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1. Introduction

Experimental quantification of impact force and
energy for mechanical activation in vibratory ball
mills

Emmanuel Nwoye, &2 Kathleen Floyd, ©° James Batteas & *°
and Jonathan Felts & *2

Mechanochemistry has been shown to provide a greener alternative to chemical synthesis; however,
challenges in establishing clear relationships between chemical reaction yields and operational reactor
parameters, such as milling frequency, milling ball material properties, vessel material properties, and
reactor geometries used in a mechanochemical synthesis, make optimizing reactor efficiency difficult.
This study presents a force model that relates these reactor parameters to quantifiable impact forces
within a vibratory ball mill. To validate this force model, we developed a method for integrated, real-time
measurement of force ensembles in the reaction vessel by embedding piezoresistive sensors with fast
response to capture impact dynamics at various milling frequencies and operational settings. We
measured force using preground NaCl at different fill ratios and compared it to an adjusted Hertzian
contact mechanics force model with fill factor. We found agreement between the measured and
modeled impact force. At the macroscale, impact acts as an ensemble of forces dynamically applied to
the reactants. By simulating the mechanical activation of an illustrative mechanochemical system with
known energetics, we show that there is little to no difference in effect between using the mean impact
force and force ensemble on the kinetics of a straightforward mechanochemical reaction. We also
demonstrate kinetic energy quantification in the Knoevenagel condensation reaction of vanillin and
barbituric acid to understand what fraction of kinetic energy goes toward mechanical activation. We
observed that the energetics of high-frequency milling for this reaction system entail diminishing returns,
reinforcing the notion that there can be an optimal balance between collision intensity, resulting impact
forces, and productive energy usage. The developed toolset and models provide a framework for
understanding mechanochemical activation in vibratory ball mills and optimizing reaction parameters for
scale-up to other reactors.

Ball mills come in various types, each suited for a specific
application and scale. Vibratory ball mills use high-energy

Mechanochemistry offers energy-efficient and solvent-free
alternatives for chemical synthesis. It utilizes mechanical
energy to achieve chemical transformations in solid-state reac-
tant systems.' Understanding the underlying mechanisms of
mechanochemical reactions begins with a firm grasp of how
reactors facilitate mechanical activation and subsequent stress
relaxations in reactive solids.*® Examples of these reactors
include mortars and pestles, ball mills, twin screw extruders,
and resonant acoustic mixers.*” Ball milling is a particularly
important and common reactor system for mechanochemical
synthesis, involving grinding solid particles through contin-
uous deformation and fracturing using hard milling media.®®
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vibration and repeated excitation to agitate a milling enclo-
sure containing milling media and the material being milled.
These vibrations cause the milling media to impact the reac-
tants, thus facilitating particle size reduction and subsequent
chemical transformation. Other milling methods, such as
planetary ball mills, use the effect of gravity and rotational
motions to create centrifugal forces for grinding. Attrition mills,
suited for wet and dry grinding, use vertical and horizontal
rotating shafts with arms to stir grinding media and
materials.'>"*

Insights into how these instruments influence reactivity, and
specifically how applied force affects reaction kinetics, have
become increasingly important.”> As a result, the study of
impact dynamics in ball mills has garnered significant interest
due to its pivotal role in understanding and optimizing mech-
anochemical reactions. Researchers have extensively studied
the effects of ball mill material, frequency, vessel loading, and
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milling media sizes to elucidate the parameters that affect
reactivity and selectivity.”*** However, the literature presents
diverse findings that are often conflicting regarding the
dynamics and magnitude of impact forces involved and the
optimal conditions for mechanochemical reactions. Studies
have shown that the complex ball dynamics in vibratory ball
mills involve macroscopic (system-level) and microscopic
(collision-level) interactions.'®>* At the macroscopic level, the
overall motion of the ball and vial significantly influences the
milling process and exhibits periodic and chaotic behaviour.
Predictable ball/vial motion patterns characterize the periodic
mode, where each collision provides a uniform energy input,
and irregular ball motion characterizes the chaotic mode. At the
microscopic level, the effects of impact, shear, and friction
forces highlight the interactions between reactant particles and
the milling ball.

Efforts in mechanochemistry have focused on phenomeno-
logical kinetic models that describe the complex nature of ball-
milling reactions using the input reaction parameters. For
example, one model for highly deformable molecular solids
incorporates the statistical nature of ball milling by considering
how the mass of reactant powder trapped during a collision is
remixed with unreacted powder at the end of the event.”® This
framework relates experimental kinetic curves to the deforma-
tion experienced during impacts by integrating reaction
parameters such as interface generation, reaction probability,
and powder volume processed during an individual impact.
Other kinetic models, which consider factors such as energy
dose, have highlighted how key milling parameters, including
collision energy and frequency, influence reactivity.**
Although mid-20th-century studies exhaustively mapped ball-
mill kinematics, the actual forces that activate powder during
each collision event remain experimentally unresolved. Studies
by Avvakumov et al., along with Urakaev's models, transformed
ball trajectories into semi-quantitative maps of impact velocity
and energy input.***” The coupled momentum transfer and
kinetic models developed by Smolyakov et al., along with the
nomograms proposed by Yusupov et al, continue to inform
device comparisons today.”*** Butyagin et al. introduced the
energy-yield concept, which highlights that only a fraction of
the mechanical work applied to the jar is stored as defects that
drive reactions, a point recently supported by Rogachev's study
of heterogeneous collision.?**** However, all these benchmarks
rely on indirect proxies, such as detachment radii, indent sizes,
vial temperatures, and DEM models, to estimate force
amplitudes.

Mechanistic approaches involve quantifying the deforma-
tion caused by impact forces during the milling process. These
deformations include structural changes to the milling media
and vessel, as well as elastic and plastic deformations of the
reactant powder.*® Elastic deformation is important because it
allows reversible energy storage, whereas plastic deformation
causes lattice defects, amorphization, and surface activation—
factors that enhance mechanochemical reactivity. Simulta-
neously, excessive deformation of the milling media can lead to
energy loss, unproductive work, and potential contamination.
Therefore, understanding these deformation processes
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precisely is vital for identifying thresholds that optimize impact
forces and improve milling efficiency. The Hertz contact model
has long been effective in describing such deformations, espe-
cially in low-energy, elastic collision regimes. However, for high-
speed systems with velocities exceeding 10 m s~ %, the limita-
tions of the Hertz model become apparent.**

Accurately measuring impact force in these ball milling
systems is challenging, as it requires the strategic placement of
force sensors to capture impact effectively. An inverse tech-
nique, where impact forces were predicted from acceleration
measurements, yielded quantities on the order of hundreds of
newtons, suggesting that this range of forces is necessary to
induce mechanochemical reactions.” However, subsequent
studies have indicated that increasing milling frequencies and
amplitudes generally increase impact forces to the order of
thousands of newtons, enhancing the milling process through
more effective deformation, welding, and fracture of powder
particles.>**>*® One study utilized the Kelvin dashpot-spring
model and discrete element method simulations to examine
milling ball motion within a vibratory ball mill. The results
revealed significantly lower milling ball velocities when
benchmarked against prior studies operating at similar milling
frequencies, implying even lower impact forces.*” These
discrepancies between model predictions and earlier experi-
mental measurements highlight the complexities of capturing
the impact forces within vibratory ball mills.

Despite the recognition that mechanical energy is the
primary driving force of solid-state reactivity, precise quantifi-
cation of how that energy is delivered during each collision
remains elusive.*® Recent efforts to standardize disparate
milling platforms by normalizing the dose of kinetic energy
supplied to the powder highlight how reactor geometry signif-
icantly obscures direct comparisons of published kinetics.*®
Weidenthaler et al. demonstrated that the overall energy
required to complete an alkali-halide metathesis is invariant
with milling frequency and that periodic pressure pulses, rather
than bulk heating, are the dominant driving force.*> Comple-
mentary studies by Delogu, Carta et al. mapped individual
impact events to global transformation curves and revealed that
only a subset of collisions reach the stress threshold needed for
chemical change; however, they could not resolve the force
profile within each event.*® Takacs' kinetic analyses further
demonstrated (i) a minimum impact energy of a few hundred
millijoules below which no reaction proceeds, and (ii) that just
micrograms of powder are processed per collision, yet these
insights relied on indirect metrics such as ignition time or
statistical modelling.***> Very recently, contact mechanics
studies have cautioned that neglecting spatially non-uniform
stress can lead to misestimation of activation volumes by
orders of magnitude, underscoring the need for direct force
measurements.*

Here, we address this challenge by embedding piezoresistive
sensors into a vibratory milling jar, capturing the full force
ensemble in real-time as shown in Fig. 1 and validating a fill-
ratio-corrected Hertz model against these measurements. We
then used pre-ground NaCl as the reactant mixture to extract the
impact force reduction factor as the reactant fill ratio varies. We

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of integrated reaction jar. (A) Reactor jar with inte-
grated force measurement in the Retsch MM400. (B) 3D model of the
assembled jar featuring the force sensing assembly.

utilize a previously established kinetic framework to simulate
an illustrative mechanochemical system with known energetics,
thereby quantifying how the observed force ensembles in
vibratory ball mills influence the overall kinetics.** Lastly, by
using this force-sensing vessel in a Retsch MM400 vibratory ball
mill, which can achieve both fine and ultrafine grinding, we
experimentally estimate the kinetic energy transferred to reac-
tant particles in the Knoevenagel condensation of vanillin and
barbituric acid.

2. Theory of force-driven chemistry
in a vibratory ball mill

Consider a reciprocating ball mill that translates a distance L
with a frequency of f. We further assume that, on average, the
ball within the mill has a speed of zero relative to the global
frame of reference and a speed v = 2fL with respect to the
reciprocating mill. The ball then impacts the vessel's side with
energy K = 0.5mv> where m is the ball's mass and v is the ball's
speed. Some fraction of the energy ¢ transfers from the ball to
the vessel wall. Under the assumption of elastic collisions, the
impact force can be related to the transfer of energy using Hertz
contact mechanics between a sphere and a half-space.

K=Fd &Y

where F is the force and d is the indentation depth.
9N\3/ 2 1/3
d=(— — 2
16 E*R

Using the elastic modulus, E and Poisson ratio, @ for the ball
and vessel materials, the effective mechanical modulus E* is
given by

(3)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The radius of impact is expressed in terms of the radius of
the ball R, and the radius of the reaction vessel curved ends R,

(rw) 2

Applying (2) to (1), and rearranging, gives
3/5

KE*3R1/3

(1o

Force is then described in terms of geometric and material
properties as

2/5

(][5

F=175 E*(pr3(2lf)2) Rl (6)

where p is the density of the ball. Eqn (6) shows that the force
depends on the density of the milling media, the geometry of
the ball and vessel, the collision frequency, the travel length of
the ball, and the material strength. Next, we incorporate reac-
tant fill ratio into the force model to understand how it affects
the impact force. We defined the fill ratio V; as

Ve + Ve

Vr = ’
vy

7)
where V;, is the volume of milling media (ball), V. is the volume
of reactants and V, is the volume of the reaction vessel. The
reduction factor, which defines how the impact force reduces
with the fill ratio, is determined from experimental measure-
ments, as shown in the SI.

To quantify what fraction of milling ball energy goes towards
mechanical activation, the total kinetic energy K, imparted from
the milling ball to the reaction is taken as a summation of
several components:

- The energy used to alter the potential energy surfaces (PES),
overcome the energy barrier, and reach a transition state, thus
facilitating reactivity (Kact)-

- The kinetic energy that enables defects and fracturing of
particles to generate smaller particle sizes, thus creating new
surfaces that enhance diffusion and reactivity (Ky).

- The energy lost due to friction between the reactant
mixture, ball, and vessel wall (Ky,).

- The energy absorbed by the vessel wall through plastic and
elastic deformation (k).

- The residual kinetic energy retained by particles after
impact (Kp).

The total kinetic balance is expressed in eqn (8) as

Ko =Kyt t+ Kg + Ky + K, + Kp (8)
Here,
1 2
KO = Embvb =F x di (9)
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where mj, is the mass of the milling ball, v, is the velocity of
milling balls, F is the force exerted by the milling ball and d; is
the deformation. Therefore, the total kinetic energy K, can be
expressed as

1
Ky = FooAx + v ,AA + ZFMAS,- + Z (imp‘iyp>f2) + K., (10)

where Fe, is the force ensemble acting on the reactants, Ax is
the effective path length along the reaction coordinate, vy, is the
specific surface energy, and AA is the new surface area created
due to fracture. The energy loss due to friction is the summation
of the frictional force F, over sliding distance As for all parti-
cles. Residual particle energy is the summation of all particles i
within the contact, where m,, is the mass of the reactant parti-
cles and v}, is the velocity of particles. The energy absorbed by
the vessel K, is estimated by measuring the force transmitted to
the vessel over time.

If the particles are pre-ground, the energy going towards
particle fracture is negligible. Further, we assume that the
kinetic and frictional parameters of the particles are equal
during and after the reaction, and so taking the difference
between eqn (10) during and after the reaction is complete leads
to a measurement of energy transferred to the reactants
(11)

Kact = Kv,complete - Kv,duringa

where K, complete 18 the energy expended within the vessel wall
during impact after the reaction is completed.

The energy transferred to the reactants for a single impact
can be determined by forces on the reactor wall using Hertz
contact mechanics

3
Kact = <ﬁ) [Fcomplctc5/3 - qurings/ﬂ ; (12)
where F is measured by the force sensors in the vessel ends
during and when the reaction is complete.
To convert from energy per impact to total energy per mol,
we multiply the impact energy by the number of impacts per
second and integrate it over time

1
2 9 \3(*
K= —(—— F.,>3 — F’P3)dy,
‘T M <16E*2R) J,:of ( )

where M is the mols of the reactants in the vessel.

(13)

3. Results and discussion

3.1. Experimental measurement of impact force and energy
using the integrated force-sensing reactant vessel

The vibratory ball mill facilitates frequent collisions between
the balls, the reactor wall, other balls, and the material being
ground, thus resulting in a distribution of forces throughout the
ball mill for each operational setting. The Flexiforce sensors
(Tekscan A201-100) used in the modified jars are standard
piezoresistive sensors designed for various force-sensing
applications with a response time of approximately five micro-
seconds. These sensors were calibrated within a modified
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operating range to capture impact load between 5 and 4000 N
reliably. Sensor calibration was done by applying a known load
from a calibrated Benchtop Instron 68TM-10 machine, and the
output voltage was recorded. Fig. 2A shows the relationship
between the load and voltage, which is used to interpret the
voltage signals seen in the Flexiforce sensors during impact in
the reactor vessel. Fig. 2B shows the force distribution in one
second of impact at 30 Hz for a 12.7 mm diameter stainless steel
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Fig. 2 (A) Flexiforce sensor calibration curve. (B) Representative

measurement of impact force using a 12.7 mm SS ball at 30 Hz. (C)
Zoomed-in profile of a single impact showing the primary and
secondary forces.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ball. The modified reactor vessel had a volume of 14 ml with an
end-to-end distance (travel length) of 34 mm. Fig. 2C shows the
primary and secondary impact in the ball mill vessel. This real-
time force measurement capability is essential to capture
detailed information about the force profile in the reaction
vessel, especially in mechanochemical systems, where the effect
of compressive and shear stresses must be understood.
Secondary impacts occur when the milling ball does not directly
make contact with the end of the vessel where the sensors are
positioned. These impacts result from the chaotic motion of the
ball within the milling chamber, leading to indirect force
transmission to the sensors. Fig. 3 shows the measured impact
force of a milling ball in an empty reaction vessel with inte-
grated force sensors. These force ensembles were measured
with varying fill ratios and showed good agreement with the
force model described in eqn (6). The Retsch MM400 operates
within a milling frequency range of 3 to 30 Hz, with a jar shape
(cylindrical with rounded ends), and a motion pattern (linear
horizontal oscillation) that directly influences force distribution
and energy transfer mechanisms. These parameters notably
affect ball trajectories, collision angles, and contact times,
which are key factors in determining energy transfer efficiency.
Different orientations in vibratory mills may yield distinct ball
motion patterns, which will alter the impact ratios observed in
this study. Additionally, mills with varying shapes of jars (such
as spherical, conical, or custom geometries) will modify ball
trajectories and contact areas, necessitating system-specific
calibration of force-energy relationships.

Next, we measured how the impact force changes as ball size
increases in an empty reaction vessel and compared it with the
force model. Here, five ball sizes (ranging between 3.175 mm
and 15.875 mm in ball diameter) were used in this impact
measurement. Fig. 4 shows the maximum measured impact
force compared to the force model for milling balls of various
sizes in an empty reaction vessel. The red color represents the
modeled impact force, and the blue color represents the

1200 | T T T :
— G— Measured at 10 Hz
1000 L =—g¢=—=Model at 10 Hz 4
— Measured at 30 Hz
Z === Model at 30 Hz
o 800
(3]
o
w 600
=
3
Q. 400
E
200
0 L L 1
0 0.1 0.2 0.3 0.4 0.5
Fill Ratio [Vr]
Fig. 3 Impact force measured and modelled as a function of fill ratio

for a stainless steel 12.7 mm diameter ball in stainless steel reactor jar at
10 and 30 Hz.
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Fig. 4 Maximum measured impact force compared to the force
model for empty reaction vessel at different ball sizes and varying
milling frequency. The red color represents the modeled impact force,
the blue color represents the measured impact force, and the purple
color shows the similarity between the measured and modeled impact
forces.

measured impact force, with overlap between the measured and
modeled impact forces. As shown in Fig. 4, there was a slight
difference between the model and force measurement for larger
ball vs. smaller ball sizes with respect to the diameter of the
reaction vessel. This observation agrees with the literature that
larger or heavier balls can lead to fewer, less frequent collisions,
each with high impulse. In contrast, smaller balls may bounce
more erratically with less impulse.*> Another interesting feature
gleaned from the force measurement is capturing the force
distribution associated with each parameter. As assumed, the
impact in the reactor vessel acts as an ensemble of forces
dynamically applied; the force sensors confirm this detail.

Fig. 5 shows the normalized probability density of impact
force at various frequencies for a 6.35 mm diameter stainless
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Fig. 5 Impact force ensemble using one 3.15 mm diameter ball in an
empty reactor jar for different frequencies.
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steel ball in an empty reaction vessel. The secondary impact
captured forms a smaller distribution before the primary
impact for the entire ball mill frequency range. This effect
decreases as frequency increases because there is more ball
rolling at lower frequencies due to the ball mill dynamics. At
low-frequency impacts, force distribution is tightly clustered
around the mean force, which suggests homogeneity in energy
transfer from the milling ball to the vessel wall. For a mecha-
nochemical synthesis, this energy transfer homogeneity to the
reactant mixture would lead to uniform reaction rates. In high-
frequency impact, the impact force varies significantly around
the mean force, leading to variability in energy transfer.

Fig. 6A shows the surface plot of how the mean impact force
changes with the fill ratio and frequency. Quantifying the forces
transmitted from the milling ball to the reactor wall provides
insights into how the impact is partitioned between the reactant
mixture and the milling assembly. This enables the decoupling
of energy contributions from ball-reactant interactions and
those dissipated through the vessel, thereby clarifying the
extent to which direct impacts drive mechanochemical trans-
formations. Ultimately, accurate force measurements elucidate
the effectiveness of energy transfer to the reactants. As shown in
Fig. 6A, the measured impact force is significantly reduced from
when the reaction vessel is 10 percent filled or less to when the
reaction vessel is half-filled for nearly all ball sizes. At low fill
levels, there is free space for the ball to accelerate and input
energy into the reactant as opposed to when the reaction vessel
is half-filled. Fig. 6B shows the kinetic energy going into the
reactant particles. Here, at a higher fill ratio, the particles
scavenged a more significant portion of the kinetic energy,
preventing the ball from impacting the wall of the reactor
vessel. At high velocity, heavier and larger balls become over-
sized, thus leading to frictional losses, energy losses to heat,
and dissipated energy onto the vessel wall (see SI). Quantifying
the specific energy, which is defined as the energy input per unit
of reactant mass, is one puzzle piece to model reaction particle
kinetics. Other non-trivial measurements, such as the
mechanical behavior or stress-strain curve of a single particle
crystal via nano-indentation, will be needed to develop
a rigorous predictive framework for mechanochemical
processes. Fig. 6C shows a significant decrease in specific
kinetic energy as the fill ratio increases. In this single-ball
vibratory mill, a lower fill ratio allows the ball to achieve
higher velocities and undergo direct collisions with the vessel
walls, thus imparting greater energy per unit mass. By contrast,
a higher fill ratio, as shown in this figure, constrains the motion
of the milling ball within the reactant mixture, leading to
damping effects that absorb the kinetic energy before it can be
effectively transmitted to the reactant. As more reactants occupy
the vessel volume, the ball remains embedded in the mixture
for a greater proportion of the milling cycle, resulting in a lower
frequency of high-impact collisions and a broader dispersion of
energy in the form of friction and heat. Consequently, the
reduced impact efficiency translates into a lower net energy
input for mechanochemical transformations. This observation
is consistent with broader insights in ball milling, where
optimal reaction parameters must be established to maximize
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Fig. 6 (A) Measured impact force exerted by the milling ball onto the
wall of the reactor jar. (B) Kinetic energy on reactant particles for
different ball sizes with varying fill ratios. (C) Specific kinetic energy
input on reactant mixture for different ball sizes with varying fill ratio.

collision intensity and ensure sufficient contact area for effi-
cient mechanical activation.***” The -correlation between
measured impact forces and mechanical activation energies
shown in this study, while offering valuable quantitative
insights into energy transfer mechanisms, requires careful
evaluation of its applicability across various types of mecha-
nochemical transformations. For the NaCl calibration system,
the measured forces mainly reflect elastic and plastic

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mr00059a

Open Access Article. Published on 19 September 2025. Downloaded on 1/20/2026 3:21:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

deformation processes in a crystalline ionic solid with well-
defined mechanical properties. However, different classes of
materials, such as organic molecular crystals, metal-organic
frameworks, or polymer systems, display distinct mechanical
responses to impact forces that may not directly correlate with
the established force-energy relationships. The efficiency of
various mechanochemical changes induced by mechanical
treatment varies considerably. Therefore, while the force
measurement approach offers a quantitative framework for
energy analysis, the specific correlation factors should be
considered material-specific rather than universal constants.

3.2. Kinetics simulation of an illustrative mechanochemical
system to investigate the effect of the force ensemble seen in
vibratory ball mills

In our previous work, we developed a framework to capture the
effects of mechanical force on chemical kinetics during impact
events in a ball mill reactor.** This approach uses transition
state theory and continuum contact mechanics to show how
force alters reaction rates. Here, the reaction rate constant as
a function of the activation energy is reduced by mechanical
energy

(14)

k(r,t) = Ao exp( — w),

ks T

where 4, is the attempt frequency, E, is the activation energy, F
is the impact force, Ax is the effective path length along the
reaction coordinate, kg is a Boltzmann constant and T is the
temperature. The pressure distribution within the contact
described by the Hertz model is:

3(F) ”\ "2
Pr1) = 27:112(1 &)

where a is the contact radius. Next, the rate of change in reac-
tant concentration within a contact becomes,

do(r,1) E, — FAx .
T_AO exp Tl p(r, )",

(15)

(16)

where p(r,t) is the local reactant concentration. The modified
total change in concentration after a single impact is given as

1
a E, — FA> 2\2
AN :J 2mhr| ry exp( - k7TY> (1 — Lf)) dr, (17)
B

0 as

where 7 is the thickness of the reactant layer in the impact
area.

In the present study, we evaluate the assumption that the
mean impact force F yields the expected reaction rate as pre-
dicted by this model. To explore this, we numerically integrate
eqn (17) using a Monte-Carlo approach, incorporating the
experimentally measured force distribution of an illustrative
mechanochemical reaction. This system was simulated using
a stainless-steel ball and vessel (E = 210 GPa, w = 0.29), with
a total reaction mass of 2.5 g, ball radii between 1.59 and 7.93
mm, and reaction activation energy E, = 0.7 eV. This reaction
has a change in activation volume AV, = 20 A® with temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Reaction kinetics using model. (A) Evolution of change in
reactant concentration versus the number of collisions using various
ball radii from 1.59 mm to 7.94 mm. (B) Zoomed-in kinetics compar-
ison between analytical solution using mean impact force and effec-
tive kinetics using Monte Carlo simulation of force distribution around
the mean impact force for ball radius R = 6.35 mm.

T = 300 K and an assumed value of attempt frequency 4, = 1 X
10" s7'. The kinetic curves shown in Fig. 7 are obtained by
varying ball sizes. Previously measured force ensembles (mean
force and standard deviation) were used for each ball size. As
shown in Fig. 7A, all curves behave exponentially for a first-
order reaction. Kinetic curves for different ball sizes show
how the reaction progresses for the force distribution centered
on the mean impact force and known deviation. The normal-
ized conversion 1 — Ng/N, increased with increasing ball size as
larger balls tend to generate higher impact force, leading to
more significant changes in the milled materials. The increased
mechanical energy and contact surfaces in larger balls enhance
particle—particle collision, accelerating the reaction. From the
force model, the impact force is almost proportional to the
square of the ball radius, and previous work on the energetics of
collision between grinding media in ball mills detailed in the
agreement how collision force, contact radius, time, and colli-
sion energy are all function of ball size as larger balls produce
larger impact and are thus heavier at constant density sug-
gesting heat generation effects on reactivity.*® Variation in force
distribution for a given ball radius and chosen ball mill setting
produces a slight variation in reaction kinetics, thus creating
a range under which reaction progression and kinetics are ex-
pected. This highlights the dynamic nature of mechanical
impact in vibratory ball mills.

Fig. 7B shows that the kinetics of analytical solutions, which
use mean impact force, are slightly slower than the Monte-Carlo
(MC) simulation, which uses the force ensemble. Thus, the
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mean impact force can be adequately used in kinetic modeling
without concerns that the force ensemble applied to the reac-
tant mixture will yield drastically different rates. Consequently,
we extended the kinetic framework to assess the effect of the
ball size and mass on this mechanochemical reaction system.
By varying the ball size while maintaining the mass of the ball as
opposed to Fig. 7A, where the ball size and mass were varied, the
larger ball size led to a faster reaction rate, thus suggesting that
the size of milling media plays an almost equal role in affecting
kinetics as ball mass (see SI). This varying size effect is due to
the larger balls activating more reactant powder per impact,
thus enhancing the reaction rate, and agrees with previously
conducted experimental studies.*

3.3. Kinetics as a function of fill ratio in the
mechanochemical activation of Knoevenagel condensation
reaction between vanillin and barbituric acid

Next, we vary the reactant vessel fill ratio in the Knoevenagel
condensation reaction between vanillin and barbituric acid
(Scheme 1) at 30 Hz for 60 minutes using a 12.7 mm ball
diameter to provide insights into the influence of fill ratio on
reaction conversion. Table 1 shows the reactant mixture with
the vessel filled to 10%, 20%, 30%, 40%, and 50%.

Here, reaction conversions were 94% at both 10% and 20%
fill ratio, 68% at 30% fill ratio, 19% at 40% fill ratio, and 26% at
50% fill ratio. These values are within typical uncertainties of
+5% due to experimental constraints. Reaction conversion
remained high at lower fill ratios (10% and 20%) and decreased
sharply from 30% to 50% (see SI). If the fill ratio were incon-
sequential, the conversion should scale with total mass,
implying that conversion increases proportionally as the total
mass increases. The total mass of reactants increases linearly
with the fill ratio since ball volume and reactant vessel volume
remain constant. Despite doubling the reactant mass, the
conversion remains nearly constant from 10% to 20% fill ratio,
suggesting that the total product scales linearly with mass and
efficiency is maintained. However, beyond 20%, the conversion
drops significantly, by approximately 27% to 68% at 30 percent
fill, 80% to 19% at 40 percent fill, and then rises modestly to
26% at 50 percent fill. This behavior is consistent with our force
model, which incorporates the fill ratio to assess its effect on
impact force. The reduction factor, derived from experimental
measurements (see SI), quantifies how the impact force reduces
as the fill ratio increases. The observed drop in reaction
conversion at higher fill ratios corresponds to energy saturation
at the ball-reactant mixture interface. Beyond a certain

o}
NH
o o
— o
Ho Y & &
~o 0 i H,0 (10 % wt)
HO ©
MP: 81 °C MP: 245 °C ;
HyC
MP: 263 °C

Scheme 1 The mechanochemical Knoevenagel condensation of
vanillin and barbituric acid.
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threshold, particularly evident between 20% and 30% fill,
additional reactant mass yields diminishing returns. Previous
studies corroborate this phenomenon, demonstrating that
densely packed beds primarily absorb rather than transmit
applied forces.*

The observed saturation in conversion rates could be
explained if the reactants in the impact behave like a liquid
squeeze flow, where particles are freely displaced away from the
impinging ball when the gap between the ball and the vessel is
high, and only produce enough force to drive the reaction when
the gap is sufficiently small.** Thus, increasing the reactants in
the contact beyond this critical gap results in no significant
increase in total energy transferred. Additionally, higher
amounts of reactant particles begin to impede the motion of the
ball and reduce the efficiency with which the shaking reactor
vessel can impart new energy to the ball. The results presented
in Table 1 then suggest that the optimum fill ratio for this
reaction is ~20%, beyond which saturation and inefficient
energy transfer occur.

3.4. Experimental measurement of kinetic energy towards
mechanical activation in the Knoevenagel condensation
reaction between vanillin and barbituric acid

To quantitatively estimate the portion of energy going into the
reactant mixture for mechanical activation, the Knoevenagel
condensation reaction between vanillin and barbituric acid was
carried out using the force-sensing vessels. Previous studies
have shown that this reaction exhibits sigmoidal kinetics,
characterized by an induction period followed by rapid product
formation leading to completion. The acceleration in product
formation after the induction period has been attributed to
rheological changes within the reactant mixture, particularly at
milling frequencies of 25 and 30 Hz using stainless steel milling
media. These rheological changes, known as the “snowball
effect,” involve caking the reactant mixture around the milling
ball after the induction period. With each impact, the caked
layer grows, influencing the kinetics of the reaction as the
“caked” ball would transmit less impact force to the
reactants.”>>* Another study shows this reaction proceeds
through a cocrystal intermediate.>® These studies suggest that
rheology plays a role in the kinetics, especially in stainless steel
milling media.

Here, we exploit the reported rheology change in the reactant
mixture to quantify the impact forces and energy transfer
during the reaction. The reaction was done with a total mass of
0.529 g (1.87 mmol of barbituric acid, 1.9 mmol of vanillin, and
3.26 mmol of water). Multiple trials were conducted using
stainless steel milling vessels with grinding balls (12.7 mm
diameter, 8.55 g mass), maintaining an estimated fill ratio of
10%. Experiments were performed at 15, 20, and 30 Hz milling
frequencies to examine effects across various energies. Impact
forces were recorded for 60-second intervals every 6 minutes
during the reaction, enabling real-time tracking within the
milling vessel. The mean impact forces and uncertainties were
measured over the entire reaction time. At the onset of the
reaction, the impact force indicated direct collisions between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction mixture for each fill ratio
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Fill ratio (%) Vanillin (mmol)

Barbituric acid (mmol)

Water (mmol) Conversion (%)

10 0.87 0.87
20 5.83 5.83
30 10.79 10.79
40 15.74 15.74
50 20.70 20.70

the milling ball and the vessel wall, with a portion of the reac-
tant mixture trapped between them at each impact. These forces
aligned with expected values for unimpeded impacts. A notable
finding is the pronounced dip in impact force observed during
the middle part of the reaction. This decrease corresponds
closely to a rheological transition from a predominantly crys-
talline reactant matrix (see SI) to a slurry-like mixture, which
had been previously reported. By the end of the reaction, the
measured impact force nearly matches that of an empty vessel,
indicating that the milling ball no longer significantly interacts
with a viscous medium. Instead, most of its kinetic energy is
transferred directly to the vessel walls. It prompts further
investigation into how the reactant mixture influences energy
dissipation pathways, thereby shaping both the rate and the
efficiency of mechanochemical transformations.

Fig. 8B shows the measured energy imparted to the reactant
mixture, facilitating mechanical activation K, as described in
eqn (13). The reaction at 15 Hz for 180 minutes reached
a reaction conversion of >71% with a measured energy input of
46.93 kJ mol . Increasing the milling frequency to 20 Hz for
120 minutes improved the conversion to >77%, with energy
input of 193.01 k] mol~". Further increasing the frequency to
30 Hz for 60 minutes yielded over 86% product formation,
increasing energy input to 283.3 k] mol '. Extrapolating the
data at 15 Hz to 100% conversion had an estimated energy of
66 k] mol™!, which falls within the range of solvothermal
kinetics reported in the literature.>® The excess energy input at
higher milling frequencies tells us that only a fraction of the
mechanical kinetic energy is effectively utilized to facilitate
mechanical activation. Beyond the range of impact forces
measured at 15 Hz, the increased impact force is directed into
non-productive work, such as friction and heat generation,
resulting in diminished overall reaction efficiency. This effi-
ciency is calculated as,

Mechanochemical work x number of moles

Effici =
ferency Total energy input

(18)
where mechanochemical work is the measured dissipated
energy needed for the reactant mixture to undergo mechanical
activation at 15 Hz. The total energy input is calculated as:

Total energy input = mv*ft, (19)
where m is the mass of the milling ball, » is the velocity, fis the

frequency, and ¢ is the time to reach the reaction conversion for
each frequency. The reactor efficiency at 15 Hz is approximately

© 2025 The Author(s). Published by the Royal Society of Chemistry

1.33 94
8.89 94
16.44 68
24.00 19
31.56 26

21.8%, dropping to 8.2% at 30 Hz - an approximate threefold
decrease. Beyond the milling process, the overall system effi-
ciency must account for the performance of key mechanical
components, such as the brushless DC motor and mechanical
bearings in these typical ball mill reactor systems. Studies show
that brushless DC motors typically achieve efficiencies around
90% across their operating range, while mechanical bearings,
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Fig.8 Knoevenagel condensation reaction. (A) In situ measurement of
mean impact force during the reaction using one 12.7 mm stainless
steel ball in a stainless-steel jar at 15, 20, and 30 Hz. (B) Mean kinetic
energy input on reactant particles towards mechanical activation at
different frequencies. For Fig. 8A, mean uncertainty is used rather than
the width of the force distribution since using the mean force yields
the expected reaction rate (Fig. 7).
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such as roller bearings, exhibit nearly 98%.>** When these
efficiencies are integrated into the energy chain—from elec-
trical input to the motor, through the bearings, to the
mechanical energy imparted to the milling ball—the overall
system efficiency is notably lower than the milling process
efficiency alone. Specifically, at 15 Hz, the combined system
efficiency is approximately 19.2% and 7.23% at 30 Hz. This
reduction reflects the cumulative effect of energy losses at each
stage, emphasizing the need to consider the entire energy
transfer pathway in mechanochemical systems. These findings
highlight that the energetics of high-frequency milling may
entail diminishing returns, reinforcing the idea that there can
be an optimal balance between collision intensity, resulting
impact forces, and productive energy usage. The force-sensing
milling vessel employed in this study enabled the measure-
ment of kinetic energy transferred to the reactants, allowing for
the calculation of the dissipated energies required for
mechanical activation. Such quantification is invaluable for
guiding the scale-up of mechanochemical processes, as it
reveals the frequencies and collisional forces that yield the
highest product formation per unit energy input.

The Knoevenagel condensation reaction between vanillin
and barbituric acid involves more complexity than just force-
activation relationships. Due to vanillin's high volatility, the
mechanochemical synthesis may not proceed solely through
solid-state pathways as initially assumed.* Studies have shown
that reactions involving volatile components can proceed
through gas-solid or fluidized-state mechanisms, where the
primary role of milling is to generate fresh particle surfaces that
improve accessibility for molecules in gaseous or semi-liquid
phases rather than applying direct mechanical activation
energy.”>*" In such systems, the relationship between impact
force and reaction rate becomes more complex, as effectiveness
depends not only on the energy transferred to break chemical
bonds but also on the efficiency of surface generation, mixing,
and mass transfer processes. The force measurements in this
study mainly capture the energy associated with ball-vessel
collisions and direct mechanical deformation; however, they
may not fully account for the energy needed for thorough mix-
ing of reactant phases, disruption of crystal lattices to expose
reactive sites, or the formation of high-energy defect sites that
enable molecular rearrangements. The rheological changes
observed during the Knoevenagel reaction, described as the
“snowball effect,” suggest that the reaction involves complex
phase transformations that go beyond simple mechanical acti-
vation. The efficiency of these mixing processes may not be
directly proportional to the impact force, as gentle but consis-
tent agitation can be more effective for specific reactions than
high-energy impacts. These findings suggest that while force-
sensing methods offer a valuable tool for understanding
energy transfer in mechanochemical systems, each reaction
necessitates specific calibration and validation to establish
meaningful relationships between force and activation. The
reaction efficiencies observed for the Knoevenagel system
should be viewed as particular to this reaction under the tested
conditions, rather than as a universal standard. Future studies
should systematically examine how material properties,
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reaction mechanisms, and physical states influence the force-
activation relationship.

Despite these limitations, the force-sensing methodology
developed in this study provides an essential foundation for
rational mechanochemical reactor design. The quantitative
understanding of energy partitioning, even if system-specific,
enables more informed optimization of milling parameters
and offers insights into the limits of reaction efficiency. The
framework established here marks a significant step toward
predictive mechanochemistry, where reactor parameters can be
optimized based on quantitative energy analysis rather than
empirical trial-and-error methods. Nevertheless, the successful
application of this methodology to new systems will require
careful consideration of the specific material properties, reac-
tion mechanisms, and activation pathways involved, along with
appropriate calibration studies for each new class of mecha-
nochemical transformations.

4. Conclusions

By embedding piezoresistive sensors directly into the reactor jar
of a vibratory ball mill, we take an initial step toward quanti-
fying the impact forces and energy for mechanical activation.
The resulting force ensemble is a time-resolved distribution of
primary and secondary impacts that aligns with an adjusted
Hertzian-based force model, which predicts impact forces
across a wide range of operational settings. We find that the
impact of milling media on the reactants acts as an ensemble of
forces applied dynamically. Notably, kinetics simulations
revealed that employing the force ensemble produced reaction
kinetics similar to those obtained using the mean impact force,
with a slight difference. We demonstrated energy quantification
toward mechanical activation by exploiting the rheological
changes within the reactant mixture in the Knoevenagel
condensation reaction. For this mechanochemical system and
reactor type, the collision amplitude increases quadratically
with frequency; however, the energy-transfer efficiency
decreases from 22% at 15 Hz to 8% at 30 Hz, as non-productive
energy pathways become dominant. Ball diameter exerts a F «
R? dependence and activates more powder per hit, but its net
kinetic benefit mirrors that of simply adding mass, reflecting
classic energy-yield observations. Powder loading proves far
more sensitive, with performance peaking at about 20% fill,
while a 50% fill reduces impact force by 70% through ball
confinement and particle damping. We also demonstrate that
high-frequency milling in vibratory ball mills involves a trade-
off, where increasing collision intensity and impact forces
eventually lead to diminishing returns, suggesting an optimal
balance for efficient energy use. Collectively, these insights
provide a practical guide: optimize the fill ratio first, tune the
ball mass or size second, and increase the frequency only until
marginal gains are achieved for effective energy transfer in
mechanochemical systems. Importantly, we emphasize that
these efforts should not yet be regarded as universally appli-
cable to every mill or reaction type, as they represent progressive
steps toward generalizing force-resolved reactor design across
the diverse landscape of mechanochemical transformations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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