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,is work focuses on the erodent capability of yttria-stabilized zirconia beads impacting on a limestone target surface. ,e target
surface was used as the cap of a hardened steel vial clamped on a SPEX Mixer/Mill 8000. ,e vial three-dimensional swing results
in repeated bead impacts that cause the material removal from the target surface. ,e mass loss varies linearly with the number of
beads, which allowed estimating the mass lost per bead per impact. It amounts approximately to 70 ng, a value that compares fairly
well with the one of about 80 ng estimated from the volume of the indents left on the target surface by individual impacts.
Experimental findings indicate that the methodology developed can be reliably utilized to investigate solid particle erosion under
highly reproducible and controllable experimental conditions.

1. Introduction

Solid particle erosion (SPE) is a typical erosion wear mode
involving the progressive removal of material from a solid
surface due to the repeated impact of small solid particles [1].
Although it finds important application in abrasive blasting
processes such as sandblasting and abrasive water-jet cutting
[2], SPE is mostly an undesired phenomenon that gives rise
to serious problems in many engineering environments
involving the flow of fluids entraining tiny granular hard
matter. For instance, it is a leading factor in the failure and
replacement of turbines, pipelines, valves, and reactors [3].

Owing to its severe economic impact throughout
modern industry, SPE containment and control are of the
upmost relevance. Significant resources have been spent to
investigate and study SPE to such aim, which resulted in a
vast literature concerning SPE application to engineering
materials [4, 5]. Performed studies indicate that SPE is
sensitive to particle and surface properties as well as to
particle impingement conditions [1]. In particular, the rate
of mass loss is prominently affected by surface ductility [1].
Whereas ductile materials undergo a multistage SPE, the

response of brittle materials is governed by crack formation
[1, 6–12].

Scarce information is available regarding rock materials.
Typically, minerals split along cleavage planes of relative
weakness if present [13–18]. Otherwise, particle impinge-
ment generates lateral and radial cracks that progressively
grow upon subsequent impacts at rates depending on tensile
strength. Once cracks intersect, small pieces of material got
separated from the surface and are removed by impinging
particles [13–18]. ,e volume of eroded material increases
with the impinging particle diameter [19, 20], and local
heating processes can be inferred from schist SPE [21, 22]. In
addition, the increase in fracture toughness reduces relative
erosion according to a reverse power law that is affected by
the impingement velocity [23].

In this work, we investigate the SPE behaviour of
limestone, a rock commonly used as a building material in
historical constructions all over the coastal regions of Sar-
dinia. Due to its position in the middle of the Mediterranean
Sea, Sardinia is particularly windy and buildings suffer from
wind erosion. Wind carries along grains of sand at high
speed, and these behave as very effective tools that sandblast
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away limestone by abrasion [24–26]. A deeper knowledge of
SPE would certainly help in identifying the most suitable
strategy to oppose the undesired degradation of the rock and
address protection and restoration of historical buildings.

To this aim, we propose a novel methodology based on
the use of a ball mill usually utilized to blend and grind
granular bodies on the laboratory scale. ,e ball mill is
equipped with a cylindrical vial. We replaced the original
screw-on cap of the vial with a limestone cap and placed a
certain number of particles of selected size into the vial.
Once the vial is locked on the clamp, the mill shakes it along
a complex trajectory that induces particle impacts on the
limestone cap, which works as the target surface for SPE.
Impacts take place under controlled conditions, no longer
determined by the flow of a carrier fluid but, rather, by the
periodic vial swings. Processing conditions can be easily
adjusted to investigate SPE over long times in the presence of
a significant number of particles as well as to study indi-
vidual impacts of a single particle. In all cases, the eroded
material remains within the reactor and its mass can be
readily determined, which allows establishing a direct link
between mass loss and number and energy of particle im-
pacts. In particular, the mass eroded per impact has been
reliably estimated.

Experimental methodologies are described in detail in
the following. Full details are given in Supplementary In-
formation (SI).

2. Experimental Outline

2.1. Materials. Experiments have been performed using
limestone as the target surface. ,e limestone utilized is a
bioclastic calcarenite deriving from quarries nearby the
village of Santa Caterina di Pittinurri, on the East coast of
Sardinia. Its mineral composition is relatively simple. Calcite
predominates over other carbonate minerals such as an-
kerite, dolomite, and muscovite. Quartz is also present.
Vickers hardness is equal to about 2.4GPa.

Target surfaces were prepared cutting off circular caps
about 10mm in diameter from a limestone slab about 5mm
thick. Limestone caps were suitably polished to have the two
circular surfaces perfectly parallel to each other. Any residual
particulate was removed by subjecting the caps to gentle
cleaning by ultrasounds.

Yttria-stabilized zirconia beads have been chosen as the
erodent material. Beads are approximately spherical, with a
diameter of about 1mm and Vickers hardness of about
13.2GPa. ,us, they are significantly harder than limestone.
,e number of beads used in experiments has been varied
from 1 to 5 and to 10 in the attempt of pointing out possible
effects of multiple impingements on SPE.

2.2.Methods. Beads were placed in a container consisting of
a hardened tool steel cylinder with outer and inner diameters
equal to about 2.4 and 1.9 cm, respectively, and the inner
height of about 5.8 cm. Polished limestone caps were used to
replace the original hardened-toll-steel screw-on caps
equipped with O-rings that allow sealing the vial. ,e

limestone cap was leaned against the top end of the container
and clamped with the threaded aluminium cap as shown in
Figure 1 (see SI.1 for details). ,e vial was placed in the
clamp of a SPEX Mixer/Mill 8000, and the clamp tightened
and locked.

,e SPEX Mixer/Mill 8000 is a compact laboratory
mechanical device that is functionally described as a high-
energy ball mill. In the light of its widespread use inmaterials
science and mechanochemistry [27, 28], its mechanics has
been studied in great detail [29–32]. ,e device shakes the
vial along the complex trajectory schematically described in
Figure 2.,e vial movement results from the combination of
a harmonic oscillation on the vertical plane with a partial
rotation along the axis perpendicular to the vial main axis
and passing through the geometrical centre of its inner
cylindrical volume. Harmonic and lateral swings sweep an
angle of about 15° and take place at a frequency of about
14.6Hz (see SI.2 for details).

Each swing makes the beads impact with each other and
against ends and cylindrical walls of the vial. Impact velocity
depends on the mill frequency as well as on the bead dy-
namics. A relatively large number of beads can give rise to a
strongly dissipative dynamics that result in the cooperative
motion of the granular body. Under such circumstances, the
effects of individual bead impacts on the limestone target
surface cannot be evaluated. ,erefore, we opted to work
with 1, 5, and 10 yttria-stabilized zirconia beads. In this way,
we have been able to estimate the frequency and velocity of
impacts on the limestone cap and to study their effects in
detail.

Two different methods have been utilized to estimate the
frequency and velocity of impacts. On the one hand, we used
a transparent glass cylinder to perform high-speed video
recording of bead dynamics during the mill operational
cycle, which enabled the study of individual bead trajecto-
ries. On the other, we carried out calculations to numerically
reconstruct the bead trajectories starting from the analytical
description of the three-dimensional vial swing. High-speed
video recording was performed using a CASIO Exilim F1
video camera. Videos have been recorded at 600 fps and
suitably analysed to estimate the frequency and velocity of
impacts on the limestone cap (see SI.3 for details). Nu-
merical simulations were performed using a FORTRAN
simulation code. ,e vial swing was described with respect
to an inertial Cartesian reference frame centred on the
eccentric fulcrum of the mechanical arm that clamps the vial
[29–32]. Simultaneously, the dynamics of beads inside the
vial was reproduced using a noninertial Cartesian reference
frame moving with the reactor and with the origin at its
centre [29–32]. Contacts between beads and vial walls were
described within the framework of the discrete element
method [33] (see SI.4 for details).

High-speed video recording and numerical simulations
provided detailed information on bead trajectories as well as
on impact angles and velocities. Individual beads follow a
relatively regular trajectory dominated by the main har-
monic swing on the vertical plane. Rebounds on the cy-
lindrical wall determine sudden changes in direction
without affecting the periodic displacement between the
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opposite vial ends. Typically, impact angles vary between 50°
and 70°, whereas impact velocity ranges from 3 to 5m · s−1

(see SI.5 for details).
After each experimental run, the vial was opened and

carefully emptied. Container, limestone cap, and beads were
suitably handled to remove and collect any particulate de-
riving from the SPE of the target surface. Whenever in
sufficient amount, the collected particulate was weighed
using a laboratory precision balance able to read four
decimal places to the right of the decimal point.

Optical microscopy was used to inspect the target surface
and identify interesting portions. Subsequently, a microtome
was utilized to cut off the identified portions of the eroded
surface. ,eir morphology on the microscopic scale was
investigated by scanning electron microscopy (SEM) using a
Zeiss EVO LS15 microscope. To this aim, samples were
properly coated with Au to create a conductive metal layer
enabling a satisfactory imaging of the sample surface. SEM
micrographs were used for counting the indents left by the
impacts of individual beads.

3. Results and Discussion

Bead impacts on the limestone target surface determine its
gradual erosion. Measured by repeated weighing with the
laboratory precision balance, the total mass lost by the
limestone cap in the various experimental runs, Δm, is
shown in Figure 3 as a function of time, t. Data clearly
indicate that Δm varies linearly with t. ,e slopes of linear
plots measure the rates at which bead impacts erode the
target surface. Best-fitting the experimental points with
straight lines results in rates approximately equal to 0.435,
0.257, and 0.051mg ·min−1 for experiments performed with
10, 5, and 1 beads, respectively.

In experimental runs with 10 and 5 beads, SPE proceeds
at rates about 10 and 5 times higher than the one estimated
in experiments with a single bead.,is strongly suggests that
the frequency of impacts on the limestone cap varies linearly
with the number of beads, and that individual impacts have
substantially the same effects in the presence of 1, 5, or 10
beads. ,erefore, the three rate values can be used to

(a) (b)

Figure 1: (a) ,e exploded view and (b) a cross section of the vial.

1

(a)

2

(b)

Figure 2: A schematic description of the vial motion. ,e vial moves between the two extreme points of its swing in the first half cycle (1),
and then it comes back to the initial point in the second half cycle (2). Lateral movements make the vial assume opposite orientations at the
midpoint of each half cycle.
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calculate the average SPE rate due to a single bead. In
particular, it is sufficient to average over the three SPE rates
each normalized to the proper number of beads used in the
experiment. ,e resulting value of 0.048mg ·min−1 mea-
sures the rate of mass loss undergone by the limestone target
surface in the presence of a single erodent bead.

,is value can be used to estimate the mass loss as-
cribable to individual impacts. To this aim, an estimate of the
impact frequency on the target surface is needed. Such
estimate was easily obtained from high-speed video re-
cording of individual bead trajectories within a shaken
transparent vial as well as from numerical simulation of the
bead dynamics.

High-speed video recording allows satisfactorily visu-
alizing the dynamics of individual beads inside the moving
container (see SI. 3 for detail). Overall, 10 and 5 beads do not
show any tendency to exhibit dissipative dynamics. Ac-
cordingly, they move independent of each other, sampling
all the volume available inside the vial. It follows that in
experiments using a total of 5 and 10 beads, each bead
exhibits approximately the same behaviour it would display
in the absence of other beads. Experiments performed with a
single bead clearly indicate that it moves between the two
opposite vial ends following relatively regular trajectories.
On the average, a single bead impacts onto the limestone
target surface with a frequency of about 11.6Hz. Accord-
ingly, the limestone cap is hit by the bead approximately 0.8
times per cycle of the vial swing.

,e outcomes of numerical simulations confirm the
scenario described above. In simulations involving 5 and 10
beads, the single beads follow similar trajectories indepen-
dent of each other, except for rare bead-bead impacts, which
make the bead travel regularly between the opposite vial
ends. Again, it appears that each bead hits the limestone cap
0.8 times per cycle on the average (see SI.4 for details).

Experiments carried out with a single bead allow relating
the measured SPE rate with the total number of individual
bead impacts. In turn, this enables the evaluation of the
limestone eroded, on the average, in individual impacts.
Simple calculations show that a single impact is able to
remove about 68 ng from the limestone target surface.

SEM observation of the indents generated by individual
bead impacts on the limestone target surface supports such
result. Specifically, pristine, finely polished limestone caps
were used as target surfaces in the presence of a single bead.
,e ball mill was operated for times short enough to allow
only a few bead impacts on the limestone. In this way, the
target surface exhibits just a few, well-defined indents such
as the one shown in Figure 4. Indents have the shape of a
spherical cap. Invariably, their characteristic lengths are
similar, with a radius of the base of the cap of about 50 μm.

,is suggests that yttria-stabilized zirconia beads are
hard enough to indent the limestone cap and concomitantly
remove the material involved. As shown in Figure 5, beads
are not affected by impacts. Only after a significant number
of impacts, their surface starts losing the initial pearl white
appearance.

,e volume of the spherical cap left behind by bead
impacts provides an independent measure of the amount of
material removed by individual impacts. A schematic pic-
ture of a bead indenting the surface is shown in Figures 6(a)
and 6(b). Assuming a radius of the base of the cap of 75 μm,
the spherical cap is approximately 5.7 μm high. Its volume is
equal to about 50.1× 103 μm3. Since the limestone density is
about 1.66 g · cm−3, the mass loss associated with the for-
mation of the indent is approximately equal to 83 ng. Taking
into due account the experimental uncertainties that affect
the evaluation, this estimate is quite close to the one of 68 ng
obtained by measuring the mass lost by the limestone cap
using the laboratory precision balance.

,e material removed by SPE from the limestone target
surface was characterized using optical microscopy and SEM
observation. Typical micrographs are shown in Figure 7.
Optical microscopy under polarized light conditions indi-
cates that the eroded material consists of small powder
particles about 3 μm in size. Although electrostatic phe-
nomena tend to agglomerate particles into much larger
aggregates, SEM observation confirms that powder particles
have size ranging between 2 and 5 μm. Under the simplifying
assumption that particles have a spherical shape and a 3 μm
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Figure 3: ,e total mass lost by the limestone cap, Δm, as a
function of time, t. Best-fitted lines are shown.

200 μm

Figure 4: SEM micrograph of a typical indent generated by the
impact of a yttria-stabilized zirconia bead on the limestone target
surface.
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diameter, the formation of indent on the limestone target
surface in individual bead impacts induces the generation of
about 100 powder particles. ,is fine particulate does not
hinder the bead dynamics, at least within the time intervals
explored by the present study.

Following the literature [23], we estimated the mass of
eroded material in individual bead impacts according to a
model based on impact-induced crack formation in brittle
solids [34]. ,e model expresses the mass loss as

Δm ≈ 0.41ρ πcItan β( 
−2 mbv2( 

14

K12σ2
 

1/12⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
, (1)

where ρ is the limestone density, cI is an empirical pa-
rameter, β is the indentation angle,mb is the bead mass, v is
the impact velocity, K is the limestone fracture toughness,
and σ is the limestone yield strength. ,e quantity char-
acteristics of limestone are known from the literature (see

100 μm 

(a)

100 μm 

(b)

Figure 5: SEM micrographs of a yttria-stabilized zirconia bead (a) before and (b) after 300min of mill operation.

(a) (b)

Figure 6: A schematic picture of a bead (a) indenting the surface (b).
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SI.6 for details). ,erefore, the mass loss predicted by the
model for different v values can be readily calculated.

,e obtained Δm estimates are significantly larger than
the experimental one of about 70 ng. Even for an impact
velocity of 0.5m · s−1, which can be regarded as the lowest
bound of impact velocity distribution, the predicted mass
loss is as large as 2.2 μg, i.e., approximately three times the
experimental value. At the most probable impact velocity of
4m · s−1, the predicted Δm value increases up to 28mg.

About three orders of magnitude separate experimental
and theoretical estimates. To a first approximation, this can
be ascribed to the different ranges of impact velocity ex-
plored in our experiments and taken into account in the
development of models addressing typical abrasive blasting
conditions. In fact, in the latter case, SPE takes place under
the effect of impact velocities as high as 200m · s−1. ,us, it
appears that our methodology allows investigating reliably
SPE processes mediated by much less energetic impacts and
involving significantly smaller eroded masses.

In this regard, it is here worth noting that the meth-
odology is, in principle, quite flexible. ,e SPEX Mixer/Mill
8000 can be equipped with electric motors enabling the
variation of the vial swing frequency within a broad range of
values. Previous work has shown that working frequencies
can range approximately from 11Hz to 25Hz [30, 35]. ,us,
impact velocities can be varied accordingly, and impact
angles can be controlled by varying the incline of the target
surface. ,e mass of impinging particles and their number
can be controlled as well. In addition, experiments can be
performed under vacuum conditions, i.e., in the absence of
any gaseous atmosphere. Overall, the use of polished caps
made of geomaterials as target surface shows the promise of
facilitating experimental investigation in the field of SPE and
the acquisition of new details on the effects of individual
impacts.

4. Conclusions

Experiments aimed at evaluating SPE on a limestone target
surface have been performed using a SPEX Mixer/Mill
8000. ,e three-dimensional swing of the clamped vial

allowed inducing repeated impacts of yttria-stabilized
zirconia beads on the polished limestone cap utilized to
close the hardened steel cylindrical container. Impacts
resulted in the removal of material from the target surface.
,e mass loss is directly proportional to the number of
beads. Direct evidence from experiments performed using
single or more beads indicates that individual impacts
remove about 70 ng of material. ,is value compares re-
markably well with the estimate of about 80 ng obtained
from the volume of indents left on the target surface by
individual impacts. Overall, SPE of limestone finally results
in the removal of about a hundred 3-μm particles of eroded
material per impact.

,e methodology utilized allows studying SPE in great
detail. It enables highly reproducible experiments with
considerable control of processing conditions. In principle,
impact velocity can be varied over a quite broad range simply
changing the frequency of the vial three-dimensional swing.
,e number and size of erodent particles can be changed,
and their effects on the target surface can be accurately
investigated. Indeed, the use of a closed vial allows collecting
the total mass of eroded material and weighing it for a
quantitative evaluation of the SPE rate.

Overall, the methodology developed is flexible enough to
be extended to other ball mills and to a variety of erodent and
eroded materials combinations. Further work is ongoing to
explore potential and limitations of the methodology.
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Figure 7: (a) Optical microscopy image of eroded material under exposure to polarized light and (b) SEM micrograph of powder particles.
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Supplementary Materials

SI.1: limestone caps. Figure SI.1.1: original samples and
circular caps fabricated from slabs. Figure SI.1.2: vial
components. SI.2: ball mill dynamics and vial motion Figure
SI.2.1: picture of the SPEXMixer/Mill 8000. SI.3: high-speed
video recording. SI.4: bead dynamics andmilling conditions.
SI.5: statistical distributions of impact angles and impact
velocities Figure SI.5.1: statistical distributions p of (a)
impact angle, b, and (b) total impact velocity, v. SI.6: model
calculations Figure SI.6.1: the mass lost by the limestone cap,
Dm, as a function of the impact velocity, v. (Supplementary
Materials)
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