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Abstract

An�experimental�test�rig�for�the�study�of�impact�in�an�air-jet�mill�(up�to�500�m�s!�1)�allows�the�evaluation�of�the�relationship�between�the�
impact�energy�and�the�fineness�of�the�impacted�solids.�In�single�impact�tests,�so�far,�three�types�of�behaviour�are�found:�brittle�(for�glass,�sand,�
polyamide�and�NaCl),� ‘‘complex’’� (for�Al(OH)3)�and�ductile� (for�PMMA).�A�classification� is�obtained� from� the�definition�of�grindability�
parameters.�A�multi-impact�study�reveals�the�non-equivalence�between�multiple�impact�and�single�impact:�a�solid�is�not�broken�similarly�if�a�
given� total�energy� is�provided� in�one�or�several� impacts.
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1. Introduction

Comminution is a very inefficient process: it consumes
large amounts of energy. In jet mills, less than 5% of the
provided energy is used for effective fracture, that is, for
creation of new surfaces [1]. The development of more
energy-efficient processing implies a better fundamental
understanding of the various mechanisms involved in the
fragmentation of the particles. A test for impact has been
developed in order to improve that knowledge. It enables
the evaluation of the influence of the operating conditions
(impact energy, target material, incident angle, etc.) on the
behaviour at impact and the determination of the grind-
ability parameters.

2. Experimental methods

2.1. Equipment

An experimental air-jet mill (see Fig. 1) is designed to
study the fracture of particles accelerated in a jet of air and

impacting on a target [2]. It includes an air–solid mixing
unit, an accelerating supersonic nozzle and a grinding
chamber containing the target. The target is a 60-mm-
diameter silicon carbide disk, 10-mm thick. The adjustable
distance between the exit of the nozzle and the target is set
at 55 mm. The impact angle between the jet and the target is
set at 90j. The jet is a cone of about 1.5j. After impact, the
debris are recovered in an air–solid separation section
composed of two cyclones and a filter bag.

The solid flow rate is determined from the continuous
weighing of the bottom fraction of the first cyclone. The
experiments are conducted using very dilute jets having a
solid to air flow rate ratio l =Ws/Wj of less than 0.1 so as to
minimise particle–particle interactions in the jet, in the
nozzle and on impact. Under these conditions, the experi-
ments are comparable with single particle impacts.

The kinetic energy supplied to the solid is determined
from the velocity of the particles which is measured by two
techniques (see Fig. 2): an optical correlation method
(vector optical fibre probe [3]) and by video recording using
a high shutter speed video camera. In the second technique,
the velocities are determined from the measurement of the
length of the traces of the particles that are illuminated in a
laser sheet, knowing the shutter speed of the camera (vary-
ing from 1 to 5000 As). This equipment allows experiments
at velocities from 5 to 500 m s! 1.
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2.2. Methodology

The experimental parameters are the air flow rate Wj, the
flow rate of the solid Ws and the nature of the solid. The
particle size distribution of each sample of powder is
measured before and after impact by sieving (standard
NFX 11-501 1970). Scanning electron microscope (SEM)
pictures provide for the morphology of the grains before and
after impact.

The methodology consists in following the evolution of
the particle size distributions, deriving changes in fineness
criteria and morphology with the impact velocity Vs or the
specific kinetic energy Es (e.g. kJ kg

! 1).

The different diameters obtained from a particle size
distribution allow the complex information of the particle
size distribution to be reduced to a few parameters for a
more convenient use. However, one must not forget that
mean diameters have no ‘‘physical’’ meaning for multi-
modal distributions, which are often met in the commi-
nution area. In our study, it was decided to use the
following mean diameters for sieving, with xi = mass
fraction of solid collected on sieve of mean size diameter
dai:

– the arithmetic mean diameter for sieving: dm =Sxidai;
– the harmonic mean diameter dh = 1/(Sxi/dai).

Fig. 1. Experimental single jet apparatus.

Fig. 2. Experimental velocimetry systems.



There are many ways of characterising the grindability of
powders by fineness criteria. They may be put into three
groups:

– those defined on the basis of mean diameters (ratio of
initial mean diameter di to the final mean diameter df,
ratio of specific surface areas, etc.);

– those defined by the amount of fines created;
– surface-based criteria (amount of surface created as

measured by permeability, adsorption, or calculated from
particle size distributions).

One knows that these fineness criteria are reducing the
particle size distribution information to one single value.
They are not showing how individual sieve cuts break, but
for this first step of the study, it was decided to use ‘‘simple’’
parameters. The aim is to be able to follow the breakage
phenomena of different powders, in order to have general
grinding profiles easy to compare.

In this paper we choose to reduce the information of the
particle size distributions into three ‘‘handy’’ parameters
which, as it will be shown later, are sufficient to compare
our studied powders:

– the size reduction ratio, defined from the arithmetic mean
diameter: di/df. It gives information mainly on the largest
fragments.

– the weight percentage of particles finer than 40 Am:
%fines < 40 Am. It is a very attrition-sensible criterion
and gives mainly information on the beginning of
fragmentation, corresponding to the weakest particles.

– the specific surface area derived from the harmonic mean
diameter: as = 6qs

! 1dh
! 1. It gives information mainly on

the smallest fragments.

3. Tested solids

The powders impacted in the experimental rig cover a
wide range of different materials from minerals to poly-
mers. Table 1 shows the physical properties of the
studied samples, when provided by the suppliers. The
varied morphologies of the grains are shown in Fig. 3a
and b.

– The glass beads are spherical with smooth surface, soda
lime microspheres. They are a 90- to 150-Am sieve cut.

– The sand particles are a 90- to 125-Am sieve cut. It has a
composition which is more than 99% SiO2 with traces of
other metal oxides.

– Hydrargillite Al(OH)3 is obtained by the so-called Bayer
process. The structure of the particle is an accretion of
grains which are themselves assemblies of platelets [4].
The particle size distribution ranges from 40 to 140 Am.

– The polyamide 11 is a 40- to 160-Am polymer with semi-
crystalline structure. It is actually pre-ground and pre-
dried.

– The salt NaCl has cubic crystals. It is produced by
evaporation of pickling brine saturated in natural rock
salt. The particles are a 315- to 500-Am sieve cut.

– The PMMA amorphous polymer is obtained from
conventional suspension polymerisation, providing for
very spherical particles. The particle size distribution
ranges from 100 to 250 Am.

4. Results

4.1. Preliminary study

As the aim is to study the fragmentation of particles on the
target, it is essential that the incident particles are not
deviated by the layer of air moving laterally at the target.
The inertia of the particles must therefore be sufficient for
their trajectory not to be disturbed by the lines of flow near
the stagnation zone. Previous work [5] gave an dimension-
less inertia number k, appearing from the constitutive equa-
tions for two-phase flows. It is defined as the ratio of the
aerodynamic time response and the flow characteristic time
(see expression in nomenclature). It was shown that if the
inertia number k is larger than 1, the particle trajectories are
not disturbed by the flow lines. It was checked that all the
tested solids would fulfil that condition (see Fig. 4). Even for
the smallest sieve cut from the feed powder of hydrargillite
(32–45 Am), the inertia number is larger than 10.

Furthermore, before using a silicon carbide target for the
experimental programme, tests were performed with a
rubber target which does not give impact fragmentation.
The aim was to determine the importance of attrition in the
accelerating nozzle or in the cyclone collectors under given
operating conditions. It was found that with very dilute jets
(l =Wj/Wsc 10! 2), there was no significant difference in
mean diameter or in the shape of the particle size distribu-
tions before and after impact. Thus, under these conditions,
there is no extraneous attrition phenomena and fragments
are only produced at impact on the SiC target.

4.2. Particle size distributions

The results of impact experiments with glass beads are
shown in Fig. 5 as density distributions. First of all, it can be

Table 1

Physical properties of the studied solids

Material Diameter,

dm (Am)

Density

(kg m! 3)

Specific

area, as
(m2 kg! 1)

Young’s

modulus

(GPa)

Poisson

ratio (– )

Mohs

hardness

Glass 129 2460 19 70 0.25 6

Sand 109 2640 21 74 0.16 6

Polyamide 123 1030 50 0.012 – 3

NaCl 400 2160 7 43.9 – 2.5

Al(OH)3 93 2350 27 – – 3.5

PMMA 173 1180 33 3.3 0.4 3



Fig. 3. (a) and (b) SEM pictures of the studied solids.



seen that these distributions are essentially monomodal,
which allows the use of mean diameters to characterise
the results and consequently to define fineness criteria on
the basis of mean diameters. This conclusion is also true for
the other powders studied in this paper. Secondly, the
change in the location of the peaks between the initial
material and the fragmented material gives information
about the evolution of the different particle size classes.
Even if the whole information of the particle size distribu-
tion is not used here, the diameters and derived fineness
criteria will allow us to study the impact behaviour of our
solids.

4.3. Size reduction ratio

Fig. 6a shows the change of the size reduction ratio di/df
with the impact velocity Vs, for different solids. Fig. 6b
shows the change of the size reduction ratio di/df with the
impact kinetic energy Es = 0.5qsVs

2, for different solids, with
a scale that is chosen to highlight the zone of small energy
impacts. In Fig. 6a, when the solid can be broken, there are
two zones separated by a transition velocity Vso called the
velocity attrition threshold. In Fig. 6b, the same pattern can

Fig. 4. Variation of inertia number with gas velocity. Fig. 5. Particle size distributions for glass beads.

Fig. 3 (continued ).



be seen with the corresponding kinetic energy attrition
threshold Eso = 0.5qsVso

2. The transition Vso (respectively
Eso) is obtained in Fig. 6a (respectively Fig. 6b) by extrap-
olation of the curves to di/df equal to 1. Table 2 gives the
characteristic values determined for the different tested
solids. The same patterns are observed for the three fineness
criteria: di/df, as and the %fines < 40 Am plotted vs. Vs or Es.
It seems that the thresholds depend only on the nature of the
material, its particle size and on the nature and surface state
of the target, regardless of the fragmentation criterion that is
used [4]. The threshold corresponds to the beginning of the
breakage of the weakest particles of the powder, but as there
is a distribution of strength among the particles of the
powder [6], all the first broken particles do not probably
have exactly the same size. The interest of determining such
a parameter is then that one knows if a powder will produce
broken fragments in his process (handling, transport, etc.). If

the powder is experiencing impacts at velocities higher than
the attrition velocity threshold, broken fragments will
appear.

Fig. 6. (a) Size reduction ratio evolution with impact velocity. (b) Size reduction ratio evolution with impact kinetic energy.

Table 2

Threshold parameters for the studied solids

Material Vso

(m s! 1)

Eso (MJ m! 3)

(kJ kg! 1)

Vsc

(m s! 1)

Esc (MJ m! 3)

(kJ kg! 1)

p

(m2 kJ! 1)

Glass 46 2.6 – – 2.7

1.1

Sand 65 5.6 – – 2.7

2.1

Polyamide 125 8.1 – – 0.5

7.9

NaCl 11 0.1 – – 5.5

0.06

Al(OH)3 31 1.1 88 9.1 9.0

0.5 3.9 2.2



The following discussion will use the generic fineness
criterion n corresponding to one of the three parameters: di/
df, as or the %fines < 40 Am. The same conclusions apply
whatever the chosen fineness criterion. Below the attrition
threshold, the impact is probably elastic, according to the
SEM observation, even if internal damage is possible.
Above that limit, the provided kinetic energy (~Vs

2) always
leads to fragmentation. Three types of behaviour are found.
Two are illustrated in Fig. 7 with the variation of the specific
surface area as vs. the kinetic energy Es for two solids that
exhibit these two typical fragmentation profiles: glass and
hydrargillite.

– For glass, but also for sand, polyamide and NaCl, above
the attrition threshold, a linear increase of any fineness
criterion with the kinetic energy (i.e. the square of the
impact velocity) can be proposed. Fig. 7 shows what
happens for glass beads between as and Es. This is in
accordance with the literature. For a brittle material (e.g.
glass), Griffith theory [7] explains the observations. The
basic hypothesis is the creation of cracks from flaws that
generally exist in any solid. Their propagation is
immediate and fracture occurs. The more energy
provided, the denser the crack pattern [8]. SEM pictures
reveal a crack pattern that originates from a short
distance below the impact point, propagating in the
opposite direction (also seen in Refs. [8,9]). This can be
seen at any velocity, which would suggest that only one
fracture mechanism is operating for such materials.
Polyamide belongs to this group of brittle materials
because of its semi-crystalline structure that is prone to
fragile rupture.

– On the other hand, for hydrargillite, past the attrition
threshold, there are two breakage regimes (linear)
separated by a critical energy Esc (Fig. 7). Hydrargillite’s
behaviour is explained by its complex structure [4]. A
grain is actually an association of platelets which are
themselves piles of sheets. Thus between the attrition and
critical threshold, the low energy level supplied to the

particles is only able to provoke the breaking of the edges
of the crystal or of the platelets. The first mechanism
corresponds to the rupture by chipping and splitting of
the grain joints of the platelets structure. The weakest
bonds are broken first giving smaller aggregates. Past the
critical threshold, the fragments look completely different
on the SEM pictures. There is a cleavage of the platelets
and their destruction yields sheets and fragments of
platelets. The new mechanism of cleavage–breakage
tends to break a stronger structure, hence the reduction in
slope in the graphs.

– Finally, for the amorphous polymer PMMA, no
fragmentation occurs in one impact. SEM pictures show
only flattened particles and a crack pattern that does not
lead to fracture (see Fig. 3b). The 173-Am PMMA
spheres exhibit a ductile behaviour during the tests.

4.4. Percentage of fines—specific area

Whatever the solid, the changes of the weight percentage
finer than 40 Am and the specific surface area as velocity
increases are similar to those seen above. Fig. 8 shows the
change of the three different parameters for the impact of
hydrargillite. As can be seen, the thresholds are located in
the same place. These parameters are equivalent as the
information obtained from them is the same.

4.5. Grindability parameters

4.5.1. The attrition threshold
The attrition threshold Eso represents the minimum

energy to provide to a powder to cause failure. It depends,
a priori, on the powder and the experimental rig. However, it
has been shown [2] that if the target has a large enough
Young’s modulus, the transition data are only dependent on
the powder: nature (chemical composition, structure) and its
particle size distribution.

Fig. 7. Specific surface evolution for glass beads and Al(OH)3.

Fig. 8. Variation of different fineness criteria for Al(OH)3.



Vso is a useful comparison parameter, as it answers to the
questions: which solid will break first? or which solid is the
‘‘weakest’’ for attrition by impact?

There appears to be no relation between the threshold
velocity and Mohs hardness. A solid can be ‘‘hard’’ and
brittle (e.g. glass). Besides, glass and sand have the same
hardness but the latter can withstand, without breaking,
impacts velocities up to 1.5 times those for glass.

4.5.2. The grindability index p
If the curve as vs. Es is a straight line above the attrition

Eso, its slope, p, has the units of m
2 kJ! 1. It can be interpreted

as the amount of created surface per kilojoule, or more
precisely as the increase of surface for an increase of provided
energy. Thus, it represents an ability of breakage: the larger p,
the more surface will be created for a given energy.

However, one must keep in mind that Vso and p contain
different information. A solid with small Vso can break and
create more surface per kilojoule (i.e. with large p) than one
with a larger attrition threshold. It can also be observed that
even if glass and sand have the same grindability p = 2.7 m2/
kJ, the former is more sensitive to attrition: Vso (sand) = 65
m/s and Vso (glass) = 46 m/s.

4.6. Comparison with the literature

Many authors have studied the relationship between the
fracture energy and the mechanical characteristics of the
solids [10,11]. They rely on the Hertzian theory [12]. Eq. (1)
enables an evaluation of the attrition threshold for different
materials [10].

Vso ¼
4:99

pqs

! "1=2 1! m2

Y

! "2=6 prcð28 þ 20mÞ
84

! "5=6

ð1Þ

Tables 3 and 4 compare the attrition threshold ‘‘Vso-
experiment’’ obtained for the three tested solids with ‘‘Vso-
calculated’’ obtained from three similar solids from Eq. (1),
with physical and mechanical data found in the literature
[13–15].

Even if the data come from different sources, the results
correlate well with Eq. (1). This is not surprising as, even if
these powders are not ‘‘ideal particles’’, they nevertheless
have a marked brittle behaviour.

The ductile behaviour observed with our PMMA spheres
would be an example of the existence of a brittle–ductile
transition. Okuda and Choi [16] succeeded in fragmenting
9.8-mm particles of PMMA, whereas it was not possible for
our 0.173-mm spheres to break. This result is in agreement

with the brittle–ductile transition theory that predicts for
PMMA a critical diameter of 0.303 mm below which failure
by chipping in the semi-brittle mode is not possible. Hagan
[17] showed that the ultimate particle size below which the
particle can only be deformed elastically can be approxi-
mated by:

luc30ðKc=HÞ2 ð2Þ

This relation is based on crack nucleation and propaga-
tion. Actually, for a given threshold load, a crack of a given
size nucleates. The hypothesis of this approach is that the
largest flaw size determines the critical specimen size for the
ductile–brittle transition in comminution.

In comparison, the critical specimen size for glass
predicted by the above analysis is about 0.5 Am, which is
in excellent agreement with the literature [17,18]. Other
results are obtained with different NaCl: luc 27–83 Am
[19,20].

Nevertheless, one must be cautious with the limiting size
notion, as often a grinding limit size is observed not because
of the material but because of the experimental apparatus
limitations.

5. Classification of the types of behaviour at impact

So far three types of behaviour at impact on a target have
been found.

5.1. Brittle

The fineness criterion n follows a linear increase with the
kinetic energy above the attrition threshold. Two parameters
can be determined from the curves: the attrition threshold
and the slope of the straight line. Hence, two comparisons
can be made between materials showing brittle failure.

The threshold value, Vso or Eso, gives information on the
resistance to attrition by impact. Sometimes, when the
material is highly sensitive to attrition, it is not possible to
determine the attrition threshold by extrapolation. In such a
case, one must be sure that the fragmentation is only
happening on the target and not on the walls of the rig,
for instance.

Table 3

Experimental data used for comparison with Eq. (1) application

Studied solid Vso-experiment (m s! 1)

Glass beads 129 Am 46

PA11 123 Am 125

NaCl 315–400 Am 11

Table 4

Examples of Eq. (1) application

Reference

literature

Density

(kg m! 3)

Poisson

ratio (– )

rc (Pa) Vso-calculated

(m s! 1)

Glass beads

775 Am [11]

2500 0.25a 70 & 109

(tensile particle

strength)

31

Nylon 11 [12] 1030a 0.3a 44 & 106

(tensile resistance)

103

Salt 425–500

Am [13]

2160a 0.3a 12 & 106

(single particle

failure stress)

8

a Estimated data.



The slope p quantifies an ease of breakage. The greater p,
the easier a material is broken for the same energy incre-
ment. If n is the specific area, the slope represents the
amount of created surface per kilojoule.

The attrition threshold and the grindability index p are
complementary criteria for characterising the behaviour at
impact of a solid.

5.2. Complex

There are two different brittle behaviours before and after
a critical velocity or energy (hydrargillite, for example).
Below that threshold, the evolution is similar to brittle
materials. Above the critical change, the fracture efficiency
can be smaller or larger, as if a ‘‘weaker’’ or ‘‘stronger’’
material is being broken.

5.3. Elastic–plastic

There is no fracture in one impact. Measuring the
importance of the plastic deformation is a way of classifying
such materials. Investigation of higher energy impact is
necessary to confirm the brittle–ductile transition.

5.4. Others

The literature gives examples of materials that do not
have a linear behaviour. In that situation, it is impossible to
determine a constant grindability, but it is still possible to
compare the tangent of the curve at a given energy.

The question of the existence of stagnation at a level of
energy is linked to the existence of a limiting size
[17,18,21–23].

6. Results with polyamide

Several tests were performed with polyamide at very
high kinetic energies, using helium as the carrier gas instead
of air. SEM pictures reveal some melted part in some
particles, but several particles are not melted at all. For
the particles that melted during the impact, the temperature
could have risen up locally to at least 180 jC, the melting
point for our polyamide 11. Another explanation lies in the
combination of plastic deformation and inertia. If the
temperature is larger than the glass transition temperature
Tv = 38 jC, the particle could deform in such a way up to the
fibrous aspect observed.

7. Multi-impact results

7.1. Hydrargillites

Hydrargillite particles of initial size of 93 Am were
subjected to repeated impacts at the same velocity. The

whole fraction of particles (broken and unbroken) was re-
impacted. Fig. 9 shows the change of the mean diameter of
the impacted sample as a function of the number of impacts
for different impact velocities. These results may be inter-
preted on the basis of Eso and Esc used in the single impact
study.

– At a velocity of 24 m/s, the attrition threshold is not
reached and there is no change in the particle size of the
powder: for the 93-Am size particles of hydrargillite, the
energy supplied is smaller than Eso.

– For higher velocities, there is no more change after three
impacts. If Eso <Es <Esc (i.e. a velocity lower than 88 m/
s), there seems to be an asymptote at 40 Am, which would
correspond to the smallest monocrystals of hydrargillite.
In this domain of energy, a multiplication of the number
of impacts will never give particles smaller than c 40
Am. To obtain smaller size particles, it is necessary to get
over the potential barrier Esc.

– If Es>Esc, there also seems to be an asymptote after three
or four impacts. Cleavage-grinding first gives smaller
tablets which then may be ground to give tablet fragments
smaller than 40 Am.

This kind of result has often been reported in the liter-
ature: three impacts for NaCO3 [24]; seven impacts for
polystyrene [13]; five for CaCO3 [25]. The reason for this
asymptote is not well known, but it seems that the efficiency
of grinding enters in the problem. An impact is never 100%
efficient, because, for example, of the particle orientation at
impact. Different orientation will not give the same stress
field in all the particles. The first impacts will only break
several bonds. All the bonds corresponding to one energy
level, statistically, will only be broken after several impacts.
There is no change afterward and stagnation is observed
when all possibilities for rupture at a given velocity have
been used.

One consequence of these results is that, with the
followed methodology, supplying all the kinetic energy to

Fig. 9. Multi-impact results for Al(OH)3.



rupture a solid in one impact is not the same as supplying it
in several impacts.

7.2. NaCl

A size range of 315–500 Am of salt particles was
impacted several times for different velocities: one smaller
than the attrition threshold and two over it. However,
contrary to the test with hydrargillite, the same cut size
(315–500 Am) was re-impacted. Fig. 10 shows the change
of the mean diameter of the impacted sample as a function
of the number of impacts for different impact velocities.

Even if the methodology differs from the one used in the
hydrargillite’s campaign, the results are similar. Below the
attrition threshold, no matter what the number of impacts is,
no breakage occurs. So, as far as we can say, i.e. six
impacts, there is no apparent fatigue phenomenon that leads
to fragmentation.

Above the attrition threshold, there is size reduction only
until the fourth impact. Further impact did not break the
particles significantly: an asymptotical behaviour was

found, showing that some fraction of the particles was too
strong to break at the velocity used, that is, had a high
threshold.

7.3. PMMA

Repeated impacts were performed with PMMA, which a
single impact did not manage to break. The whole fraction is
always re-impacted. The aim of these experiments was to
see if it was possible to fragment 173-Am beads of this
material and, if so, after how many impacts. Fig. 11 shows
the change of the mean diameter with the number of
impacts. Rupture only occurs after five impacts. SEM
pictures show that one impact leads to the flattening of
the particle at the point of impact, accompanied by large
cracks which spread out from the zone of plastic deforma-
tion. Several subsequent impacts do not make these cracks
propagate further up to failure but further flattenings can be
seen to give an increasing degree of fissuring. Even if the
solid can store a large amount of impact energy by plastic
deformation at the point of shock, a phenomenon of fatigue
by creation, densification and propagation of cracks would
be an explanation for the breaking.

Fig. 10. Multi-impact results for NaCl.

Fig. 11. Multi-impact results for PMMA.

Fig. 12. Multi-impact profiles for Al(OH)3.

Fig. 13. Multi-impact profiles for NaCl at 20 and 25 m/s.



7.4. Analysis of repeated breakage

Some authors [26,27] treat their multiple impact results
with a first-order rate equation. They fit an exponential
decrease of the unbroken fraction of their feed solid with the
number of impacts. In our case, that approach did not work
very well, which is not surprising as the methodology used
here is different: after each impact, the whole sample is re-
impacted. According to the relatively low number of points
available for hydrargillite (stagnation is observed after two
to three impacts), a simpler linear relation fits better. As it
has been observed with single impact, the fineness criterion
is proportional to the provided kinetic energy. Thus, once
again, a linear dependence is looked for between the fraction
of solid under 40 Am (%< 40 Am) and the number of
impacts (N) (Eq. (3)).

ð% < 40 AmÞ ! ð% < 40 AmÞinitial ¼ kN ð3Þ

Figs. 12–14 show for the three studied solids, the
evolution of the relative fraction under 40 Am with the
number of impacts.

For the hydrargillite, the number of points is definitely
too small, but for NaCl and PMMA, the reliability is better.
Eq. (3), if validated, leads to the proportional factors k given
in Table 5. Furthermore, in Fig. 15, k data are plotted vs. the
effective kinetic energy per impact (Es!Eso) for Al(OH)3
and NaCl.

For hydrargillite, two separate straight lines can be seen.
One corresponds to the chipping–splitting region, the other
one to the cleavage–breakage regime. As a result, the
multiple breakage behaviour of Al(OH)3 is dependant on
its breakage regimes, which was already said in Fig. 9.

For NaCl, the two points are appreciably aligned with the
origin.

In conclusion, the previous simple approach leads to
physically understandable results. So far, the broken fraction
after repeated impact is proportional to the number of
impacts and the proportional factor depends linearly on
the effective grinding energy (Es!Eso). Unfortunately, so
far, the influence of the mechanical properties is not directly
shown in this approach. This is to be done in the future.

8. Conclusions

The test rig allows one to characterise the breakage
behaviour of any solid at impact on a target. So far three
types of behaviour have been found: brittle (glass, poly-
amide, sand and NaCl), complex (Al(OH)3) and ductile
(PMMA).

Results of single impacts are in accordance with the
literature which indicates a linear dependence of the size
reduction ratio on the square of the impact velocity above
the attrition threshold. A classification is obtained by means
of the change of fineness criteria with energy criteria and
with the determination of energy threshold (attrition thresh-
old Vso or Eso) and grindability parameters (slope p).

Multiple impact study shows that a solid is not broken
similarly if a given energy is provided in one or several
impacts. In addition, there is no more size reduction after
only three to four impacts for hydrargillite, four for NaCl.
Even though PMMA should theoretically have a ductile
behaviour, it has been found possible to fragment it by five
successive impacts. This may be explained as a result of
fatigue.

Fig. 14. Multi-impact profile for PMMA at 283 m/s.

Table 5

Proportional factors k from Eq. (3)

Solid Es (kJ kg
! 1) k (%fines impact! 1) Correlation coefficient

Al(OH)3 1.1 7.8 0.87

2.5 19.5 0.95

3.9 32.8 0.99

8.7 23.3 0.96

13.9 43.5 0.91

NaCl 0.2 7.0 0.94

0.3 13.7 0.81

PMMA 40 3.0 0.97

Fig. 15. Multiple impact proportional factor k vs. effective energy per

impact.



Nomenclature
as specific surface area (m2 kg! 1)
dm particle arithmetic mean diameter (Am)
dh particle harmonic mean diameter (Am)
dai mean sieve size (Am)
di initial mean diameter (Am)
df final mean diameter, after impact (Am)
di/df size reduction ratio (–)
E kinetic energy (J)
Es = 0.5qsVs

2 specific kinetic energy (kJ kg! 1)
H hardness (see Eq. (1)) (Pa)
k proportional factor (see Eq. (3)) (%fines impact! 1)
Kc critical stress intensity factor (see Eq. (1)) (Pa m1/2)
lu ultimate size (see Eq. (2)) (Am)
N number of impact (–)
p, p1, p2 slopes, grindability (m2 kJ! 1)
Tv glass transition temperature (jC)
Ug fluid velocity (m s! 1)
Vs particle velocity (m s! 1)
Wj, Ws fluid, solid mass flow rate (kg s! 1)
xi mass fraction of solid collected on sieve of mean

size diameter dai (wt.%)
Y Young’s modulus (Pa)
k Laitone inertia number (–) [5]: k=(qsd

2ResCdUg)/
(432lgD), with Res = particulate Reynolds number;
Res=(Ug!Vs)qgd/lg) (–);Cd = drag coefficient (–);
lg = fluid viscosity (Pa s); D = distance nozzle
target (m)

l mass load ratio =Wj/Ws (–)
n a fineness criterion [n]
qg, qs specific gravity for fluid, for solid (kg m! 3)
rc critical fracture stress (Pa)
m Poisson’s ratio (–)
c critical threshold
i initial
f final
g gas, fluid
s solid
0 attrition threshold
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