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Sonofragmentation of Ionic Crystals
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Abstract: Mechanochemistry deals with the interface between the chemical and the mechanical worlds and explores the physical and chemical changes in materials
caused by an input of mechanical energy. As such, the
chemical and physical effects of ultrasound, i.e., sonochemistry, are forms of mechanochemistry. In this paper,
the fragmentation of ionic crystals during ultrasonic irradiation of slurries has been quantitatively investigated: the
rate of fragmentation depends strongly on the strength of
the materials (as measured by Vickers hardness or by
Young’s modulus). This is a mechanochemical extension of
the Bell–Evans–Polanyi Principle or Hammond’s Postulate:
activation energies for solid fracture correlate with binding
energies of solids. Sonofragmentation is unaffected by
slurry loading or liquid vapor pressure, but is suppressed
by increasing liquid viscosity. The mechanism of the particle breakage is consistent with a direct interaction between the shockwaves created by the ultrasound (through
acoustic cavitation) and the solid particles in the slurry.
Fragmentation is proposed to occur from defects in the
solids induced by compression–expansion, bending, or
torsional distortions of the crystals.

Mechanochemical effects change solid particles physically and
chemically under mechanical action.[1] This includes both
chemical effects when surfaces of materials are rubbed or
when solids are broken.[2] There are many ways of inducing
mechanochemistry in materials, including trituration, grinding,
milling and ultrasound.[3] When mechanical actions are applied
to solids, fracture can occur, but our fundamental understanding of the nature of the breakage of solids as a function of
their chemical and mechanical properties remains limited. The
fragmentation of powders in liquid slurries especially has received relatively little attention.[4] In this paper, we examine
fundamental experiments on the fragmentation of ionic crystals during sonication of slurries and gained new insights on
the mechanism of such sonofragmentation.
When a liquid is irradiated with high intensity ultrasound,
acoustic cavitation occurs: i.e., bubbles form, oscillate, grow,
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and, under certain conditions, implosively collapse; this
collapse can generate intense local heating, with hot spots
created transiently with temperatures of < 5000 K, pressures
of Kbar, and shockwaves launched into the liquid.[5] If a
bubble collapses near an extended solid surface (i.e., several
times the size of the bubble), the collapse becomes asymmetric and a fast-moving stream of liquid (i.e., microjet) impinges
on the solid surface.[6] In contrast, microjets do not form in
slurries with fine powders (e.g., particles less than the bubble
diameter), but cavitation still occurs, and shockwaves are
formed.
The effect of ultrasound on liquid–solid systems depends on
the type of materials sonicated. For example, when slurries of
malleable powders (e.g., softer metals) were irradiated with ultrasound, interparticle collisions caused surface deformation,
agglomeration, and a change in the chemical composition of
the particle surface.[7] In contrast, sonication of slurries of brittle
materials (specifically, molecular crystals) caused fragmentation
of the crystals through direct interactions between crystals and
shockwaves (without decomposition of the individual molecules in the crystals),[8] which is a major component of sonocrystallization of active pharmaceutical ingredients (APIs).[9]
Whereas previous studies have examined the effects of control
variables (e.g., acoustic power density, frequency, liquid, etc.)
on particle fragmentation,[10] there is only one report that examines the influence of the material properties of solids on
their fragmentation under ultrasonic irradiation, and that is
limited to polymeric solids.[11]
For ionic and molecular crystals (particularly for APIs), there
are a few articles that examine the relationship between the
mechanical properties of the particles and their breakage
under dry milling or particle impaction.[12] Hardness and elasticity are two of the most relevant material properties related to
fragmentation. There are several ways to measure the hardness
of a material, but the Vickers test is the most common.[13] The
Vickers hardness (Hv) of a material is defined by the degree of
deformation of the surface by a diamond indenter at a given
applied force. The Vickers hardness of alkali halides has been
measured systematically.[14] The elasticity of materials is quantified by Young’s modulus (E): stress (force per unit area) versus
strain (proportional deformation). For the alkali halides,
Young’s modulus has also been measured.[15]
In this study, six different alkali halides with different Vickers
hardness and Young’s modulus values, were used to investigate the sonofragmentation patterns of ionic crystals. Various
parameters, including the crystal size and control variables,
were studied to determine their effect on the fragmentation of
alkali halide particles. In addition, the mechanism of sonofragmentation of ionic crystals was examined.
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Figure 2. Fraction of initial crystal size versus sonication time for various
alkali halides. Slurries containing 0.2 wt % of the alkali halides in dodecane
were sonicated using a titanium horn (10 W c@2 and 20 kHz). Solid lines are
exponential fits to the data.

hardness and Young’s modulus values requires longer sonication times to reach half the initial crystal size (Table 1). When
the sonication time is normalized by Vickers hardness or
Young’s modulus, all values for fraction of initial size are distributed near a master line (Supporting Information Figure S2).
That is, the rate of fragmentation monotonically decreases
with increasing Vickers hardness or Young’s modulus. The
quantitative relationship between hardness or elasticity and
rate of fragmentation is clear (Figure 3 and Supporting Information Figure S2), but its origins are complicated especially by
the critical factor of defect concentration, which does affect
the mechanical strength and other properties of materials.[17]

Figure 1. Representative optical micrographs of alkali halide crystals before
and after sonication. (a) NaF before sonication and (b) after sonication for
900 seconds; (c) NaCl before sonication and (d) after sonication for 300 seconds; (e) KBr before sonication and (f) after sonication for 90 seconds. Slurries containing 0.2 wt % of the alkali halides in dodecane were sonicated
using a titanium horn (10 W c@2 and 20 kHz).

Table 1. Vickers hardness (Hv), Young’s modulus (E), and sonication time
necessary to halve the initial crystal size (t1/2) of alkali halides.[a]

Powders of each alkali halide with relatively narrow size distributions (Figure 1 and Supporting Information Figure S1)
were slurried in dodecane at various loading (0.07 to 10 wt.%),
and the mixtures were sonicated for various times using a titanium ultrasonic horn (20 kHz, 10 W c@2 ; Sonics and Materials
VCX-750). At 20 kHz, the maximum diameter of a cavitating
bubble before collapse is & 150 mm.[16] All sonication experiments were performed using a 2-second-on and 8-second-off
pulse cycle to prevent significant increases in temperature. In
all cases, the steady state temperature during sonication was
25 8C. Sonication times are reported as the total time that the
mixture was exposed to ultrasound. An aliquot of the sonicated slurry was size analyzed by optical microscopy using
ImageJ software (National Institutes of Health, Bethesda, MD);
approximately 200 particles were measured for each size analysis; in these studies, the size of each crystal was defined as its
longest dimension.
Alkali halides were fragmented under ultrasonic irradiation
(Figure 1 and Supporting Information Figure S1) and their rates
of fragmentation shown in Figure 2. The particle size decreases
exponentially with length of time of sonication.
The strength of ionic bonding in alkali halide crystals increases, of course, for smaller cations and anions, e.g., NaF is
harder than KBr. Among the alkali halides, increased Vickers
Chem. Eur. J. 2017, 23, 2778 – 2782
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Alkali halide

Hv (GPa)

E (GPa)

t1/2 (s)

Initial crystal size (mm)

NaF
LiCl
NaCl
NaBr
KCl
KBr

0.626
0.243
0.216
0.129
0.128
0.098

77.5
49.8
37.3
29.7
26.5
22.3

900
360
310
140
140
90

500
580
340
490
420
310

[a] Determinations of Hv[14a, d] , E[15] and t1/2 were made on single crystals of
the alkali halides. RSD of the initial crystal sizes were around 14 %.

Figure 3. Relationship between (a) Vickers hardness (Hv) and the time necessary to halve the initial crystal size (t1/2) and (b) Young’s modulus (E) and the
time necessary to halve the initial crystal size (t1/2). The dashed lines are
linear fits.
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For these studies, it was important to establish any consequences of variation in the initial crystal size on sonofragmentation. Sodium bromide was chosen as a test sample and examined at initial crystal sizes ranging from 510 mm down to
150 mm (Supporting Information Figure S3), isolated by sieving
using a sonic sifter (Advantech Manufacturing, Berlin, WI). As
shown in Figure S4 (Supporting Information), initial crystal size
had no effect on the rates of fragmentation of alkali halides
over the range examined.
We also studied various control variables to determine their
effect on the rate of fragmentation, specifically liquid vapor
pressure, viscosity, and slurry loading. Vapor pressure of the
slurry was one of control variables examined in this study.
When a bubble collapses, the mechanical energy of the expanded bubble before collapse is converted into thermal and
chemical energy of the bubble contents, that is, the sonochemical hotspot.[5c, 18] High vapor pressure of polyatomic molecules inside the bubble dramatically decreases the effective
temperatures formed in the hot spot both through endothermic bond dissociation of the polyatomic vapor and through
the decrease in the polytropic ratio (i.e., the distribution of
energy into molecular rotations, bond vibrations, and translations).[19] Thus, different solvent vapor pressures might cause
different rates of particle fragmentation. To test this hypothesis, several organic liquids were used to prepare various potassium chloride slurries. There was no change in the fraction of
initial crystal size (Supporting Information Figure S5) as liquid
vapor pressure increased from about 0.01 to 50 torr. Thus, the
vapor pressure of the slurry did not affect fragmentation of
alkali halides crystals. Whereas vapor pressure dramatically affects the temperature reached inside bubbles during cavitational collapse,[19–20] vapor pressure does not affect either the
total mechanical energy of the bubble before the collapse or
the bubble rebound that generates the shockwave launched
into the liquid.[7f, 9b, 21]
Viscosity may also affect the rate of fragmentation by changing relevant factors, such as the number of cavitating bubbles,
bubble dynamics, drag on moving particles, and shockwave
propagation.[5a, 22] Dodecane and Dow Corning 200 Fluid (i.e.,
silicone oil) are miscible and were combined to prepare solutions of various viscosities (Supporting Information Figure S6).
Slurries of the mixed liquids and potassium chloride were sonicated, and the effect of viscosity on fragmentation was investigated. As the viscosity increased, the rate of potassium chloride fragmentation decreased, as expected (Figure 4). Indeed,
for liquid viscosity greater than 100 cSt, no sonofragmentation
was observed.
There are four possible contributors to sonofragmentation
of materials: interparticle collisions, particle–wall collisions, particle–horn collisions, and particle–shockwave/microjet interactions.[8] Previous papers on sonocrystallization have often assumed that interparticle collisions play a major role in fragmentation of growing crystals.[10c, 23] Whereas interparticle collisions are important for long ultrasonic irradiation of slurries of
metal powders, we found recently that this is not the case for
molecular solids.[8] To understand the breakage of brittle materials, we isolated each of these possible contributions to the
Chem. Eur. J. 2017, 23, 2778 – 2782
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Figure 4. Effect of viscosity on fragmentation of potassium chloride. A slurry
containing 0.2 wt % potassium chloride in a dodecane-silicon oil mixture
was sonicated using a titanium horn (10 W c@2 and 20 kHz). The solid line is
an exponential fit.

sonofragmentation of ionic crystals and examined them separately (Figure 5).
First, we examined the effect of crystal loading on sonicated
slurries. Various amounts of potassium chloride were loaded as
a slurry into dodecane (10 mL). Regardless of the loading of
the slurry, the rate of crystal fragmentation was not significantly affected: 140 seconds of sonication (10 W c@2, 20 kHz) reduced the initial crystal size to 0.50(3) for slurries ranging from
0.07 to 10 wt % (Supporting Information Figure S7). Thus, interparticle collisions do not contribute significantly to the sonofragmentation of these crystals.
Second, particle–wall decoupling experiments were performed at various ultrasonic intensities. A latex membrane was
placed around the potassium chloride slurry to prevent particles from hitting the glass reactor wall (Figure 5 b). Although
particle–wall collisions did not occur for particles isolated from
the wall, these particles showed slightly greater fragmentation
than the particles exposed to the wall (Supporting Information
Figure S8). The slight increase probably represents the effective
increase in ultrasonic intensity that the confined slurry would

Figure 5. Experimental setups of (a) the normal apparatus showing the immersion of the titanium ultrasonic horn into the slurry, (b) decoupling experiments to eliminate particle–wall interactions, and (c) decoupling experiments to eliminate particle–horn interactions.
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have experienced within the membrane. These results demonstrate that particle–wall collisions were not a major mechanism
of ionic crystal fragmentation.
Third, particle–horn decoupling experiments were carried
out by isolating the potassium chloride slurry from direct contact with the horn using a latex membrane (Figure 5 c). The
solid particles were still fragmented at rapid rates (Supporting
Information Figure S9), even in the absence of direct horn–particle contact. As such, these results demonstrate that particles–
horn collisions were also not a major contributor to crystal
fragmentation.
Thus, as discussed elsewhere in detail for molecular crystals,[8] we must conclude that particle breakage of ionic solids
irradiated with ultrasound is primarily due to interaction of the
solid particles with shockwaves and microjets formed during
cavitation, not interparticle collisions or particle impact on
hard surfaces (e.g., wall or horn).
For comparison, the mechanisms of crack formation in crystals under mechanical impact from grinding has been previously discussed.[24] When a solid particle is subjected to
a strong impact, tensile stresses are formed radially outward
from the initial point of contact. Cracks are generated along
these radial lines, leading to eventual particle breakage. In addition, cracks can also be generated perpendicular to the radial
cracking, due to the buckling of the particles.
As such, we suggest that there are two general classes of
mechanisms for sonofragmentation of ionic (or molecular) crystals: shock-induced compression–expansion and shock-induced bending or torsion, as shown schematically in Figure 6.
It is likely that the morphology of the initial crystals will determine the relative importance of these two mechanisms: high
aspect ratio solids (i.e., rods, needles, or plates) are much more
likely to break through bending and torsion than low aspect
ratio solids (as used in these studies).
Breakage of crystals ultimately is a nucleated process due to
defects in solids, and is not inherently related to the solids’
hardness or bulk modulus. One intuitively expects, however,
that the rate at which defects are generated in solid particles
during strain or impact ought to correlate with the strength of

materials. This is, if one may, the mechanochemical extension
of the Bell–Evans–Polanyi Principle or of Hammond’s Postulate:
activation energies correlate with enthalpies.[25] (i.e., activation
energies correlate with enthalpies): activation energies for solid
fracture correlate with binding energies of solids.
Indeed, prior reports have established empirically that fracture toughness and fracture strength of glasses (both silica
and metallic) are empirically proportional to Young’s modulus.[26] There are also similar results for various minerals, and
harder minerals required more energy to be broken.[27] These
studies, however, did not examine the kinetics of particle
breakage. As we have now observed for ionic solids (Figure 3
and Supporting Information Figure S2), the rate of breakage of
ionic crystals correlates strongly with both Young’s modulus
and the Vickers hardness of these solids: that is, the kinetics of
crystal breakage correlates with thermodynamic properties.
In conclusion, fragmentation of various alkali halide crystals
was induced by ultrasonic irradiation of slurries in organic liquids; exponential decreases in particle size were observed with
length of sonication. Analysis of the fragmentation mechanism
showed that direct interaction between alkali halide crystals
and shockwaves or microjets, and not interparticle collisions or
impaction, were the main cause of sonofragmentation. Shockwave fragmentation of crystals may be induced by either compression–expansion or by bending–torsional effects on the
solid particles. There is a strong correlation of the rate of fragmentation with materials’ thermodynamic properties (i.e., Vickers hardness and Young’s modulus).
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Figure 6. Two classes of mechanisms of shock fragmentation of crystals.
(a) Pressure profile of a typical shockwave passing through a liquid; compression and expansion from shockwaves, in general, are not symmetric.
(b) Particle breakage from defects formed by shock-induced compression
and expansion of the initial crystal and (c) particle breakage from defects
created during shock-induced bending or torsion of the initial crystal.
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