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The mechanical strength of wet powders under dynamic loading conditions plays a critical role in numerous
industrial and natural processes involving rapid particle rearrangements, including high-shear wet granulation,
powder mixing, chute flows and avalanche flows. Despite this importance, existing experimental methods
are restricted to quasi-static conditions and fail to capture the rapid deformation regimes characteristic of
these processes. This work extends Dynamic Ball Indentation (DBI) to wet granular systems, providing for the
first time a method to quantify wet powder strength under the dynamic loading conditions (strain rates y =
25-265 s7!) encountered in industrial processes. Experiments covered four granular materials (ds, = 5-247 pm)
with binders spanning two orders of magnitude in viscosity (5 = 1-349 mPa s), at preconsolidation stresses
of 1-9 kPa and saturation levels of 5%-75%. Results demonstrate that dependence of dimensionless strength
on the Capillary number alone is insufficient to describe wet powder behavior at high strain rates. Instead,
a unified scaling law incorporating both viscous-capillary and inertial contributions accurately describes the
experimental data: Str* = 210.53 Ca®'® 1°7° (R? = 0.96), where Str* is the dimensionless strength, Ca the
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Capillary number, and I the Inertial number. The dominant exponent (f = 0.79) confirms that inertial effects
control wet powder strength under dynamic loading, while viscous dissipation plays a secondary role (a = 0.16)
These findings establish DBI as an effective characterization tool for dynamic wet powder systems and provide
a predictive framework for high-shear granulation process design.

1. Introduction

From industrial granulators operating at high shear rates to natu-
ral avalanche flows and powder handling systems, wet granular ma-
terials frequently undergo rapid deformation at strain rates exceed-
ing 10? s~! [1,2]. Despite the prevalence of such dynamic processes,
the mechanical strength of wet powders under rapid loading remains
poorly characterized, existing experimental methods typically capture
quasi-static behavior and fail to reproduce the momentum-dominated
regimes that control particle collisions and flow dynamics. Among
industrial applications, wet granulation processes are particularly crit-
ical [3]. Granulation is primarily adopted when fine powders are
difficult to handle and process, serving multiple purposes: particle size
enlargement through agglomeration, reduction of segregation by pro-
moting uniform component distribution, and improvement of powder
densification, flowability, and compaction properties [4].

Understanding wet granulation is complex because several com-
peting phenomena occur simultaneously during operation. These have
been classified [5,6] as: (1) wetting, nucleation, and binder distribu-
tion; (2) consolidation and growth through coalescence and layering;
and (3) attrition and breakage. The relative importance of these mech-
anisms varies both temporally and spatially, making granulation an
inherently dynamic rate process [7]. Focusing on granule consolidation
— central to this work — the strength of liquid-bound granules is gov-
erned by capillary forces, viscous forces, and interparticle friction [8].
Capillary forces provide persistent attractive action that promotes con-
solidation and resists dilation, while viscous resistance and friction dis-
sipate mechanical energy [8]. For particles with diameters larger than
10 pm, van der Waals and electrostatic forces are typically insignificant
compared to liquid bridge forces [9,10].

Powder growth behavior in granulators is not unique [8]. Two
main regimes have been identified: steady growth, characterized by
rapid coalescence and typically observed with coarse particles and low-
viscosity binders; and induction growth, associated with strong, poorly
deformable systems where granules initially rebound and growth oc-
curs only after sufficient consolidation [5]. Growth behavior is primar-
ily controlled by deformation during collisions and liquid content [5].
Iveson et al. [11] developed a quantitative framework, to evaluate
the growth mechanism based on two dimensionless groups: the Stokes
deformation number St,,, and the maximum pore saturation s,

The Stokes deformation number:
PU;
v
represents the ratio between kinetic energy absorbed during collision
(evaluated through the collision velocity U, and the granule density p,)
and the granule yield stress Y.

The maximum pore saturation:

Styer = (€]

Smax = wps(l Emin)’ (2)
Pr€min

characterizes liquid content, where w is the liquid-to-solid ratio, p, and

p; solid and liquid densities, and ¢,,;,, the minimum porosity.

The granulation regime map constructed from these groups identi-
fies distinct behaviors: nucleation (low saturation, low deformation),
steady growth (high saturation, high deformation), induction growth
(high saturation, low deformation), overwetting(excessive liquid) and
crumb formation (excessive deformation). The transition between
regimes depends critically on the yield stress Y, whose accurate mea-
surement under representative strain rates is essential for predictive
capability.

The critical limitation in predicting granulation behavior lies in
measuring the yield stress Y under conditions representative of in-
dustrial processes. The yield stress, together with elastic modulus E,
governs the impact behavior of powder-binder mixtures and is known
to be strain-rate dependent [12]. Conventionally, it is measured using
uniaxial or triaxial compression tests; however, these operate at very
low strain rates (< 1 s~') and are therefore not representative of
the rapid deformation conditions experienced during granulation [12].
More recently, Iveson measured dynamic yield stress o, using a high-
speed hydraulic load frame reaching strain rates up to 10 s~!, assuming
Y = op[12]. Wet powder compacts with known porosity and liquid
content were compressed at constant velocity, and force-displacement
data were converted to stress—strain curves, with dynamic yield stress
identified as the peak stress. Through dimensional analysis, Iveson
identified that the main parameters influencing o, are: average particle
size (dp), binder surface tension (y), binder viscosity (1), solid-liquid
contact angle (), strain rate (7), coefficient of internal friction (u s
granule packing fraction (@), and granule liquid saturation (S):
opd, B nyd,
ycos® <ycos€

,yf,S,cD>. €)

The left-hand term represents dimensionless strength (S#r*), while the
first term on the right-hand side is the Capillary number (Ca), express-
ing the ratio between viscous and capillary forces. A three-parameter
semi-theoretical correlation was formulated:

Str* = k; + k,Cad", @

with k; =5.3 + 0.4, k, =280 £ 40, and n = 0.58 + 0.4.

Despite Iveson’s advances, a fundamental gap remains: his method
was limited to strain rates up to 10 s~!, while industrial high-shear
granulators and other dynamic processes operate at strain rates of
102-10% s~!—one to two orders of magnitude higher. At these elevated
rates, inertial effects may become dominant, potentially invalidating
correlations derived from lower-rate experiments. Moreover, conven-
tional methods require substantial sample quantities and lengthy prepa-
ration procedures, limiting their practical applicability. The present
work addresses this gap by proposing Dynamic Ball Indentation (DBI)
as a novel approach to characterize wet powder strength under truly
dynamic loading conditions. This technique has recently been success-
fully applied to dry powder characterization [13-16], demonstrating
suitability for investigating dynamic mechanical response of particulate
systems. The specific objectives of this study are to:

1. Extend the DBI method to wet granular systems and validate its
ability to capture dynamic mechanical response at strain rates
representative of industrial processes (102-10% s=1);

2. Investigate the governing dimensionless groups controlling wet
powder strength under dynamic loading, including both viscous-
capillary (Capillary number) and inertial (Inertial number) con-
tributions;

3. Develop a unified constitutive framework capable of predicting
wet powder behavior across wide ranges of material properties,
consolidation states, and saturation levels.

2. Materials and methods

The investigated materials are divided in powders and binders. All
powder-binder combinations were object of indentation experiment.
The selected systems span a wide range of physical properties, includ-
ing both model (sand-silicone oil) and pharmaceutical (MCC-water)
systems. Particle sizes, mechanical bulk behaviors (from elastic MCC to
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plastic sand), and powder-binder interactions vary considerably across
the dataset. Binders range from Newtonian to shear-thinning fluids,
covering roughly two orders of magnitude in viscosity.

2.1. Powders

The powders used in this study were microcrystalline cellulose
(MCC, Avicel PH-101, Acef S.p.a, Italy), anhydrous calcium hydrogen
phosphate (CaHPO,) with two different particle sizes (Di-Cafos A150
and Di-Cafos Al12, Budenheim, Germany), and silica sand
(Fontainebleau sand, France).

The surface morphology of the wet powder samples was ana-
lyzed by Environmental Scanning Electron Microscopy (ESEM) using a
field emission scanning electron microscope (FEI Quanta 200, Philips,
Austin, TX, USA) operated at an accelerating voltage of 20 kV. The
instrument was equipped with a backscattered electron (BSE) detector
and an energy-dispersive X-ray spectroscopy (EDS) system.

ESEM images are shown in Fig. 1. Note that the magnification
differs among images because of the different particle size ranges of
the powders.

ESEM images highlight the distinct microstructures of the inves-
tigated materials. MCC (Fig. 1a) exhibits a fibrous and crystalline
structure. This morphology promotes mechanical interlocking between
particles and, owing to the presence of surface hydroxyl groups, enables
the formation of hydrogen bonds. These interactions result in strong
interparticle bonding and high resistance to external stresses [17].

Fig. 1b shows CaHPO, A150, characterized by triclinic crystals. The
crystalline surface limits hydrogen bond formation, leading to relatively
weak binder—particle interactions in aqueous systems.

CaHPO, Al2 is obtained by milling the coarser calcium hydrogen
phosphate particles. The ESEM image (Fig. 1c) and its magnified inset
highlight the fine nature of the powder. The inset reveals particle
agglomeration driven by van der Waals and electrostatic forces.

Silica sand (Fig. 1d) exhibits a rigid morphology with irregular,
sub-angular to angular particles. Surface features are heterogeneous,
with alternating smooth and rough regions. The absence of significant
chemical or capillary interactions with binders makes silica sand a
suitable reference material for isolating purely mechanical responses.
ESEM elemental analysis indicated a surface composition of 98.3% w/w
silicon and 1.7% w/w aluminium.

The selection criteria for the powders were based on industrial rele-
vance and on their different responses to wetting. MCC and CaHPO, are
commonly used pharmaceutical excipients: MCC tends to swell upon
wetting, whereas CaHPO, tends to collapse. Silica sand was selected
as a non-reactive reference material, as it does not undergo structural
changes upon wetting. Furthermore since particle size distribution
(PSD) critically affects powder behavior, materials spanning a wide
range of particle sizes were chosen to enable a more general assessment
of the investigated variables.

2.1.1. Particle size distribution

The volume based particle size distribution was measured by laser
light scattering (Malvern Hydro 2000, Malvern, UK) using ethanol as
dispersing medium. An obscuration level between 10% and 20% was
maintained. Refractive indices of 1.36 were used for ethanol, 1.7 for
MCC and CaHPO, powders, and 1.6 for silica sand.

Prior to measurement, CaHPO, Al2 was sonicated to disrupt ag-
glomerates formed by van der Waals and electrostatic forces, ensuring
a representative PSD.

Fig. 2 reports the PSDs, while Table 1 summarizes d,,, dq,, the
median particle diameter ds, the relative span, S, = M, and the
specific surface area S.SA.

CaHPO, Al2 exhibits the smallest median diameter (ds, = 5.0 pm),
followed by MCC (ds, = 54.8 pm), CaHPO, A150 (ds, = 167.8 pm), and
silica sand (ds, = 247.1 pm). CaHPO, Al2 and MCC display broader
PSDs (Sg = 3.9 and 2.4), whereas CaHPO, A150 and silica sand show
narrower distributions (S = 1.2 and 0.7). CaHPO, Al2 is the only
material exhibiting a bimodal PSD, with peaks at 2.7 pm and 16.3 pm.
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Table 1
Particle size distribution parameters and specific surface area of the investi-
gated powders.

Powder dyy (pm) dsy (pm) dyy (pm) Relative SSA (m?/g)
span (-)
MCC 14.92 54.8 148.0 2.4 0.209
CaHPO, A150 87.1 167.8 175.9 1.2 0.0857
CaHPO, Al12 1.7 5.0 21.3 3.9 1.6
Silica Sand 171.9 247.1 352.7 0.7 0.0253
2.2. Binders

The binders used were demineralized water and aqueous solutions
of hydroxypropyl methylcellulose (HPMC, nominal viscosity 100,000
mPa s at 2% w/w, Shin-Etsu, JP), prepared at concentrations of 0.75%
w/w and 1% w/w. For simplicity, demineralized water is referred to
as water, while the HPMC solutions are denoted as HPMC 0.75% and
HPMC 1%. HPMC is a cellulose-derived hydrophilic polymer widely
used as a pharmaceutical binder [17].

To investigate the effect of a non-polar, high-viscosity liquid, sili-
cone oil (polydimethylsiloxane; density 966.2 kg/m?; viscosity 339.5
mPa s; Lubrisolve Engineering Solutions Limited, UK) was also em-
ployed.

2.2.1. Viscosity

Water and silicone oil behave as Newtonian fluids, with viscosities
Mo = 1 mPa s and #gjcone = 339.5 mPa s, respectively. In contrast,
aqueous HPMC solutions are non-Newtonian and exhibit shear-thinning
behavior, which becomes more pronounced with increasing polymer
concentration [18]. At low shear rates, entangled polymer chains in-
crease flow resistance, whereas at high shear rates chain alignment
reduces viscosity [17,18].

HPMC concentrations were selected based on viscosity measure-
ments performed with a rheometer (Anton Paar MCR 92, Anton Paar,
AT). Concentrations were chosen to ensure a clear deviation from water
viscosity across the investigated shear rate range, while remaining
industrially relevant.

Each HPMC solution sample was loaded into a 17 cm? stainless steel
cup. A linear shear rate ramp from 1 s~! to 500 s~! was applied.

The investigated shear rate range was selected based on previous
DBI studies [13], which provided a reference. Since the strain rate in
DBI experiments cannot be independently imposed, and no significant
deviations were expected when varying the powder bed, a comparable
range was assumed. A maximum value of 500 s~! was therefore selected
to provide a safety margin and ensure full coverage of the DBI shear
rates.

Measurements were performed at T = 25 °C, consistent with the
ambient conditions (19 °C - 23 °C) of the indentation experiments.

Experiment results are shown in Fig. 3, as viscosity against shear
rate, each curve represent one concentration of HPMC.

Based on this experiment the concentrations selected for the study
were 0.75% w/w, with 7, =25.71 mPa s and #,,,, = 81.68 mPa s, and
1% w/w, with #,,;, = 89.42 mPa s and #,,,,, = 312.97 mPa s.

2.2.2. Surface tension

The surface tension of demineralized water was taken from liter-
ature, while that of silicone oil was provided by the manufacturer.
The surface tension of the HPMC solutions was determined using the
sessile drop method [19]. Drops were deposited on a Teflon surface to
minimize liquid-solid interactions and analyzed by image processing.

Due to the sensitivity of the method to drop-shape detection, 10
independent measurements were performed for each HPMC solution.
Mean values and standard deviations are reported in Table 2.
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to 500 s~!, constant temperature at T = 25 °C.
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Table 2
Surface tension values of the binders used in this study.
Binder Surface tension Source/Method
[mN/m]
Water (H,0) 72.8 Literature value at 20 °C, [20]
HPMC solution (0.75% w/w) 485+73 Sessile drop method
HPMC solution (1.0% w/w) 365112 Sessile drop method
Silicone oil 21.1 Manufacturer datasheet

Binder dosing

Drive and
subsidiary shaft

Fig. 4. Schematic of the torque rheometer setup.

2.3. Wet powder characterization

Powder-binder interactions were investigated using a torque
rheometer (MTR 3, Caleva Process Instruments, Dorset, UK). Torque
rheometry provides a macroscopic measure of the resistance of a
powder bed to the rotation of mixing blade at controlled speed. The
measured torque reflects the combined effects of interparticle fric-
tion, capillary cohesion, and viscous dissipation, providing an indirect
quantitative measure of bulk mechanical properties [21].

By progressively increasing the binder content, torque measure-
ments allow for the identification of the transitions between the clas-
sical saturation regimes (pendular, funicular, capillary, and droplet),
qualitatively illustrated on Fig. 5, [3].

The MTR is specifically designed to monitor changes in cohesiveness
and stickiness of powders upon liquid addition. It consists of a mixing
chamber equipped with two counter-rotating blades. The chamber is
free to rotate around the drive axis, while the torque is transmitted
through an arm connected to a calibrated load cell (Fig. 4). This
configuration enables the direct measurement of torque variations oc-
curring during the wetting of powders, thereby allowing the study of
binder—powder interactions, [3].

Experiments were conducted using the multiple-addition method.
Specifically, 12.5 g of MCC or 45 g of CaHPO, were loaded into the
empty chamber and mixed at 150 rpm. Binder was added in steps of
1 mL. After each addition, the wet mass was mixed for 10 s in case
of water addition or 20 s for HPMC solutions (higher time to account
for their greater viscosity and slower homogenization). Subsequently,
the torque value was recorded for 15 s. The total liquid volume added
depended on the powder-binder system and was adjusted to reach the
overwetting condition.

Fig. 5 shows a typical MTR torque profile where the red dot identify
the optimal granulation conditions [22].
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Fig. 5. Typical MTR torque profiles during binder addition [3].

As shown in Fig. 5, the MTR curve typically exhibits a bell-shaped
profile: the torque increases to a maximum and then decreases rapidly
with the binder addiction. The different regions of this curve corre-
spond to the characteristic saturation regimes of powders. The optimal
granulation point is generally located within the funicular regime and
corresponds to a mathematical inflection point in the torque curve [3,
22].

In some powder-binder systems (e.g., MCC-water), the torque pro-
file exhibits a clear change in slope, commonly referred to as a “shoul-
der”. This feature is associated with the binder content corresponding
to the funicular regime. For instance, in Fig. 7, the MCC-H,O system
(black line, normalized torque measured with MTR) shows a distinct
shoulder in the binder mass fraction range y, = [0.5,0.6].

In contrast, most powder-binder systems, including the CaHPO,
system investigated in this work, show a smoother torque profile, which
obscures this transition. In such cases, the inflection point is determined
by calculating the second derivative of the torque signal and identifying
the first point where it equals zero [3,22,23].

2.4. Sample preparation and experimental procedure

Wet powder samples were prepared via high-shear mixing to en-
sure homogeneous binder distribution and to prevent uncontrolled
agglomeration. The impeller speed was increased up to 3000 rpm after
binder addition to promote rapid liquid redistribution and minimize
preferential wetting. Under these conditions, the system is expected to
operate in a mechanically dominated regime, ensuring uniform wetting
of the powder bed.

The prepared material was then transferred into a cylindrical con-
tainer and subjected to a progressive uniaxial consolidation protocol.
This step was specifically designed to minimize vertical stress gradi-
ents and ensure a uniform stress state within the region probed by
indentation.

Dynamic ball indentation experiments were performed by releasing
a spherical indenter from a fixed height onto the pre-consolidated pow-
der bed. The indenter motion was recorded using high-speed imaging,
allowing reconstruction of position, velocity, and acceleration profiles.
These were used to derive the force response and dynamic hardness of
the material.

A complete and detailed description of sample preparation, consoli-
dation procedure, experimental setup, and data analysis is provided in
Appendix A.

3. Results and discussion
3.1. Torque and dynamic hardness comparison

Torque measurements obtained from the rheometer were compared
with the dynamic hardness values measured through DBI experiments.
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To the authors’ knowledge, no studies are currently available in the
literature that directly compare these two quantities, even on a qualita-
tive basis, in the context of wet powders. This comparison is motivated
by the hypothesis that both techniques probe the same underlying
resistance mechanisms — interparticle friction, capillary cohesion, and
viscous dissipation — albeit at different length scales and timescales.
Establishing a correspondence between these methods would validate
DBI as a complementary characterization tool.

From a theoretical perspective, the hardness values obtained by
dynamic indentation can be related to the torque measured by the
rheometer, since both quantities provide a measure of the material
resistance to deformation, although at different length scales and under
distinct loading conditions.

In torque rheometry, the measured torque represents the overall
resistance of the powder bed to the shear imposed by the rotating
blades. This resistance originates from the combined contribution of
interparticle friction, cohesive forces due to liquid bridges, and viscous
dissipation associated with the binder, [21]. Conversely, the indenta-
tion dynamic hardness H,, defined as the dynamic flow resistance of
the indented powder bed surface, [13], is intrinsically a local prop-
erty. It characterizes the response of a confined volume of material
and may therefore not fully capture the bulk behavior. However,
provided that the sample preparation ensures sufficient homogeneity
and reproducibility, the indented region can reasonably be considered
representative of the overall system.

Accordingly, torque rheometry probes the macroscopic response
of a relatively large powder volume subjected to continuous shear,
whereas indentation experiments probe a localized response under
highly concentrated loading conditions.

The characteristic timescales of the two techniques differ signifi-
cantly. Torque values are averaged over several seconds (15 s in the
present experiments) following a homogenization phase. This averaging
procedure reduces fluctuations arising from non-uniform resistance
during blade—particle interactions, yielding an effective quasi-steady
value. In contrast, dynamic ball indentation occurs over a timescale
of milliseconds and is inherently non-stationary, allowing fast transient
phenomena associated with impact to be captured. Despite these differ-
ences in measurement principles, both methods probe the mechanical
resistance governed by the same fundamental interactions: friction,
capillary forces, and viscous dissipation. Therefore, we expect a qual-
itative correspondence between torque profiles and dynamic hardness
trends as a function of binder content, even if the absolute values and
sensitivity differ.

Figs. 6 and 7 compare normalized torque from MTR torque rheome-
ter (black curve) and dynamic hardness from DBI at different consol-
idation stresses (colored curves) as a function of binder mass fraction
yp = %, showing a clear qualitative correspondence. This corre-
spondenc"g: is particularly evident in Figs. 6 and 7, where higher torque
values systematically correspond to higher indentation hardness. In
both cases, peaks are observed at the same binder mass fractions.

It can therefore be stated that the overall shape of the profiles
appears to be independent of the measurement timescale. This sug-
gests that the properties measured under quasi-steady conditions using
torque rheometry can reflect, at least qualitatively, the mechanical
response of the powder bed during rapid impact events. It would
nonetheless be of interest to investigate whether the magnitude of
the hardness values provides additional insight compared to torque
measurements, since DBI more closely reproduces the collisional dy-
namic conditions encountered in high-shear wet granulators (HSWG).
At present, only a qualitative correspondence between the two tech-
niques has been addressed, but this aspect represents a promising
direction for future work. Establishing a quantitative conversion factor
between torque and dynamic hardness would enable the direct use of
DBI measurements for predicting granulator performance.

An important advantage of the hardness method over torque pro-
file evaluation lies in the possibility of assessing material resistance
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Fig. 6. Comparison between normalized torque from MTR rheometer and

dynamic hardness from BDI (at pre-consolidation of 1, 5, and 9 kPa) as a
function of binder mass fraction. Materials: CaHPO, A150 and HPMC 1%.
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Fig. 7. Comparison between normalized torque from MTR rheometer and
dynamic hardness from BDI (at pre-consolidation of 1, 5, and 9 kPa) as a
function of binder mass fraction. Materials: MCC and H,O.

as a function of the preconsolidation stress applied to the powder
bed. This information cannot be obtained from torque measurements,
since the powder is loaded into the rheometer without any means of
controlling compaction. Moreover, the powder is continuously kept in
motion by the rotating blades, which prevents the formation of a stable,
consolidated bed.

This limitation is overcome by hardness measurements, which allow
the resistance of the material to be evaluated as a function of its
consolidation state. As shown in Figs. 6 and 7, the peak associated with
the capillary regime is preserved even when the consolidation stress is
varied.

From a practical standpoint, this capability is valuable for informing
granulation process design. The consolidation state of granules within a
high-shear mixer evolves dynamically as a result of repeated collisions
and compaction events. While the actual stress distribution experienced
by individual granules in the granulator remains unknown and spatially
heterogeneous, DBI enables the systematic exploration of wet powder
strength across a controlled range of preconsolidation stresses. This
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approach does not establish a direct correspondence with in-process
conditions, but it provides a means of characterizing how consolidation
history influences granule mechanical properties, this information can
guide the interpretation of granulation behavior and assist in identi-
fying whether a system is likely to exhibit steady growth, induction
behavior, or overwetting tendencies [5,7].

In summary, the qualitative correspondence between torque rheom-
etry and dynamic ball indentation validates DBI as a mechanistically
meaningful characterization method for wet powders. While both tech-
niques probe the same fundamental resistance mechanisms, DBI offers
unique advantages: (i) operation under dynamic, impact-like conditions
relevant to high-shear granulation, and (ii) explicit control over con-
solidation state. These features position DBI as a complementary tool
to torque rheometry, capable of bridging the gap between quasi-static
powder characterization and dynamic process behavior.

3.2. Dynamic hardness and inertial number

Within the DBI framework, the dependence of the dynamic hardness
of dry powders on the Inertial number was previously investigated by
Santomaso [13]. In contrast to previous work on DBI, the objective
of this study is to explore the applicability of the Inertial number
as a descriptor of the mechanical behavior of wet powders, where
the presence of a liquid phase introduces additional dissipative and
cohesive effects. The Inertial number framework, originally developed
for dry granular materials, provides a unified description of flow behav-
ior by characterizing the relative importance of inertial and frictional
mechanisms. For wet powders, however, additional forces arise from
liquid bridges — specifically, capillary cohesion and viscous dissipation
— which are not explicitly captured by the classical Inertial number for-
mulation. The central question addressed in this section is whether the
Inertial number can still serve as a meaningful descriptor of wet powder
strength, and if not, what modifications or additional dimensionless
groups are required.

In the present work, the formulation of the Inertial number in-
troduced by the GDR MiDi group is adopted [24]. This definition
was originally proposed to describe the behavior of dry, cohesionless
granular materials with particle diameter d, > 250 pm and low-
viscosity interstitial fluids (typically gases), where particle interactions
are governed predominantly by contact forces [24].

At the grain scale, the Inertial number can be interpreted as the ratio
between two characteristic timescales: the timescale associated with the
confining stress Tp [24,25],

P
TP=dp\/Fp, 5)

and the timescale associated with plastic deformation,

T, =1 ®)
v
Here, 7 is the strain rate, evaluated as the ratio between the indenter
velocity and the penetration depth at the maximum force point:

v
y = @
Fmax

It is worth noting that, in wet granular systems, these are not the
only relevant phenomena governing the mechanical response. Addi-
tional phenomena are associated with viscous dissipation and capillary
interactions, that may become significant depending on the liquid
content and binder properties. These effects are not explicitly included
in the definition of the Inertial number but will be addressed and
discussed in the following sections.

The ratio between the two characteristic timescales introduced
above leads to the definition of the Inertial number:

1=7d,/2. ®
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Fig. 8. Dynamic hardness as a function of the Inertial number. Materials: all
powder-binder combinations; preconsolidation stress: 1, 5, 9 kPa; binder mass-
fraction range: [5-75%].

In the present experiments, indentation occurs very close to the
free surface of the powder bed. Under these conditions, before indenter
impact, lateral stress transfer can be neglected, and the vertical stress
can be reasonably approximated by its hydrostatic contribution over a
depth h="h Fonx [13,24]. Therefore,

P ppghp,,. ©®

where hp_ is the indentation depth at the maximum force point, con-
sistently with the definition of dynamic hardness, which is evaluated
at the same depth. Substituting this expression into the definition of I
yields:

(10)

The particle diameter d, was taken as the median particle size ds,
for each powder, as reported in Table 1.

Fig. 8 reports the dynamic hardness H, as a function of the Inertial
number [ for all investigated powder-binder combinations, considering
three different preconsolidation stresses (1, 5, and 9 kPa) and several
binder mass fractions in the range y, € [5-75%].

The distribution of the experimental data across different precon-
solidation stresses and binder contents is reported in a supplementary
figure in the Supplementary Material.

It is immediately apparent that, when using Eq. (10), the data do
not collapse onto a single master curve. Instead, four distinct trends are
observed, with each powder type following a separate trajectory. The
primary source of this separation is the particle diameter, which spans
approximately two orders of magnitude across the investigated powders
(from d,, = 5 pm for CaHPO,4 A12 to d,, = 247 pm for sand). This particle-
size dependence reveals a fundamental limitation of using the Inertial
number alone to describe wet powder behavior. The Inertial number
accounts for the ratio of inertial to frictional/confining forces, but it
does not explicitly include the contribution of capillary forces, which
scale linearly with particle diameter (F,,, ~ yd,), or viscous forces,
which also depend on particle size through liquid bridge dimensions.
As a result, powders with different particle sizes but identical Inertial
numbers experience different relative magnitudes of capillary and vis-
cous resistance. This explains why the curves separate systematically
by particle size rather than collapsing onto a universal trend.

According to the granular flow framework [24,26], three main flow
regimes can be distinguished based on the Inertial number:

+ Quasi-static regime (I < 1073): deformation is nearly rate-
independent and dominated by frictional contacts.
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- Dense or intermediate regime (10~ < I < 10~'): both frictional
and inertial mechanisms contribute to the response.

+ Collisional regime (I > 107'): the behavior is dominated by
collisions and inertial dynamics.

Based on this classification, the experiments shown in Fig. 8 fall
within the dense regime for CaHPO, A12 and MCC (I ~ 1073 to
1071), and extend into the collisional regime for CaHPO, A150 and
sand (I ~ 1072 to 100). However, the observed dependence of H,; on
I does not fully align with the classical regime boundaries established
for dry granular materials. This deviation is expected, as the regime
classifications were developed for systems where only contact forces
are significant, whereas wet powders experience additional cohesive
and viscous interactions that alter the mechanical response.

All curves exhibit a similar qualitative shape. At relatively low
values of I (approximately 7% of the explored Inertial number range
for each powder), the dynamic hardness is essentially independent of
the Inertial number. This initial plateau region can be classified as
quasi-static, in which the system response is rate-independent [24] and
governed primarily by capillary cohesion and interparticle friction. The
plateau value itself likely reflects the capillary strength contribution,
which varies with particle size, liquid content, and surface tension—
factors that are not captured by the Inertial number but that govern
the baseline resistance in the absence of significant inertial effects. The
relatively narrow range of plateau values (0.97-2.75 kPa) compared to
the full investigated hardness range (0-30 kPa) suggests that capillary
forces provide a modest baseline strength, which is then amplified by
inertial effects as I increases.

As the Inertial number increases beyond the plateau, inertial effects
progressively influence the flow, and the dynamic hardness becomes
rate-dependent. This behavior can be associated with the intermediate
or dense regime, where both particle inertia and frictional interactions
contribute to the resistance of the powder bed against penetration. In
this regime, the nearly linear increase of H, with I on the log-log plot
(approximate slope ~ 0.8-1.0 across all powders) indicates that inertial
resistance scales with the characteristic momentum flux associated with
particle rearrangements.

No further trend variation is observed that would clearly identify a
transition to a fully collisional regime, where particle interactions are
dominated by binary collisions rather than sustained contacts. This is
most likely due to the absence of experimental points at sufficiently
high I values, combined with the inherent limitations of the DBI
method in accessing extreme strain rates.

A key limitation of the DBI method is the impossibility of directly
prescribing the strain rate, since

UF,

7= —max
thZIX

and both the indenter velocity and the penetration depth at the max-
imum force point are determined by the powder response rather than
being independently controlled. Increasing the drop height of the in-
denter would increase the impact velocity, potentially increasing vg,_,
but it would also lead to a deeper penetration, resulting in only a
limited variation of the strain rate. This limitation should be addressed
in future work, with the aim of expanding the accessible strain-rate
range.

The present results indicate that dynamic hardness can indeed be
described as a function of the Inertial number, since the character-
istic transition from rate-independent to rate-dependent behavior is
consistently observed across all powder-binder combinations. However,
using this particular definition of I, the response is not universal and
remains dependent on particle size. This systematic shift of the curves
with particle diameter is not merely an empirical observation—it has a
clear physical origin. Capillary forces, which provide cohesive strength
through liquid bridges, scale as F,,, ~ yd,cos@. Similarly, viscous
forces arising from liquid bridge stretching or compression scale with
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both viscosity and characteristic dimensions that depend on particle
size. Because neither capillary nor viscous contributions are explicitly
included in the Inertial number formulation (which was derived for
dry, cohesionless systems), their influence appears as a particle-size-
dependent offset in the H, vs. I relationship. This finding motivates
the introduction of an additional dimensionless group — the Capillary
number - to account for the relative importance of viscous and capillary
forces, as explored in the following section.

3.3. Dimensionless force and capillary number

Based on viscous theory and dimensional analysis, Iveson showed
that the dynamic strength of a wet powder compact, normalized by the
capillary force,

Yd
Sirt = —2|
y cos 6
depends on the ratio between viscous and capillary forces acting at the
single particle—particle level, known as the Capillary number,
nyd,
a= s
ycosé

together with the internal friction coefficient 4, the granule saturation
S, and the packing fraction @ [8].

Yd, (nj/dp

= — s, S, D 11
y cos 6 y cos 6 Hr > an

In Eq. (11), Y is the dynamic yield stress, d, the median particle
diameter, y the binder surface tension, 0 the contact angle, 5 the binder
viscosity, and y the strain rate.

Iveson and co-workers used the peak flow stress o, as a proxy for Y,
obtained from high-speed compression tests on cylindrical wet powder
compacts. Assuming complete wettability (cos @ = 1), they proposed an
explicit dependence of St7r* on Ca alone:

Str* =5.3+280Ca’8. 12)

This relation was later extended to include particle aspect ratio and
particle size distribution effects [27,28].

In the present work, the dynamic hardness H,; obtained via Dynamic
Ball Indentation (DBI) is used as an estimate of Y. This choice is jus-
tified by the fact that hardness quantifies the resistance of the powder
to irreversible deformation under rapid loading, while Y represents the
stress required to activate permanent particle rearrangements. Conse-
quently, both quantities reflect the onset of irreversible deformation.
Several studies have linked hardness to the unconfined yield stress
through a constraint factor, demonstrating the intrinsic relationship
between these two parameters [13,15,16,29,30].

Fig. 9 reports the dimensionless strength as a function of the Capil-
lary number, defined as

H,d,

nyd
Str* ) a=—2.
Y

14

The dataset includes three preconsolidation stress levels (P = 1, 5,9 kPa)
and binder mass fractions in the range y, = 5-75%. Each data point
represents the average of three repetitions. Colors identify the powder,
while symbols indicate the binder type. The black line corresponds to
Eq. (12) [11], whereas the colored lines represent best fits obtained by
grouping experiments performed with the same binder. Each point of
the dataset represent the average between three repetitions.

The experimental results deviate significantly from Iveson’s refer-
ence curve. Instead of collapsing onto a single master curve, the data
align along distinct trends associated with the binder type, despite
differences in powder material, preconsolidation stress, and binder
fraction. This deviation reflects a fundamental difference in experimen-
tal conditions: Iveson’s correlation was derived from measurements at
fixed porosity and saturation, whereas the present dataset explores a
much broader parameter space. Since the Capillary number already




L. Schiavo et al.

102 &
z
€
n
100 b
-
-6
i 1
10 10" 10 10 102 107" 10°
Ca(-)
O Sand, HZO () CaHF’O4 A12, Silicone Oil MCC, HPMC 1%
O  Sand, HPMC 0.75% O CaHPO, A150, H,0 MCC, Silicone Oil
A sand, HPMC 1% O  CaHPO, A150, HPMC 0.75% s Reference Curve
¢  sand, Silicone Oil A CaHPO,A150, HPMC 1%  — — — -H,Ofit
O CaHPO, A12,H,0 {  CaHPO, A150, Silicone Oil  uuseeeeee HPMC 0.75% fit
O CaHPO, A12, HPMC 0.75% MCC, H,0 e HPMC 1% fit
A CaHPO, A12, HPMC 1% MCC, HPMC 0.75% Silicone Oil fit

Fig. 9. Dimensionless strength against Capillary number. The black thick line
represent Iveson relation, Eq. (12), colored lines represents the fit collecting
all the experiments that uses the same binder. Material: all the powder-binder
combinations; preconsolidation stress: 1, 5, 9 kPa; binder mass-fraction range:
[5-75%].

Table 3

Fitted equation for grouping experiments by binder type.
Binder Equation R?
Water (H,0) Str* = 44506 - Ca** 0.756
HPMC solution (0.75% w/w) Str* = 1659 - Ca®*” 0.811
HPMC solution (1.0% w/w) Str* =442 - Ca'® 0.831
Silicone oil Str* =170 - Ca"® 0.834

accounts for 5, y, and 7, and the observed trends successfully group
different powders when organized by binder, the separation must arise
from the combined effects of consolidation state and liquid saturation—
variables that enter the mechanical response but are not explicitly
captured by Ca alone.

The fitted equations, all of the form

Str* =k, Ca",

together with the corresponding R? values, are reported in Table 3.

The fitted exponents n are remarkably consistent across binders,
with an average value of 1.03+0.04. This near-unity exponent indicates
that the dimensionless strength scales approximately linearly with the
Capillary number in log-log coordinates, meaning that S7r* is nearly
proportional to Ca. The main variation lies in the prefactor k,, which
decreases strongly with increasing binder viscosity and increases with
surface tension, ranging from k; ~ 4.5 x 10* for water to k; = 170 for
silicone oil;

These results indicate that the linear dependence between .Str*
and Ca is binder-dependent and that its magnitude is largest for low-
viscosity binders, such as water in the present study.

Each binder-dependent trend includes data obtained at different
preconsolidation stresses and saturation levels. These variables were
not explicitly considered in Iveson’s original work [11], which explains
why a single universal Str*~Ca curve does not capture the present
experimental results.

This binder-dependent representation of Str*, although not univer-
sal and not sufficient to fully describe the mechanisms governing the
response of wet granular materials to applied stresses, is nevertheless
potentially valuable. It accounts for variations in consolidation state
and liquid saturation without compromising the validity of the single-
variable relationship Str* = f(Ca). Further validation is required, in
particular for the binder-dependent prefactor k,;, which appears to be
primarily controlled by binder properties. In the absence of a predictive
model for k;, a single indentation test performed with a given binder
may be sufficient to determine the corresponding .Str*(Ca) relationship,
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Fig. 10. Dimensionless strength as a function of the Capillary number, with
experimental data averaged over different preconsolidation stresses and binder
mass fractions. The black thick line represents the Iveson correlation, Eq. (12),
while colored lines correspond to fits grouping experiments performed with the
same powder.

independently of the powder type, given the approximately linear
dependence observed between Str* and Ca. This approach would
enable rapid characterization of wet powder systems without requiring
exhaustive experimental campaigns.

A linear dependence of wet powder strength on binder viscosity
is consistent with lubrication theory [31]. The viscous force gener-
ated during axial stretching or compression of a liquid bridge can be
approximated as [8,31]

3zna® dh
T Ton 4’ (13)
where 7 is the viscosity, a is the harmonic mean particle radius (1/a =
1/a;+1/a,), 2h is the interparticle separation, and dh/dt is the relative
velocity. This expression shows that viscous resistance scales linearly
with viscosity and strain rate (since % ~ yd,), which is precisely
the scaling captured by the Capillary number. The dynamic hardness
H,, which quantifies the integrated resistance of many liquid bridges
throughout the indented volume, would therefore be expected to scale
with Ca when viscous dissipation contributes significantly to the over-
all mechanical response. The prefactor &, in this interpretation, reflects
the ratio of capillary to viscous contributions, with lower values of k;
indicating systems where viscous effects dominate.

Iveson’s original experiments [8,12] were conducted under con-
ditions where both porosity and liquid saturation were effectively
constant and not systematically varied. In contrast, the present dataset
spans a wide range of preconsolidation stresses, which directly control
bed porosity [32], as well as several binder mass fractions. These
additional degrees of freedom introduce physical effects that were not
part of Iveson’s experimental framework and may therefore contribute
to the observed deviation from his correlation.

To assess whether the discrepancy between the present results and
Iveson’s model arises from these additional variables, the data were
averaged over both preconsolidation stress and binder content. This
averaging procedure reduces dispersion associated with porosity and
saturation variations, enabling a clearer comparison with the classical
Str*—~Ca relationship. Although this operation necessarily modifies the
numerical values, it allows the role of Ca to be isolated from the
influence of the additional parameters.

The averaged results are shown in Fig. 10.

After removing the variability associated with porosity and satura-
tion through averaging, the data exhibit a markedly improved agree-
ment with the functional form of literature trends. Despite the lack
of measurements at low Ca, (Ca < 10~*), which limits the ability of
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Table 4

Fitted equation.
Powder Equation R?
MCC Str* =5.371 4 40.752 - Ca®+8 0.759
CaHPO, A150 Str* = 8.867 + 117.841 - Ca®® 0.722
CaHPO, A12 Str* = 1.229 + 57.266 - Ca"%%0 0.759
Sand Str* =20.796 + 111.751 - Ca®76* 0.862

fully resolve the intercept term, the averaged curves follow the same
analytical form originally proposed by Iveson [11]:

Str* =k, +ky Cd". 14)

The fitted parameters for the different powders are reported in Table
4.

The coefficient of determination R? for the averaged fits ranges from
0.72 to 0.86, indicating reasonable agreement but also highlighting
residual scatter that cannot be explained by Ca alone. This resid-
ual scatter likely reflects the influence of powder-specific properties
(e.g., particle shape, surface roughness, interparticle friction) that are
not captured by the particle diameter term in Ca.

The ability to recover the characteristic shape of Iveson’s correlation
confirms that Dynamic Ball Indentation can be used as a suitable tool
to identify and quantify the governing mechanisms involved in the
mechanical behavior of wet powders.

However, the need to perform averaging to achieve agreement also
highlights an important limitation: the Capillary number alone is insuf-
ficient to fully describe wet powder strength when consolidation state
and liquid saturation vary over a wide range. This finding motivates
the development of a more comprehensive constitutive framework that
incorporates an additional dimensionless group to account for inertial
effects, as explored in the following sections.

3.4. Dimensionless force and inertial number

The analysis presented in Section 3.3 demonstrates that the Cap-
illary number successfully captures the dominant viscous-capillary
physics within each binder system, but yields binder-dependent scaling
laws characterized by distinct prefactors k,. This binder dependence
indicates that the Capillary number alone cannot provide a universal
description of wet powder strength when consolidation state and liquid
saturation vary over a wide range and strongly suggests that additional
physical mechanisms, not explicitly captured by Ca, contribute to the
mechanical response.

To identify these additional mechanisms, we remove the explicit
viscosity dependence by analyzing the dimensionless strength as a
function of the Inertial number rather than the Capillary number. This
approach is motivated by the recognition that, at the high strain rates
characteristic of DBI ( ~ 25-265 s~1), inertial interactions between
particles may play a significant role. The Inertial number,

. 1
I:ydpvghF '

characterizes the relative importance of inertial effects during impact
and allows the strength to be studied independently of binder viscosity
and surface tension.

The results are shown in Fig. 11. The experiments reveal a clear
trend between Str* and I, with the dimensionless strength increasing
with increasing impact inertia and decreasing internal stress.

The observed trend is consistent across different preconsolidation
stresses and saturation levels, indicating that the Inertial number ef-
fectively captures the influence of these variables on the wet powder
strength. This behavior is physically consistent: as I increases (ei-
ther through higher strain rates or lower confining stress), particle
rearrangements become increasingly dominated by inertial momen-
tum transfer rather than quasi-static force balance. Consequently, the

10
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Fig. 11. Dimensionless strength against Inertial number. Material: all the
powder-binder combinations; preconsolidation stress: 1, 5, 9 kPa; binder mass-
fraction range: [5-75%].

dimensionless strength increases, reflecting the growing contribution
of kinetic energy dissipation during particle collisions and the re-
duced time available for stress relaxation through viscous or frictional
mechanisms.

However, the Inertial number alone is insufficient to fully predict
the magnitude of St7r*. Data points are shifted vertically depending on
the binder used, following the same ordering observed in the Str*~Ca
representation (Fig. 9). Specifically, systems with low-viscosity binders
(water) exhibit higher dimensionless strength at a given I, while high-
viscosity binders (silicone oil, HPMC solutions) show systematically
lower values. This vertical offset reflects the contribution of viscous
dissipation, which is not accounted for in the Inertial number. While
I characterizes inertial-frictional interactions, it does not capture the
rate-dependent viscous resistance that scales with binder viscosity and
strain rate—precisely the physics encoded in the Capillary number.

This observation motivates a combined description of wet powder
strength based on both Capillary and Inertial numbers.

The Capillary number accounts for viscous-capillary force balance,
while the Inertial number captures momentum-dominated deformation
and frictional interactions in the dense flow regime. By incorporating
both dimensionless groups, we expect to develop a unified scaling law
capable of collapsing all experimental data — regardless of powder type,
binder properties, consolidation state, or saturation level — onto a single
master curve. This constitutive framework, presented in the following
section, provides a complete description of wet powder strength under
dynamic loading conditions.

3.5. Combined influence of capillary and inertial numbers on dimensionless

strength

It is well established in the literature, and confirmed by the present
study, that the dimensionless strength (Str*) depends on the Capillary
number (Ca). However, the results presented in Sections 3.3 and 3.4
show that Str* is also significantly affected by the Inertial number (1),
particularly under the high strain-rate conditions typical of Dynamic
Ball Indentation.

The objective of this analysis is to provide a unified constitutive de-
scription that accounts for the combined influence of capillary-viscous
and inertial effects on the strength of wet powders.

Experimental results show that variations in binder viscosity in-
duce a vertical shift in the Str*-I relationship (Fig. 11), indicating
that neither Ca nor I alone is sufficient to describe the observed
behavior. Conversely, as demonstrated in Section 3.3, the Str*~Ca rela-
tionship exhibits binder-dependent prefactors, reflecting contributions
that are not captured by viscous-capillary scaling alone. This comple-
mentary behavior suggests that viscous—capillary effects (quantified by
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Ca) and inertial-frictional effects (quantified by I) act as independent
but coupled mechanisms governing the mechanical response.
A multiplicative power-law form:

Str* = ACa® I” 1s)

would correspond to a linear relationship in logarithmic coordinates:

log(Str*) = log(A) + alog(Ca) + flog(I) (16)

and would be consistent with the observed behavior. The exponents
a and p quantify the relative contributions of viscous-capillary and
inertial mechanisms, respectively, to the overall dimensionless strength.

The exponents a, # and the prefactor A were determined through
a global optimization process based on the linearization of the ex-
perimental data in logarithmic space. Specifically, the objective func-
tion minimized was the Residual Sum of Squares (RSS) of the log-
transformed variables:

N

RSS(4, a, f) = z [log(S1r) — (log(A) + alog(Cay) + p 1og(11.))]2

i=1

a7

where log(Str}) represents the logarithm of the experimental dimen-
sionless strength measured for the ith data point.

The optimization was performed using a Grid Search algorithm
coupled with linear regression. The algorithm explored the parameter
space for the exponents within a bounded range ([-4,4] with a step
size of 0.02), calculating the coefficient of determination (R?) for each
combination to identify the global optimum that maximizes the collapse
of the experimental data onto the master curve.

The quality of the fit was assessed through the coefficient of deter-
mination (R?), computed in the logarithmic domain as:

N . NS
ss 2, (log(stry) ~ log(sirr, )

R2 =1- SSreS — P - (18)
fot P (1og(5zr7) - 10g(Str*)>
where Sty g 18 the value predicted by the model, S.S,,, corresponds

to the minimized RSS, and S.S,, represents the total sum of squares
of the deviations between the model predictions and the mean of the
experimental logarithmic data (log(Str*)).

The fitting procedure converged to a well-defined set of parameter
values with narrow confidence intervals, indicating that the material
response is governed by a robust physical scaling. The best-fit param-
eters, their uncertainties, and the quality of the resulting master curve
are presented and discussed in the following section (Section 3.6).

3.6. Proposed constitutive law and physical interpretation

Following the methodology described in Section 3.5, the complete
experimental dataset—comprising N = 185 experiments spanning four
powders (CaHPO, A12, CaHPO, A150, MCC, silica sand), four binders
(water, HPMC 0.75%, HPMC 1%, silicone oil), three preconsolidation
stresses (P = 1, 5, 9 kPa), and binder mass fractions in the range y, =
5-75%—was fit to the power-law constitutive form.

The optimization procedure converged to the following relationship,
where uncertainties represent the 95% confidence intervals derived
from the linearized regression:

Str* = (210.53 + 24.16) C(0-16£0.02) 7(0.79:0.04) 19

with a coefficient of determination R? = 0.96.

Fig. 12 reports the dimensionless strength St* as a function of the
combined variable Ca%!¢ - 197 on log-log axes. Experimental data are
shown as colored symbols, where the color identifies the powder type
and the symbol shape indicates the binder. Despite the wide range of
material properties, processing conditions, and saturation levels repre-
sented in the dataset, all data collapse onto a single master curve (black
dashed line), demonstrating the universality of the proposed scaling
law. The scatter around the fitted line is remarkably small, with most
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Fig. 12. Dimensionless strength as a function of Ca®'¢- 197, The black dashed
line represents the final constitutive law, Eq. (19), with R? = 0.9588. Material:
all powder-binder combinations; preconsolidation stress: 1, 5, 9 kPa; binder
mass-fraction range: [5-75%].

data points falling within +20% of the predicted value. No systematic
deviations are observed for any particular powder or binder, confirming
that the combination Ca%'¢ . 107 successfully captures all relevant
physics governing wet powder strength under dynamic loading.

The high coefficient of determination (R? = 0.96) indicates that 96%
of the variance in log(Str*) is explained by the model, with only 4%
attributed to experimental scatter and unmodeled effects. This level of
agreement is very good given the diversity of the dataset and confirms
the robustness of the proposed constitutive framework. The residual
scatter likely reflects minor contributions from factors not explicitly
included in the model, such as particle shape effects, surface roughness
variations, and minor differences in packing structure. Nevertheless,
the quality of the collapse demonstrates that these secondary effects
are negligible compared to the dominant viscous-capillary and inertial
mechanisms captured by Ca and 1.

The magnitude of the fitted exponents provides direct insight into
the governing physical mechanisms:

+ Inertial dominance (f ~ 0.79): The exponent associated with the
Inertial number is large and close to unity, indicating that pen-
etration resistance is primarily governed by inertial interactions
within the granular bed. This is consistent with the high strain
rates involved in Dynamic Ball Indentation (y ~ 25-265 s71),
where momentum transfer during particle collisions dominates
the mechanical response. The near-unity exponent implies an
almost linear scaling of the dimensionless strength with the Iner-
tial number, confirming that particle rearrangements occur much
faster than viscous stress relaxation.

Secondary viscous contribution (a ~ 0.16): The Capillary num-
ber enters with a positive but significantly smaller exponent, con-
firming that viscous dissipation within liquid bridges contributes
to the strength but does not control it. This result markedly
differs from the rapid-compression scaling proposed by Iveson
et al. [8], where Str* « Ca%3. The weaker dependence on Ca
in the present work reflects the different deformation regime: DBI
operates at higher strain rates and shorter timescales than Iveson’s
compression tests, leaving less time for viscous stress relaxation.
Combined kinematic scaling: Since both Ca and I depend on
the strain rate y and particle diameter d,, the overall scaling of
Str* with these variables can be expressed as

Str* ~ (7d,)**P.

The sum of the exponents yields a+f ~ 0.95, indicating an almost
linear dependence of the dimensionless strength on the character-
istic deformation velocity. This confirms that material resistance
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is proportional to the rate at which particles are forced to rear-
range, consistent with momentum-controlled behavior typical of
dense, rapidly deformed granular systems.

Prefactor (A ~ 210): The prefactor A shows relatively little
variation across the investigated systems (4 = 210.53 + 24.16),
despite substantial differences in material properties. This con-
trasts with the analysis in Section 3.3, where the prefactor k;
in the S#r*~Ca relationship varied by more than two orders of
magnitude depending on binder properties (from k; ~ 4.5x10* for
water to k; = 170 for silicone oil). The reduced variability when
using the combined Ca® - I’ framework suggests that the Iner-
tial number term captures additional physics — likely including
consolidation-dependent and frictional contributions — that are
not explicitly represented by the Capillary number alone. How-
ever, given the limited number of material combinations tested
(4 powders, 4 binders), broader validation would be necessary
to establish whether this consistency extends to other systems.
The magnitude of A ~ 210 is comparable to Iveson’s prefactor
of 280 (Eq. (12)), indicating consistency with established wet
granulation frameworks.

It is not yet known whether the prefactor A is universal or
depends on microstructural features not explicitly accounted for
in the present formulation, such as particle aspect ratio. Fur-
ther investigation involving a wider range of materials would be
required to confirm the generality of this parameter.

In summary, Eq. (19) captures the dual nature of wet powder
strength under dynamic loading conditions. The results demonstrate
that, in high-speed processes such as dynamic indentation or high-shear
granulation, inertial effects dominate over viscous—capillary forces.
Neglecting the Inertial number in such processes would therefore lead
to a substantial misinterpretation of material behavior.

The proposed model can be recast to retrieve the dynamic hard-
ness as a function of measurable experimental variables. Starting from
Eq. (19) and substituting the definitions of S#r*, Ca, and I, we obtain:

J-,O.QS },0.84 ,10. 16

Str* =210Ca*1 197 - H,; =210 ————— |
dg.OS (g thax )0.395

(20)
where hp  is the penetration depth at maximum force.

This expression reveals several relevant trends. The dynamic hard-
ness is primarily governed by the applied strain rate, showing an almost
linear dependence, H, « 7%%. In contrast, the response exhibits only
a weak sensitivity to particle size, H, « d%%, indicating limited geo-
metric effects over the investigated diameter range. The contributions
associated with binder viscosity and surface tension are comparatively
modest, with H; « #%1® and H, « y*84. The relatively higher exponent
associated with surface tension arises from the definition of Str* and its
propagation through the transformation from Str* to H,.

The dynamic hardness obtained from Eq. (20) can be used to
estimate the Stokes deformation number:

P US

2H, @y

Styer =
which, together with the maximum pore saturation s,,,,, enables the
use of Iveson’s granulation map [7] to assess potential growth behavior
in high-shear wet granulation.

4. Conclusions

This work demonstrates that Dynamic Ball Indentation (DBI) pro-
vides a robust and physically meaningful framework for characterizing
the mechanical strength of wet powders under high strain-rate condi-
tions. By capturing the impact dynamics of a spherical indenter, DBI
enables the direct evaluation of dynamic hardness as a proxy for the
stress required to trigger irreversible particle rearrangements, bridging
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the gap between quasi-static characterization methods and the dynamic
conditions encountered in high-shear wet granulation.

Through systematic investigation of four powders (CaHPO, Al2,
CaHPO, A150, MCG, silica sand), four binders (water, HPMC 0.75%,
HPMC 1%, silicone oil), three preconsolidation stresses (1, 5, 9 kPa),
and binder mass fractions ranging from 5% to 75%, a comprehensive
dataset spanning a wide range of material properties and process-
ing conditions was assembled. A qualitative correspondence between
torque rheometry and dynamic hardness was established across varying
binder contents, confirming that DBI captures the same underlying
physical mechanisms governing wet powder resistance. Unlike torque
measurements, however, DBI allows the explicit investigation of the
role of preconsolidation stress, providing access to information that is
otherwise inaccessible through conventional rheometric techniques.

The classical dimensionless description of wet powder strength
based solely on the Capillary number was found to be insufficient
to describe the present experimental dataset. While the characteristic
Str*~Ca dependence proposed in the literature can be recovered when
porosity and saturation effects are averaged out, the full dataset ex-
hibits binder-dependent prefactors (k,) that vary by more than two
orders of magnitude—from k; ~ 4.5 x 10* for water to k;, = 170
for silicone oil. This systematic variation indicates that the Capillary
number alone cannot account for all relevant physics when consoli-
dation state and liquid saturation vary over wide ranges. Similarly,
analysis of dimensionless strength as a function of the Inertial number
alone revealed vertical shifts depending on binder viscosity, confirming
that neither Ca nor I individually provides a complete description.
These observations highlighted the critical role of inertia, which is
not accounted for in traditional scaling approaches, and the need for
a combined framework that accounts for both viscous-capillary and
inertial-frictional mechanisms.

A constitutive law based on the multiplicative coupling of the
Capillary and Inertial numbers successfully collapsed all experimental
data onto a single master curve. Through a global optimization process
based on the linearization of the experimental data in logarithmic
space, the following relationship was established:

Str* = (210.53 + 24.16) Ca(OAl610.02) I(0A79iOA04)

with a coefficient of determination R?> = 0.96. This scaling law reveals
that wet powder strength under dynamic loading is strongly controlled
by inertial interactions (# ~ 0.79), with viscous dissipation acting as a
secondary, yet non-negligible, contribution (a ~ 0.16). The sum a + g ~
0.95 indicates an almost linear dependence of dimensionless strength
on the characteristic deformation velocity (7d,), consistent with the
importance of inertial effects at the high strain rates characteristic of
DBI.

The proposed constitutive framework extends classical wet gran-
ulation theory to dynamic regimes and provides a quantitative link
between dynamic indentation measurements and granulation growth
maps. By enabling the estimation of the Stokes deformation number
under realistic process conditions, this approach offers a new pathway
for predicting granulation regimes in high-shear wet granulators.

Overall, this study establishes Dynamic Ball Indentation as a pow-
erful experimental tool for the dynamic characterization of wet pow-
ders and introduces a unified scaling framework capable of capturing
the coupled effects of viscosity, capillarity, inertia, saturation and
consolidation. The results demonstrate that:

« Inertial effects dominate wet powder strength under high strain-
rate conditions;

* Viscous-capillary contributions, while secondary, remain signifi-
cant;

* A unified constitutive law can be achieved by combining dimen-
sionless groups that separately characterize viscous-capillary (Ca)
and inertial-frictional () mechanisms.
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The results open new perspectives for the rational design, con-
trol, and scale-up of wet granulation processes operating under highly
dynamic conditions.

Several limitations should be acknowledged, and opportunities for
future research identified. First, similarly to other works in litera-
ture [8], the present study assumes complete wettability (contact angle
0 = 0), which may not hold for all powder-binder systems. Systems
characterized by partial wettability (e.g., silicone oil) are nevertheless
well captured by the proposed scaling framework, even without ex-
plicitly accounting for the contact angle. Future work may consider
incorporating the contact angle into the dimensionless groups, although
this is expected to mainly induce a shift in the data, with limited
improvement in the overall predictive capability. Second, while the
dataset spans a wide range of particle sizes (5-247 pm), binder vis-
cosities (1-340 mPa s), and surface tensions (21-73 mN/m), further
validation with additional material combinations — particularly those
exhibiting strong non-Newtonian behavior or time-dependent rheol-
ogy — would strengthen the generality of the proposed framework.
Third, direct measurement of interparticle friction coefficients under
wet conditions would enable more explicit testing of the hypothesis that
binder-dependent friction is captured by the Inertial number term.
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Appendix A. Detailed experimental procedure

A.1. Sample preparation and powder bed consolidation

Before each indentation test, wet powder bed was prepared follow-
ing a standardized protocol.

The required amount of powder was weighed and transferred into a
high shear mixer (Eirich 1L, Germany), the latter was used to obtain an
homogeneous mixture and to avoid the auto-agglomeration, revealed
critical for CaHPO,.

The binder was then measured to achieve the target powder-to-
liquid ratio.

The liquid binder was introduced into the high shear mixer through
a pipe directed toward the center of the chamber. Binder addition was
performed at low impeller speed (300 rpm) to avoid powder adhesion
to the walls. After dosing, the impeller speed was increased to 3000 rpm
for 30-50 s until uniform wetting was achieved.

Uniform wetting was qualitatively assessed by visual inspection of
the mixture, ensuring the absence of visible dry regions or binder-rich
agglomerates.

Under these conditions, shear-induced demixing is not expected,
as the formation of capillary bridges upon binder addition promotes
particle cohesion and limits segregation. However, preferential wetting
may occur during the initial stages of liquid addition due to the
localized injection of the binder and, in some cases, its high viscosity.

The high impeller speed conditions were imposed during and after
dosing, in order to mitigate the preferential wetting ensuring rapid
redistribution of the liquid phase. According to the nucleation regime
map proposed by Hapgood et al. [33], the present operating conditions
are expected to fall within a mechanically dominated regime, where
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mixing-induced dispersion prevails over localized wetting phenomena,
leading to an homogeneous distribution of the binder.

Once the wet powder bed was ready, samples were prepared and
tested within approximately 5 min to limit binder evaporation, partic-
ularly for water and HPMC-based formulations.

Sample preparation followed the protocol described by Santomaso
[13]. The wet powder was first poured into a cylindrical Teflon con-
tainer (volume 150 mL; diameter 60 mm; height 54 mm). Teflon was
selected to reduce wall effects during indentation, as recommended
by Zafar et al. [34]. Deposition was performed by pluviation to pro-
mote homogeneous filling [34,35]: the wet powder was gently passed
through a mesh positioned 1 cm above the container rim. Excess
powder was removed by leveling the surface.

After filling, uniaxial consolidation stresses of 1, 5, or 9 kPa were
applied to the powder using a Teflon piston. The load was maintained
for 40 s to reduce elastic recovery by allowing internal stresses to relax.
The load was then removed and additional wet powder was added
compensating for the volume reduction caused by the compression. The
sequence of compression, leveling, and refilling was repeated until no
further settling occurred and the final free surface was aligned with the
container upper rim.

This progressive consolidation procedure was designed to minimize
vertical stress gradients in the powder bed. Without this approach,
a single top-loading step would result in higher consolidation at the
surface and progressively lower stress with depth. The iterative se-
quence ensured that the entire region accessed by ball indentation —
extending approximately 2-3 ball diameters (~ 16-24 mm) below the
surface [34] — reached uniform consolidation at the target stress level.
Because the material was wet, minor surface irregularities could appear
due to particle adhesion to the leveling tool; however, their effect was
negligible.

A.2. Indentation experiment

Indentation tests were performed using a chrome steel sphere with
diameter D, = 8 mm. The sphere was held by an electromagnet at a
fixed distance A, + D, = 14.6 mm above the powder bed, where A,
is the sphere free fall height.

The impact was recorded using an high-speed camera (iSpeed-220,
IXCAMERAS LTD) at 10,500 fps, the camera was equipped with a
telecentric lens (TC3MHRO036-C, Opto Engineering, IT) in combination
with a telecentric back-light (LTCLHP036-G, Opto Engineering, IT).

The additional optical components were required to improve the
accuracy and reliability of the measurements. Their main role was to
eliminate perspective errors caused by changes in the relative distance
between the indenter and the camera (e.g. when the ball is closer to
the camera it appears larger, while at a greater distance it appears
smaller). This effect leads to errors in the pixel-to-length conversion.
By removing perspective distortion, the apparent size of the sphere
remains constant, allowing a unique and fixed conversion factor to be
defined, since the sphere diameter is known.

The camera-light system was mounted on a rigid support to main-
tain precise alignment between the telecentric light and the camera.

A schematic of the setup is shown in Fig. A.13.

The indentation experiment proceed as follows, the spherical inden-
ter is attached to the electromagnet, activated by an external switch.
The pre-consolidated powder bed is placed between the optic lens and
the back-light, under the indenter.

The recording is started and the electromagnet switch is turned into
off position.

In this way the indenter falls and penetrates the powder bed.

The indentation lasted a few milliseconds, while the entire proce-
dure from the bed placement to the bed removal required less than
20 s, highlighting the rapidity of the method.

After the indentation the sphere is carefully removed using a magnet
to keep the bed intact and cleaned to remove powder traces remained
on the surface.
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Structure

Fig. A.13. Dynamic ball indentation setup; sphere and powder bed not to
scale.
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Fig. A.14. Sequence of selected frames. Each frame is connected to the
corresponding time instant on the plot above, which represents the trajectory
of the indenter. The red markers identify the detected position of the sphere
used for trajectory tracking, while the red line indicates the bed surface. The
sequence illustrates the progressive penetration of the indenter and forms the
basis for the extraction of kinematic quantities.

Multiple indentations were performed on each bed, respecting a
minimum spacing of 1.5D, between impacts and from the walls [34].
The large area available to indentation allowed 3 impacts per sample.

Fig. A.14 shows a sequence of selected frames from a dynamic
indentation experiment. Each frame is connected by an arrow to the
corresponding time instant along the indenter trajectory during the ex-
periment. The region of interest (ROI), captured by the camera does not
include the whole sphere, but just the central portion of it. The upper
red point of the sphere was tracked to reconstruct its trajectory. The
red line represent the bed position and was automatically detected on
the first frame using a threshold criterion and applied to all subsequent
frames, since the sample remains stationary during the indentation.

Recording only the central portion of the sphere reduces computa-
tional load and enables higher frame rates (up to 10,500 fps vs. 7000
fps in previous DBI studies [13]), allowing better temporal resolution
of particle rearrangement dynamics during indentation.
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Fig. A.15. Example of indenter center of mass position profile in function
of time (from release to rest). Material: MCC; preconsolidation stress: 5 kPa;
indenter diameter: 8 mm.

The possibility of increasing the captured fps has the potential
benefit of getting closer to the characteristic time of the rearrangement
phenomena that the powder undergoes when indented.

A.3. Data analysis

The frame analysis followed the sequential procedure described by
Santomaso for DBI [13]. Frames were processed in chronological order,
and image segmentation techniques were applied to identify the upper
point of the indenter in each frame. The reference zero level for the
position measurement was defined as the powder bed surface. The
detected sphere upper point was then tracked frame by frame and
converted into a continuous trajectory. By subtracting the sphere radius
from the coordinate of the upper point, the trajectory of the indenter
center of mass was obtained.

The resulting trajectories were smoothed using a digital filter specif-
ically designed to avoid phase shifts or time delays in the processed
signals. Velocity and acceleration profiles were subsequently calculated
by time differentiation of the smoothed position data. An example of
the resulting position and velocity profiles are shown in Figs. A.15 and
A.16; these data refer to MCC.

Forces acting on the indenter were calculated using Newton’s sec-
ond law. The gravitational contribution was subtracted in order to
isolate the mechanical response of the powder bed and remove the
effect of the indenter weight:

Foe = [a(t) = g1 m. (22)

The dynamic hardness was calculated using the formulation pro-
posed by Santomaso [13]:

Hd — FmL\X ,
Acap

(23)

where the contact cap area was evaluated at the point corresponding
to the maximum force:

Acap = 7Dy hg

max‘ (24)
where hy ~ was the ball penetration depth at the maximum force
instant.

All the data processing steps described above were implemented

using a dedicated MATLAB® code.



L. Schiavo et al.

0.4
Velocity profile
0.35F| © Indentation point
O Maximum velocity point

0.3

ot
[N
a

Velocity [m/s]
o
N

| | L 1 1 1 |

20 30 40

Time [ms]

50 60 70

Fig. A.16. Example of indenter center of mass velocity profile in function
of time (from release to rest). Material: MCC; preconsolidation stress: 5 kPa;
indenter diameter: 8 mm.

Appendix B. Declaration of generative AI and Al-assisted tech-
nologies in the manuscript preparation process

During the preparation of this work the authors used ChatGPT-5.2 in
order to improve language and readability. After using this tool/service,
the authors reviewed and edited the content as needed and take full
responsibility for the content of the published article.

Nomenclature

A Scaling law, pre-factor
a Acceleration

Acap Cap Area

Ca Capillary number

D, Ball indenter diameter
d, Powder diameter
Epmin Minimum granule porosity
F,o Net force
F, Viscous force
g Gravitational acceleration
H, Dynamic hardness
Ry Indenter free fall height
hg,.. Penetration at maximum force instant
I Inertial number

Mass
Hy Internal friction coefficient
n Viscosity
P Pressure
7 constant 7 = 3.14
[ Packing fraction
Pq Granule density

o Liquid density

s Solid density
R? Coefficient of determination
Smax Maximum pore saturation

S Liquid saturation

Sr Relative span

SSA Specific surface area

Staer Stokes deformation number
Str* Dimensionless strength
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op Iveson’s dynamic yield stress
T Temperature
t Time
U, Collision velocity
UF, e Indenter velocity in the maximum force instant
U, Velocity at maximum force instant
Yield stress
Vb Binder mass fraction

a Scaling law, Ca power law coefficient
B Scaling law, I power law coefficient
v Shear rate

y Surface tension

0 Solid-liquid contact angle

Appendix C. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.powtec.2026.122521.

Data availability

Data will be made available on request.
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