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A crusher for single particle testing

M. A. Verspui, G. de With, and E. C. A. Dekkers
Eindhoven University of Technology, P.O. Box 513, 5600 MB, Eindhoven, The Netherlands

(Received 13 June 1996; accepted for publication 11 November) 1996

For the investigation of particle failure in abrasive processes a single particle crusher has been
developed. Basically the apparatus consists of two approaching diamond anvils between which a
particle is positioned. Both the force and displacement can be either measured or controlled during
an experiment. The force is determined by the current through the voice coil with a resolution of
0.5 mN. The vertical displacement of the lower anvil is measured by three inductive displacement
transducers, each with a resolution of @Quin. Single abrasive particles in the size range
10-500xm can be used. The crushing process can be monitored through the upper anvil by a long
distance microscope and recorded video. Preliminary experiments show that three different failure
mechanisms can be distinguished: chipping, breaking, and fragmentation. By far the most dominant
failure mechanism is chipping. The data of the crushing experiments are represented in a Weibull
plot. The generally low value for the Weibull modulus indicates a large variability in strengths of
the abrasive particles. @997 American Institute of Physid$s0034-67487)00503-(

I. INTRODUCTION and observed the process of fracturing with a microscope
aligned perpendicular to the loading direction, using a load-
The elucidation on abrasive processes like two bodying rate of 71 g/s. Sikongt al® used a modified dynamic
abrasion, three-body abrasion, and erosion is rather compleftramicro hardness testé8himadzu, DUH-5pwith a maxi-
since many parameters play a role. Removal rates depend @fum load of 0.98 N for their compression tests on some
substrate propertie@.g., hardness, Young's modulus, frac- minerals and coals. The anvils were made of diamond. The
ture toughness process parameterte.g., relative speed, compression load was controlled with an accuracy of 1%.
mode of operationand powder propertie.g., size, hard-  The displacement of the specimen in the loading direction
ness, shape Investigation on the influence of particle size \ya5 measured by a differential transformer with a sensitivity
and shape showed that during abrasion both the size ang 01 um. For strength tests on abrasive grains TakaZawa
shape significantly change due to failure of the partitles. ;coq 5 simple apparatus with sintered carbide lower anvils
These changes in particle size and shape will on their WUMng a diamond with a flat side as upper anvil. The abrasive
influence the removal rate and resulting roughness. For rain ground flat at the bottom was placed on the lower

better understanding of the interaction between workpiec vil. The fracture load and compressive displacement were

and abrasive particle a detailed study on particle strength a easured and recorded by pen-writing. All crushers dis-

particle failure mec_hamsms IS needed. For this purpose aussed above, except for the ultramicro hardness tester of
apparatus for crushing experiments has been developed.

i 8 (1_ .
From the literature several methods are available forS lkong et al.” (1-800um) were used for relatively large
powders (0.5—-25 mm).

strength characterization of particles, powders, or gran* N . -
ules?~*2 In mill tests the grains are milled under specific Schaert and Rumpf gave a very detailed description
conditions in a ball mill. The number of rotations is mea- of two.partlcle crusherg they used for the investigation on the
sured at which a certain amount of the grains has or has n&eha\gor of srr;]all rp])a(rjtmles (.10_10?02) ;Jr21dker co(;n;;res—h
failed? In roll-crusher&* particles are dropped one by one in S'0N- One crusher had a maximum load of 2 kg and the other
zone of 100 kg. The crushers were based on an electromag-

a gap between two rolls. One cylinder is driven through i X i
flexible coupling, the other is free to run. The grains areneliC system. The anvils were made of sapphire. The upper

pulled between the rolls by friction and then crushed. The?nVil was attached to a stronger glass plate. Through this
forces required to break the grains are measured with strai@ss plate and the upper anvil the particle could be observed
gauges. From the force readings different types of grain failduring compression. For the collection of the debris, they
ure could be observed. performed the test in a drop of water. From the tests the
For particle strength tests often compression tests aréompression strength and the energy required for crushing
used® % In such a crushing apparatus a particle is placedvas calculated. Also the particle size distribution and the
between two parallel platens of a hard material. The particigurface of the debris were examined.
will be loaded until failure and the force at failure will be ~ Compression tests have also been done on granules as
determined. For slow compression tests on sand-cement atged in powder processing. Coupe#ieal™ described an
glass spheres Arbiteet al® used a conventional hydraulic apparatus based on a stepping motor which displaces the
testing machine. Feng and Fiéldsed an Instron 1122 ma- lower anvil. The displacement of the lower anvil is measured
chine with tungsten anvils for static strength tests on diaby an inductive transducer and the force by a strain gauge.
mond grits. The loading rate was 0.05 mm/min. YoshikawaVan der Zwan?® reported also on the strength of granules
and Sat4 used parallel plates of sintered tungsten carbideusing a simple device constructed on an electronic balance.
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TABLE |. Advantages and disadvantages of the design.

Advantages Disadvantage

Force is directly proportional efficiency low at low velocities
with current

Current can be used as force signal

Fast movements because of low mass

Large bandwidth

Large force at relatively low current

No friction

Both papers show a clear influence of process variables on
the strength of granules.

Il. THE SINGLE PARTICLE CRUSHER

The single particle crusher we developed for the inves-
tigation of single abrasive particles in the size range of
10-500um resembles the crusher described by Behnb
and Rumpf® For the small translations required, use was
made of a voice coil, schematically shown in Figa)l The
voice coil consists of a permanent ring magnet with ferrous
core and upper plate. The field lines have the direction as
shown in Fig. 1a). The voice coil is positioned in the gap.
When a current flows through the coil, a Lorenz force, pro-
portional with the current, acts on the coil in an axial
direction!® The advantages and disadvantages of the design
are given in Table I. Figure(d) shows schematically the part
of the crusher with the ring magnet and the voice coil.

The lower diamond anvil is positioned on the voice coil
and will displace upwards when a current runs through the
coil. The force on the coifand on the anvilsis given by:

Fc=Bglclw

with | .= current through the cojlA], I,,= length of wire in

the field[m] and By= magnetic flux in the gapT]. The
exact relative displacement between the lower and upper an-
vil is determined independently from the force with three
inductive high speed displacement transducers. A photo-

MIXER <l graph of the single particle crusher is given in Figo)1Easy
to recognize is the ring magnet on the bottom of the picture.
? CONVERTER The anvils, two transparent parallel diamond cylinders, are
CAMERA VIDEO positioned in the center of the crusher. The stereomicroscope
RECORDER placed on top of the crusher enables one to make observa-
MICROSCOPE V < tions during the crushing experiment. The force signal is
superposed on the microscope image by a digital signal
mixer. The resulting image is recorded on a video tape. This
- makes it possible to classify the mechanisms of failure at
CRUSHER - each peak load in the force signal. A simplified scheme of
the equipment is given in Fig.(d). In Table Il the specifi-
cations of the single particle crusher are summarized.
PC —
IS‘(I)%};TCE CONTROL UNIT TABLE Il. The specifications of the crusher.
© Specifications Range Accuracy
Particle size 10-50am
FIG. 1. (8) Schematic representation of the part of the crusher with the ring  Displacement 0-50Qum 0.1 um
magnet and the voice coilll) ring magnet,(2) ferrous core,(3) voice Force 0-50N 0.5 mN
coil/anvil, and(4) gap.(b) Photo of the single particle crushéc) Simplified Velocity 0.1-100Qum/s

scheme of the equipment.
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FIG. 2. Example of a force signal. Due to the elasticity of the activat@mbrangthe force will slowly increase during the crushing tests, as is illustrated
by the line with the flat slope before the particle is crushed.

A single particle is placed on the lower anvil and thendirection, resulting in five fixed degrees of freedom. The
crushed. The strength test can be executed in air, in water, @xial degree of freedom of the voice coil has not been fixed,
on a thin and soft foil. It is also possible to collect the debrisproviding a hysteresis free slide guidance for small displace-
after crushing. An example of a force signal of a particlements. The slide guidance provides perfect reproducibility
crushed in air is given in Fig. 2. When a piece detaches fronand thermal stability because of the statically determined de-
the particle the force will reduce to zero. As a result of thesign.
released elastic energy build up in the apparatus, the anvils
tend to accelerate, risking a collision of the anvils. To avoid
a collision the stiffness of the drive system has been maxi;
mized. The stiffness of the system is determined by the mol-“' PRELIMINARY EXPERIMENTS
tion feedback control and restricted by the displacement With the 5ing|e partic|e crusher some pre“minary tests
measurement. The direct measurement of the displacemeRfve been performed on AD; particles with a mass modal
between the two anvils with contactless sensors makes sutgameter of 44.2um. Figure 2 represents an example of a
that the displacement measurements are force independenforce signal. For each particle the first peak in the force

Since the force is determined by the current through thgignal has been determined. In Figi@3all the fracture
coil, the slide guidance of the voice coil with the lower anvil forces are plotted in a Weibull plot, where the failure prob-
has to be completely friction free. For the relatively small apility P; is given by the empirical relation:
displacements demanded this has been realized by five elas-
tically deforming rods positioned tangentially around the
coil. Every rod controls one degree of freedom in its axial NI (1_ pf) =min (F_o

+ InR,

TABLE IIl. Mean force, stress, and Weibull moduli for A0, F240; s(F) ~ With F= force at failure F is the characteristic force, indi-
is the sample standard deviati@(F,) ands(m) are the standard deviations cating a failure probability of 63%, anth= the Weibull
of the characteristic force and the Weibull modulus, respectively. modulus. The variability in strength increases with a decreas-
ing value form. For a data set which can reasonably be
described with Weibull statistics, a plot of In In (Ps) vs
Forco[N] 035 041 D0.348 003 105 0.1 ” In F results in a straight line with slopm and intercept
orce . . . . . . H H H H H H
Stres§MPa] 338.64 435.69 291.84 38.49 0.80 0.08 84 In R The low value fom in Fig. 3_(a) indicates a high varl-
ability in fracture force of the particles. Reasons for this high
aThe characteristic forcE, is the force at a failure probability of 63%. The Variability may be the size variation in the particles, the vari-
meanF is related toF, by F=(1/m)!F,. ability in particle shape, and particle orientation on the lower

- Number of
MeanF & s(F) Fy? s(Fg) m[—] s(m) particles
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possibilities use information of the projected particle image.
The vices and virtues of these methods will be discussed
elsewheré?®

The stresses for the /D5 particles, calculated from the
equation of Hiramatsu and Oka are also represented in a
Weibull plot, as shown in Fig.(®). The mean forcé- and
stressa and the Weibull moduli of the plots in Fig. 3 are
given in Table lll. The low value of the Weibull moduli for
the force remain after conversion to stress and indicates a
large intrinsic variability in strengths.

Analysis of the video images, obtained during the pre-
liminary experiments show that three different types of fail-
ure can be identified:

9.0 |

900 |

500 |

300 |

100 |

5.0
] (i) chipping: small pieces detach from the patrticle;

(i)  breaking: a particle breaks in a few large pieces;
(i) fragmentation: a particle breaks in many small pieces.

10 Far the most dominant mechanism of failure was chipping
| (72%). Less particles(27%) broke in two or three large
05 | pieces. Exceptionallyl%) fragmentation occurred.

0.010 T T [
061 12 182430

(a) WEIBULL PLOT LN(LN(1/(1-Pf))) - LN(FORCE) [N]

99.0 IV. FINAL REMARKS

90.0 | Future experiments will include crushing experiments

using various types of powders with varying sizes and an
analysis of their strength and failure mechanisms. Hopefully,
these data, accompanied by some fractography studies, will
gives us more insight into the failure mechanisms of particles
in abrasive processes. However, it is also possible to test

other particulate materials, e.g., granulates.
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