method, as the approach is based
on the impact of a ball on a compacted powder bed. It consists of a trans-
parent tube of about 5mm internal diameterwhichhas vertical distance
markings on the surface. A high precision spherical glass indenter is
dropped from a predetermined height in order to accelerate the in-
denter under gravity to an appropriate velocity for impact on to the
570
powder bed. A string with negligible weight is glued at the end of the
glass indenter in order to retract it up the tube after the drop, to avoid
damage to the indentation zone. Unlike indentation hardness, where
the load is directly measured, dynamic indentation measures the hard-
ness by a correlation proposed by Sundararajan and Shewmon [23]
which is given by Eq. (5),

Hd ¼ MVi
2

2U ð5Þ

where M is the mass of the indenter, Vi is its incident velocity and U is
the unrelaxed volume of the indentation impression. Themass of the in-
denter,M, is measured using a high precision digital scale, whilst the in-
cident velocity, Vi, is determined using a high speed camera (Photron
FASTCAM SA5) at 1000 frames per second. In order to calculate the un-
relaxed volume, U, the depth of the penetration was determined from
the images taken by the camera using the distance lines marked on
the surface of the tube. The unrelaxed volume is given by Eq. (6), as il-
lustrated by the schematic diagramof the powder bed after dynamic in-
dentation in Fig. 4.

U ¼ πh
6

3Ra
2 þ h2

� �
ð6Þ



Fig. 5. Image of the ball indenter after the impact (left), and top view of the indentation impression after removing the indenter with the attached string (right).
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According to the above schematic diagram, an expression for the
height of the penetration (h) and the radius of the impression (Ra) can
be determined using post image analysis. In this study, ImagePro soft-
ware was used to analyse the side view of the indentation image
(Fig. 5) to determine Ra and h.
3. Results and discussions

Initially experiments in the quasi-static regime were performed
using three different penetration speeds (10 mm/min, 50 mm/min
and 100 mm/min), the greatest of which represented the operational
limit of the Instron machine. Indentation hardness measurements as a
function of pre-consolidation normal stress were made for silanised
glass ballotini, Durcal 15, Lactohale 300 and BCR limestone and the re-
sults are shown Fig. 6.
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The result shows that the hardness, i.e. the flow resistance, increases
with preconsolidation stress for the range tested (3–15 kPa) for all the
powders tested. The hardness measurement for the Lactohale 300 sam-
ple is the highest amongst the samples. The hardness remains insensi-
tive to the penetration speed, corresponding to different strain rates as
the indenter size is fixed, with the increase from 10 to 100 mm/min
for all four powders. The maximum dimensionless strain rate achieved
was 0.015, which lies in the slow flow or quasi-static regime. Based on
the boundaries defined by [21], the dimensionless strain rate required
to the transfer from the quasi-static to the intermediate flow regime is
approximately 0.15–0.25.

The dynamic indentation tests were carried out at pre-consolidation
normal stresses of 5, 8, 10 and 15 kPa by dropping the ball from heights
of 20, 50 and 160 mm, which gave the incident velocities of approxi-
mately 0.35, 0.75 and 1.50 m/s, respectively. This corresponds to strain
rates of 50 to 330 s−1, calculated by dividing the incident velocity by
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Fig. 8. Dynamic indentation hardness of the four test materials as a function of strain rate
at (a) 8 kPa and (b) 15 kPa pre-consolidation normal stress.
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the maximum indentation depth (Vi/h). In all the cases, the penetration
depth was smaller than the indenter radius and within the operational
range defined by Zafar et al. [24]. The hardness as a function of pre-
consolidation stress for the four samples tested is shown in Fig. 7.

It can be seen that the level of fluctuations in the hardnessmeasure-
ment (the error bars indicating one standard deviation of the fluctua-
tions for three measurement repeats) increase with the height of fall
of the indenter and also to a minor extent with the pre-consolidation
normal stress. This is in line with the findings of Tardos et al. [21] and
Pasha et al. [18] for the intermediate and dynamic regimes. It can also
be observed that with an increase in impact velocity as a result of
drop height, the hardness increases for all the four tested powders.
The hardnessmeasurements obtained by dynamic ball indentation, cal-
culated by Eq. (5), are shown as a function of shear strain rate in Figs. 8
(a) and (b) for 8 kPa and 15 kPa pre-consolidation normal stresses, re-
spectively. The lines in the figures just show the trends, which are re-
markably consistent between the two pre-consolidation loads.
Interestingly, BCR limestone does not show any sensitivity to strain
rate and its flow resistance is low and almost independent of pre-
consolidation stress in this range. The latter trend is also the case for
the cohesive glass ballotini, but it does respond to a minor extent to in-
creasing strain rate. In contrast, both Lactohale 300 and Durcal are sen-
sitive to both strain rate and applied pre-consolidation stress. The
underlying causes of differences in the behaviour of the test powders re-
quire further analyses, taking account of powder properties as well as
the influence of air drag arising from rapid deformation. Such analyses
are most suited for combined Discrete Element Method and Computa-
tional Fluid Dynamics with high fidelity particle shape modelling.

The dimensionless shear strain rate is calculated for both quasi-static
and dynamic measurements according to Eq. (1) and the hardness
values for all the materials tested in this study for 15 kPa pre-
consolidation normal stress are shown in Fig. 9.

The flow resistance of Lactohale 300 is the largest across the whole
shear strain rate range as it is the most cohesive. It can be seen that
the hardness increases with the dimensionless shear rate in the inter-
mediate flow region (γ* > 0.15), as shown by Pasha et al. [18], and sup-
ported by the similar increase in shear stress with dimensionless strain
572
rate observed by Tardos et al. [21] and (Vidyapati et al., 2012). This con-
firms that the flow resistance is dependent on the strain rate above a



Fig. 9. Relationship between hardness and dimensionless shear strain rate for the four
samples at 15 kPa pre-consolidation normal stress.
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certain threshold. However, the trend depends on the material type.
Lactohale 300 and Durcal 15 samples show a higher dependency com-
pared to glass ballotini and limestone for the pre-consolidation stress
of 15 kPa. This could be due to cohesion of the material, as Lactohale
300 is themost cohesive powder tested here, based on theflow function
shown in Fig. 3. However, cohesion is not the only influencing factor as
the particle shape, density and sliding friction are also different, so the
link between these factors and strain rate dependency offlow resistance
will require further investigation. It was also observed that as the di-
mensionless shear strain rate increased towards the rapid flow regime
of 0.3, as identified by Tardos et al. [21], the dependency on strain rate
becomes stronger. This is in line with the DEM simulations of Pasha
et al. [18], who investigated the stress variations as a function of dimen-
sionless strain rate in the dynamic ball indentation method by DEM.
However, with the current experimental approach, only tests in the
quasi-static and intermediate flow regimes could be carried out with
maximum achieved incident velocity of 1.5 m/s (equivalent to dimen-
sionless shear strain rate of approximately 0.85 for a 4.7 mm diameter
indenter). In order to move from the intermediate to rapid flow regime,
an incident velocity above 4 m/s is required for this indenter. The re-
quired drop height to reach a desired shear strain rate could be deter-
mined for any indenter and powder combination using the approach
outlined by Tirapelle et al. [22]. However, this is beyond the scope of
the current work, which was to explore the strain rate sensitivity of
the ball indentation method, thus confirming that for instances where
only a small powder quantity is available, this method could be usefully
employed to establish the trend of the flow resistance with the shear
strain rate.
4. Conclusions

In this study, dynamic hardness measurements were carried out on
pre-consolidated powder beds of cohesive glass ballotini, Durcal 15,
Lactohale 300 and BCR limestone at several indentation strain rates. It
was shown that hardness measurement is independent of strain rate
for the quasi-static regime, where the dimensionless shear strain rate,
γ⁎< 0.15. However, as the strain rate increases the flow resistance, rep-
resented by hardness, increases and the fluctuations in the measure-
ments become more notable in line with the work reported in the
literature. From the results presented in this study, the existence of a
threshold boundary above which the hardness becomes dependent on
the strain rate is evident. The information obtained corroborates well
with the trends reported in the literature and shows that the ball inden-
tation method can be used to assess powder flowability at high strain
rates in instances where test materials quantity is limited.
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