ISSN 1392-1320 MATERIALS SCIENCE (MEDZIAGOTYRA). Vol. 24, No. 1. 2018

The Effect of the Wear of Rotor Pins on Grinding Efficiency in a High-speed

Disintegrator

Karel DVORAK !* Dusan DOLAK !, David PALOUSEK?, Ladislav CELKO 3, David JECH 3

YInstitute of Technology of Building Materials and Components, Faculty of Civil Engineering, Brno University of

Technology, Veveii 331/95, 602 00 Brno, Czech Republic

2 Department of Reverse Engineering and Additive Technologies, Faculty of Mechanical Engineering, Brno University of
Technology, Technicka 2896/2, 616 69 Brno, Czech Republic
3 Central European Institute of Technology, Brno University of Technology (CEITEC - BUT), Brno, Czech Republic

crossref http://dx.doi.org/10.5755/j01.ms.24.1.17737

Received 10 March 2017; accepted 19 June 2017

One of the directions intensively investigated in the field of milling is high-energy milling (HEM). One type of HEM is
high-speed grinding in high-speed disintegrators. This type of mill is particularly suitable for the grinding and activation
of fine powder materials. It has several advantages, such as a very intensive and continual refining process. One
disadvantage is that its grinding pins are prone to abrasion, which may result in a decrease of the efficiency of grinding.
This effect was investigated in this paper. Laboratory high speed disintegrator DESI 11 with steel pins was used. Portland
clinker was chosen for the experiment, because of its average hardness. After each kilogram of the milled material, a
sample was taken and the weight loss of the rotors was measured. The wear of the rotors was also measured using the 3D
optical scanner ATOS Triple Scan. Results show that wear of rotors has a significant impact on the grinding efficiency.
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1. INTRODUCTION

High-energy milling (HEM) is one of the trends in the
field of milling that have recently been subject to intensive
study. Mechanochemical activation phenomena have been
observed in this kind of milling technology [1, 2]. The
effects of mechanical activation have been described for
model materials such as dolomite [3] or clay minerals [4, 5],
or, for example, for silica [6] and for recycled concrete [7].
The widest areas of HEM use are in various fields of
metallurgy [8-11], and in the preparation of various
intermetallic and ceramic materials [12], and nanomaterials
[13]. One type of HEM is high-speed grinding (HSG). HSG
mills effectively deliver high amounts of energy to the
material. One of the types of mills suitable for HSG is a
high-speed pin mill with two counter-rotating rotors, known
as a disintegrator [14]. The principle of a disintegrator lies
in bringing the material to a high speed by means of the pins
on the grinding rotors. The material is refined by very
dramatic changes in mechanical stress with very high
frequency. Due to this principle, this mill is particularly
suitable for the grinding and activation of fine powder
materials [15]. Disintegration of the material in this type of
pin mill can be described by several fundamental milling
mechanisms. These are an impact, impact and shear, shear
(attrition) and tension/bending. There are also other
processes taking place, which are similar to those in attritors
or jet mills. Not only impacts of particles on the pins but
also mutual collisions among the particles can be expected.
They are caused by turbulent flow and rapid compression
and expansion between the rotors [16,17]. Another
advantage, apart from the very fast continual grinding
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process, is the variety of working tools that can be employed
to affect the grinding process [1]. However, this type of
HSG disintegrator has two important disadvantages. The
first one is the significant electrostatic charging of the
particles and their easy and quick aggregation [1]. Another
and most important disadvantage is the grinding elements’
susceptibility to abrasion. If the pins are damaged due to
abrasion, the grinding efficiency could be reduced. The
intensity of wear depends on the mineralogy, morphology
and granulometry of the material being ground and of course
on the quality of the material, which the mill chamber and
milling elements are made from [18]. Based on the results
of Misra and Finie [19], Larsen-Badse [20] and the authors’
previous research [21], very fine Portland cement with a
specific surface of 400 m?/kg according to Blaine was used
in this experiment for the assessment of wear effect on
grinding efficiency. Currently, HSG is not used in the
cement industry. However, this material is very well
described [22]; it is abrasive enough, due to its hardness
between 6 —7 according to the Mohs scale, and its fineness
is well measurable by the simple standardised Blaine air
permeability method [23]. The material of the mill was, in
this case, less important because it can be assumed the
harder material will only prolong the erosion process.
Nevertheless, changes in the pins’ shape will have the same
eventual effect on grinding efficiency [24].

2. MATERIALS AND METHODS

The first step was the preparation of Portland cement. It
was prepared from two components at the ratio of 95 wt %
of Portland clinker to 5 wt.% of gypsum PREGIPS. Both



components were dosed into the laboratory ball mill OM
BRIO 20 and milled to the specific surface area of
400 m?/kg according to Blaine [23]. This value of specific
surface is usual in the case of industrially manufactured
Portland cements CEM | 42,5 R. The mill rotation frequency
was 45rpm at a total dose of 5kg. The chemical
composition was determined according to EN 196-2
standard [25]. The mineralogical composition was analysed
by X-Ray powder diffraction; an XRD Panalytical
Empyrean device was used in this case. Density was
determined by a Micromeritics AccuPyc Il 1340 automatic
pycnometer. For the measurement of Blaine specific surface
area, a PC-Blaine-Star automatic device was used with a
measurement cell capacity of 7.95 cubic centimetres. The
determination was performed three times to eliminate
errors, and the resultant value was an average calculated
from these determinations. A laser granulometry device,
Malvern Mastersizer 2000, was used for the measurement
of the middle grain size. The experiment assessing the effect
of the wear of rotor pins on grinding efficiency was carried
out in a DESI 11 disintegrator, which is a high-speed pin
mill with two counter-rotating rotors. The total installed
power of this mill is 4.1 kW. The rotors’ rotation frequency
is up to 12000 rpm, and the maximum speed of impact is
240 mst. The material is delivered by a continuous feeder
and enters the grinding chamber through the middle of the
left rotor. The feeding speed was 2 kg per minute, which is
maximum capacity. The construction of the mill allows for
a choice of working tools. For this experiment, CR type
rotors were used. The rotors were designed and
manufactured by the company FF servis s.r.o. The left rotor
has two rows of pins and the right rotor has three rows. The
pins are cubic. Both rotors were made from steel.

Before the milling started, both rotors were measured
using a 3D optical scanner ATOS Triple Scan, GOM
GmbH, Germany. The principle of this scanner is based on
active fringe projection. The ATOS Triple Scan allows the
measuring of a wide variety object sizes by changing the
lenses of the CCD cameras and projector and the angle
between the cameras. The accuracy of the optics and the
scanner was verified for the lenses used by the producer
according to “VDI/VDE 2634, Part3 — Optical 3D-
measuring systems, multiple view systems based on area
scanning”. A programmable rotary table was used for the
measurement. Evaluation of the scanned data was
performed in the ATOS Professional software. The
measurements in this study were made with MV170 lenses
(170 x 130 x 130 mm), calibrated for a small object
arrangement. The measuring point distance is 0.055 mm, i.e.
18 points/mm, the recommended reference point diameter is
0.8 mm, measuring distance 490 mm, camera angle 28°, the
focal length of the camera lenses 40 mm and focal length of
the projector lens 60 mm. Before 3D digitisation, the
scanner with the MV170 set of lenses was calibrated. The
process of calibration consisted of a set of scans of the
calibration object from different distances and angles. 3D
digitising of the geometry was performed using a 3D optical
scanner and a two-axis rotary table controlled by a software
script. Software evaluation of the volumes was performed
in the ATOS Professional 3D measurement and inspection
software. The scans of the new rotors were taken as
reference. Next, both rotors were weighed. The abrasion of
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the milling elements was evaluated by recording the weight
loss of the rotors after the passage of 1, 3, 5, 10 and 15 kg
of material. Also, the impact of rotor wear on grinding
efficiency was measured by monitoring the increase in the
specific surface area of the milled cement and by the
influence on the middle size of the grains. After that, 15 kg
of cement was milled and a 3D scan of the worn rotors was
taken and compared with the reference. The reference part
and the sanded part were placed through the “plane-line-
point" alignment principle to the same position. All pins
were cut off in software by one plane and all bottom
boundaries were closed to create a watertight mesh. Both
rotors were processed the same way. Based on the 3D digital
data the volumes of the meshes were evaluated. This data
was used for the calculation of mass loss of the pins and
compared with the reduction in the increase of the cement
specific surface area.

3. RESULTS

The results of the chemical composition tests of the
laboratory-made Portland cement are shown below in
Table 1. Only selected oxides and loss on ignition are listed
in the table.

Table 1. The chemical composition of the Portland cement

Comp. | SiO2 | Al2Os3 CaO Lol | Others

Cont.,
%

Fe203 SOz

19.28 | 495 | 479 | 63.69 |3.08 | 1.05| 3.17

The chemical composition was typical for Portland
cement. The mineralogical composition measured by XRD
was also typical for alitic Portland cement. The main cement
phases, alite, betite Brownmillerite and tricalcium
aluminate, were identified. The weighted average hardness
of the Portland cement minerals is 6 —7 according to the
Mohs scale [22].

The density and specific surface area of the laboratory-
made Portland cement after homogenization and milling of
both components in a laboratory ball mill OM-BRIO 20 are
listed in Table 2.

Table 2. Density and specific surface area of the laboratory-made
Portland cement

Density, kg/m?
Specific surface area, m?/kg

3105
403

The density was very close to the theoretical value of
3100 kg/m® mentioned in literature [22]. The abrasion
process of both rotors is demonstrated by the changes in the
rotors’ weight in Table 3 and Table 4.

Table 3. Weight changes in both rotors

Rotor Mass of the cement passed through the HSG mill
weight 0 kg 1 kg 3kg | 5kg | 10kg | 15kg
21oWs OF | 121 7 | 1706 | 1696 | 168.4 | 1656 | 1636
pins, g
STOWSOF | 146 | 2140 | 2134 | 2127 | 2111 | 2103
pins, g




Table 4. Weight loss in both rotors in grams and percent

Rotor Mass of the cement passed through the HSG mill
weight 0 kg 1kg | 3kg 5kg | 10kg | 15Kkg
2rowsof | 4 | 109 | 213 | 328 | 614 | 806
pins, g
drowsof | 6 | 056 | 123 | 1.90 | 3.48 | 434
pins, g
2rows of | o0 | 064 | 124 | 191 | 357 | 470
pins, %
Srowsof | 5 | 026 | 057 | 089 | 1.62 | 202
pins, %

The results indicate a decrease in the weight of both
rotors. Visually, wear was observed on the pins, but not on
the bearing ring. The rotor with two rows, which is on the
inlet side of the mill, was worn far more severely. Its weight
loss was almost double than that of the other rotor. The
impact on the efficiency of grinding is notable, as seen in
Table 5.

Table 5. Reduction of the increase of cement specific surface area

Mass of the cement passed through the HSG mill
Okg | 1kg | 3kg | 5kg | 10kg | 15 kg

Spec. Surf, | 403 | 466 | 461 | 456 | 441 | 432
m?/kg
Increase of
spec. surf., — 63 58 53 38 29
m?/kg
Reduction
of increase, - 0.00 | 7.94 | 15.87 | 39.68 | 53.97
%

The results show a significant decrease in the increment
of the specific surface area with increasing wear of the
rotors. After 15 kg of material pass-through, the increase in
specific surface area was only 50 % of the initial value. The
results of the specific surface area are, for better illustration,
compared with the loss on both rotors, see Fig. 1. Besides
the basically linear decrease in the increment of specific
surface area, the growth of medium value of the particle size
was also observed, see Fig 2.
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Fig. 1. Specific surface area, loss of rotor weight

The total weight decrease of 2 % (in the case of the
3—row rotor) and 5 % (in the case of the 2—row rotor) does
not seem too significant. However, the reducing effect on
the efficiency of grinding is considerable.
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Fig. 2. Laser granulometry — increase of D 50

Because the most worn parts of rotors were the pins,
which represent only a small amount of material, a 3D scan
of both rotors was made before and after grinding. The
results of the scanning and subsequent modifications are
shown in Fig. 3 and Fig. 4 for the new and worn rotor
respectively. A two pin rotor was chosen as representative.
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Fig. 3. Scan and volume measurement, reference 2 —row rotor
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Fig. 4. Scan and volume measurement, worn 2 —row rotor

The superposition of both scans clearly shows the wear
of the rotors. Change in the pins’ shape is notable. The
originally cubic pins were worn mainly on the front and
lower side, i.e. in locations where there is constant contact
with ground material. The superposition of the scans before
and after grinding and the effect on the pin shape is clearly
visible in Fig. 5 and Fig. 6.



Reference part

Worn part

Fig. 5. Superposition of the reference and worn rotors
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Fig. 6. Superposition of the reference and worn rotors in details

The volume of the pins was calculated from the 3D data.
The mass of material attributable to the pins was calculated
from the density of steel of 7850 kg/m®. Results of the
volume, weight and especially reduction in the weight and
volume of the pins after grinding of 15 kg of the material is
presented in Table 6.

Table 6. Volume, weight and weight reduction of the pins after
milling of 15 kg of cement

Ref., | Worn, Worn, | Reduc., | Reduc.,
Rotors Ref., g

mmé | mm? g g %
2rows | 1263 583 991 | 458 5.34 54
3rows | 1768 1406 13.88 | 11.04 2.84 11

Again, 2 —row rotors were significantly more worn than
3—row ones. Results show more than 50 % reduction in the
mass of 2 —row rotors after grinding.

The values of weight loss calculated from the 3D scan
and the measured weight loss of the rotors were used in
calculating the weight loss ratio between the bearing ring
and pins. Results show that for both 2— and 3—row rotors,
weight loss attributed to pins is approximately 66 %, as seen
in Fig. 7. This value was then used to calculate the
approximate wear of the pins in percentage for milling 1 to
10 kg of cement. The results are presented in Table 7.
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Table 7. Pins mass reduction — calculated

Pins mass reduction — calculated, %
3 kg 5 kg 10 kg
14.2 21.9 41.0
5.8 9.0 16.4

Rotors
1 kg

7.3
2.6

15 kg
53.8
20.5

2 rows
3 rows

9.00

8.00

7.00

6.00

5.00

4.00

3.00

Loss of the rotors weight, g

2.00

1.00

0.00

2 rows of pins 3 rows of pins

Fig. 7. Weight loss ratio between pins and rings

The final impact of pin wear on grinding efficiency is
summarised in the graph below, see Fig. 8.
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Fig. 8. Effects of the wear of rotor pins on grinding efficiency

4. DISCUSSION

The chemical and mineralogical composition of the
cement was typical for average Portland cement and could
be used for the experimental assessment of the effect of the
wear on the efficiency of milling in an HSG disintegrator.
The abrasion was first assessed visually. In particular, the
abrasion of the pins was observed during grinding. Abrasion
of the rotor supporting ring was minimal. The weight loss of
the two-row rotor was significantly higher, about 50 % more
than in the case of the three-row rotor. This disproportion
can be explained by the construction of the disintegrator.
Material enters into the milling chamber through the central
part of the mill on the side where the two-row rotor is fixed.
The first contact it makes is the first row of pins on the three-
row rotor. These pins propel the material in the opposite
direction to that the first row of pins on the two-row rotor is
moving. It is these pins that perform the bulk of the grinding
as the particles impact their front faces. Therefore, they are
being intensively eroded due to the very high velocity of the



impacting particles. The same situation is repeated between
the second row on the three-row rotor and the second row
on the two-row rotor. Nevertheless, this theory should be
verified by mathematical modelling for example by the
discrete elements method. The reduction of the increase of
cement’s specific surface area was considerable with
increasing wear of the rotors, 16 % after milling of 5 kg,
40 % after 10 kg and 54 % after 15 kg. The decrease of the
cement specific surface area was essentially linear but with
a tendency to slow down when the two-row rotors pins were
eroded enough. Moreover, what was interesting, the wear
rate of the three-row rotors was decreasing while the wear
of the two-row rotor was increasing. The results indicate
that if the specific surface area of the input cement is
400 m?/kg, more grinding occurs due to impacts on the front
faces of the rotor pins than by turbulent flow and mutual
collisions among the particles. This phenomenon is mainly
visible on the pins on the two-row rotor [16, 17].

In order to differentiate and better describe the rotor
abrasion, the method of 3D optical laser scanning was used.
This method made possible to separate and describe
abrasion of the pins themselves. From the results is clear that
the pins on the two-row rotor were highly eroded; up to
54 % of their original mass after milling of 15 kg of cement.
The shape of the pins of this rotor became more
aerodynamic. This is in contrast with the three-row rotors
pins. These pins were eroded only to 20 % and still kept the
original cubic shape. The results obtained by measurement
of the pin volume by this 3D scanning method corresponded
with the weight loss measurement very well. Based on the
results of both types of measurement, it was found that the
wear of pins represents 66 % of the whole rotor wear. There
were no differences between 2 —row and 3—row rotors. It
was possible to calculate the approximate pin mass
reduction for the other phases of milling by recalculating the
pin volume to weight loss.

Finally, it can be stated that the wear of pins, mainly of
the pins of the two-row rotor, has a significant effect on
milling efficiency. The increase of cement specific surface
area was reduced by approximately 50 % while the
reduction of the two-row rotors pin mass was 50 %. When
the front face of the pin is worn to an "aerodynamic" shape,
the impacts of the particles against pin are less frequent.
Therefore, grinding of the particles is likely happening due
to a mutual collision in the turbulent zone behind the pins.
Nevertheless, this zone is also reduced because of the pin
abrasion. This has the effect of reducing the efficiency of
grinding and thus causes an increase of the specific surface
area. Furthermore, it seems the pins on the three-row rotor
are loaded less compared with those on the two-row rotor
and their abrasion is slower thereby also contributing less to
the work being performed.

4. CONCLUSION

High-speed grinding in a high-speed disintegrator is
very fast and effective but the susceptibility of pins to wear
is a real disadvantage. This is especially true in the case of
hard materials. Due to rotor abrasion, the efficiency of the
milling process rapidly decreases. The increment of cement
specific surface area decreased to approximately 50 % very
fast in the case of the HSG disintegrator DESI 11, which is
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representative of pin mils with two counter-rotating rotors.
This mill is equipped with two different rotors. One has two
rows of pins and is fixed on the inlet side of the mill and the
other has three rows of pins and is fixed on the opposite side.
The grinding efficiency reduction relates to the wear of the
two-row rotors pins more than to the wear of the three-row
rotor. When the decrease of the increment of the specific
surface area reached 50 %, the mass loss ratio between two-
row rotors and the three-row rotor pins reached 2.7:1.
Moreover, the final shape of the pins of the two-row rotor
was aerodynamic as opposed to the shape of the three-row
rotor pins which were still close to their original cubic
shape. Based on these results, it seems the pins on the
opposite three-row rotor are less stressed compared with the
two-row rotor and their abrasion is slower. However, they
also contribute less to the grinding work being performed.
Also, in this type of HSG mill with the CR type of rotors
with cubic pins, grinding occurs more due to impacts on
front faces of the rotor pins than by turbulent flow and
mutual collisions among particles.
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