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Abstract
In this thesis, polyethylene’s ability to resist erosive wear caused by slurry in elevated temperatures
was examined. The purpose for this study was to investigate polyethylene plastic’s applicability as
a liner material for a flotation cell utilized in minerals processing. Since the temperatures in a flotation
process do not rise over 65 °C, temperatures above that was not studied, the lowest temperature
included to the experiments was 35 °C. In addition to the effect of temperature, the effect of the
particle impingement angle and the effect of froth flotation chemicals to the erosive wear of
polyethylene was examined.
In the literature part of the thesis, influencing factors to the erosive wear rate of thermoplastics were
evaluated and earlier studies relating to the erosive wear resistance of polyethylene were reviewed.
The erosion resistance of polyethylene plastic has been studied earlier and those studies have
indicated that it has good erosion resistance properties compared to many other plastics and steels.
However, no studies were found in literature about the erosion behavior of polyethylene in elevated
temperatures.
In the experimental part, slurry pot experiments were performed for three different polyethylene
plastics. The experiments were conducted utilizing quartz sand as the erodent and water as the
liquid medium. A linear correlation between the erosive wear rate of the polyethylene plastic and
the temperature was established. Hardness measurements were also conducted to the plastics,
and similarly it was noticed that the hardness decreased linearly as a function of temperature within
this temperature range. Additionally, it was noticed that maximum erosion rate was observed in the
impingement angle of 45° and that the flotation chemicals did not change the erosion resistance of
polyethylene. Erosion rate was noticed to decrease as a function of time, which was concluded to
occur because the erodent material started to wear and lose sharp edges.
Because no exponential increase of the erosion rate was established while increasing temperature
and the gradient of the linear increase was not high, it may be concluded that polyethylene plastic
is based on its wear resistance properties applicable to be utilized as liner material in minerals
processing equipment such as flotation cells. This conclusion was also backed up by noticing higher
wear of stainless steel, which was included to first slurry pot experiments and also by noticing that
a 24-hour slurry pot experiment with particle sizes and solids content similar to flotation did not
produce any mass loss to polyethylene.
Keywords Slurry erosion, Liner material, Slurry pot, Wear resistance
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Tiivistelmä
Diplomityössä tarkasteltiin polyeteenin kykyä vastustaa lietteen aiheuttamaa eroosiokulutusta
korotetuissa lämpötiloissa. Työn taustana oli tarkastella polyeteenimuovin soveltuvuutta
rikastustekniikassa käytetyn vaahdotuskennon vuorausmateriaaliksi. Vaahdotusprosessissa säiliön
lämpötilan ei tulisi nousta yli 65 °C:n lämpötilan, jonka vuoksi työssä tarkasteltiin lämpötila-aluetta
35 °C:n ja 65 °C:n välillä. Lämpötilan lisäksi myös partikkelien iskukulman sekä
vaahdotusprosessissa käytettyjen kemikaalien vaikutusta polyeteenin eroosiokulumisen
suuruuteen tarkasteltiin.
Työn kirjallisuusosassa selvitettiin kestomuovien eroosion aiheuttaman kulumisen nopeuteen
liittyviä tekijöitä ja tutustuttiin polyeteenin eroosiokulutuksenkestävyyttä tarkasteleviin aiempiin
tutkimuksiin. Polyeteenimuovin eroosion kestävyyttä on tutkittu aiemminkin ja sen on havaittu
kestävän hyvin eroosiokulutusta useisiin muoveihin ja teräksiin verrattuna. Kuitenkaan polyeteenin
eroosiokäyttäytymistä korotetuissa lämpötiloissa ei löytynyt kirjallisuudesta aiempaa tutkimusta.
Kolmen erilaisen polyeteenimuovin eroosiokulumista testattiin säiliössä, jossa oli vettä ja
kvartsihiekkaa. Kokeen aikana moottori pyöritti laboratoriomittakaavan reaktorissa olevaa
sekoitinta, jonka lapojen painepuolelle oli kiinnitetty polyeteeninäytteitä. Kokeissa käytettiin
kuluttavana materiaalina kvartsihiekan ja veden muodostamaa lietettä. Polyeteenimuovin
eroosiokulumisen ja lämpötilan välillä havaittiin olevan lineaarinen korrelaatio. Myös tehdyissä
kovuusmittauksissa havaittiin polyeteenin kovuudella ja lämpötilalla olevan lineaarinen korrelaatio
työssä tarkastellulla lämpötila-alueella. Näiden havaintojen lisäksi kokeet osoittivat suurimman
eroosiokulumisen polyeteenillä tapahtuvan partikkelien osuessa sen pintaan 45°:n iskukulmassa.
Vaahdotuksessa
käytettyjen
kemikaalien
ei
havaittu
vaikuttavan
polyeteenin
eroosiokäyttäytymiseen. Eroosiokulutus hidastui ajan funktiona, tämä todettiin johtuvan kuluttavien
partikkelien kulumisesta ja terävien reunojen irtoamisesta.
Koska eksponentiaalista kasvua eroosiokulumisessa ei havaittu lämpötilan noustessa, eikä
kulmakerroinkaan ollut suuri, voidaan todeta että kulutuksenkesto-ominaisuuksiensa puolesta
polyeteenimuovi on soveltuva materiaali käytettäväksi vuorausmateriaalina rikastustekniikan
laitteistossa, kuten vaahdotuskennossa. Tätä johtopäätöstä tuki myös havainto, että ruostumaton
teräs, joka sisällytettiin ensimmäisiin eroosiokokeisiin, kului enemmän kuin polyeteeni. Lisäksi
havaittiin, että 24 tunnin esikokeissa, jossa käytettiin vaahdotuksessa oleville partikkeleille tyypillistä
partikkelikokoa ja kiintoaineen määrää, ei havaittu lainkaan massahäviötä polyeteenissä.
Avainsanat Liete-eroosio, Vuorausmateriaali, Kulutuksenkestävyys
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1 Introduction
Erosive wear is the damage caused by the impact of particles of solid or
liquid against the surface of an object. Similarly with other wear forms,
mechanical strength of a material does not guarantee good resistance
against erosive wear. Erosive wear involves several wear mechanisms
which are controlled by the erodent and the erosive environment.
(Stachowiak & Batchelor 2014, p. 551–552) In various mining operations,
materials are commonly transported as a mixture of solid particles in liquid
carrier, i.e. as a slurry. Slurry flow causes significant erosive wear to
minerals processing equipment, e.g. liners of grinding mills and flotation
cells. (Xie et al. 2015) This process is referred to as slurry erosion (Davis
2001, p. 69). Because of the wear of the liner material the liners require to
be changed from time to time. To avoid the requirement to change the liners
too often, wear resistant liner materials are investigated. In this thesis, the
capability of polyethylene plastic to resist erosive wear caused by slurry is
examined in order to consider polyethylene plastic to be utilized as a liner
material.
Polyethylene plastic is a cheap, flexible, durable, and chemically resistant
material (Vasile & Pascu 2005, p. 5). However, unlike metals and other
inorganic materials, plastics tend to be extremely sensitive to changes in
temperature. The mechanical, electrical, and chemical properties of plastics
can’t be considered without knowing the temperature at which its properties
are determined. A typically accepted temperature range for the use of
polyethylene is between –180 °C and +90 °C, yet there is some variation in
different polyethylene materials. (Vasile & Pascu 2005, p. 39)
The major objective of this Master’s thesis was to study how slurry erosion
of polyethylene changes while increasing the temperature of the slurry. This
1

thesis relates to a modular and mobile flotation plant designed by Outotec®
in which polyethylene material is utilized as a liner material. The
temperature range that was investigated is between 35 °C and 65 °C, as
this range covers the expected temperature range of the slurry in a froth
flotation process. Furthermore, the effect of the particle impingement angle
and the effect of flotation chemicals to the erosive wear resistance of
polyethylene were studied. Slurry pot erosion tests were conducted to these
studies and three different polyethylene plastics were included to the
experiments.
In the literature part of this thesis different wear mechanisms are presented,
erosion behavior of thermoplastics in general and polyethylene specifically
are discussed, and the last chapter in the literature part presents different
indices to describe the capability of different minerals to cause wear and
resist breakage. After that, the experimental setup and procedure are
described, the results are presented and discussed, conclusions are made
from the results, and possible subjects for further research are suggested.

2

Literature Part
2 Types of Wear Forms
This chapter describes different forms and mechanisms of wear occurring
in polymers. Since during the past decade, the usage of polymers in
tribological applications, bearings, gears, biomaterials, etc. has increased,
the study of wear mechanisms of polymers has become more important
(Abdelbary 2014, p. 2). By the definition, wear is “the removal of material
from a solid surface as a result of friction or impact” (McKeen 2016, p. 29).

2.1 Classification of Wear Forms
Since materials commonly resist one wear form better than another, it is
important to recognize the wear form occurring in the application to be able
to predict and prevent the wear damage. Several ways to classify wear
forms exist. For example wear forms may be classified by the relative motion
encountered in wear action. Figure 1 shows this way to classify wear forms.

3

Figure 1. Major wear forms classified by the type of relative motion (Blau 1998)

Budinski (2007) classifies wear forms based on the wear mechanism. This
classification is utilized in this thesis while later discussing about different
wear forms. Based on this classification, the different wear form categories
are abrasion, erosion, adhesive wear, and surface fatigue. The classification
by these wear forms and their mechanisms are shown in figure 2.

Figure 2. Wear categories classified by the wear mechanism (Budinski 2007, p. 24)
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The ASTM Committee G02 Wear and Erosion categorizes wear into only to
sub-categories: abrasive and nonabrasive wear as shown in figure 3. This
classification does not include erosion as a sub-category of wear, but as its
own phenomenon, which is then divided to sub-categories based on the
phenomena responsible of wear. (Budinski 2007, p. 4) Figures 3 and 4 show
how wear and erosion are classified that way.

Figure 3. Wear forms classified by wear contact type (Budinski 2007, p. 4)

Figure 4. Classification of the erosion forms (Budinski 2007, p.4)
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2.2 Wear Mechanisms
As previously discussed, wear forms are commonly classified by wear
mechanisms. This chapter explains different wear mechanisms and how do
they differ from each other. The wear mechanisms do not rule out each
other, thus in real life applications two or more of these mechanisms often
occur at the same time (Mckeen 2016, p. 29–30).
2.2.1 Abrasive Wear
ASTM standard G 40 – 02 defines abrasive wear as “wear due to hard
particles or hard protuberances forced against and moving along a solid
surface”. Abrasive wear by particles or grits includes a few mechanisms that
cause wear. These mechanisms are cutting, fracture, pull-out of individual
grains, and accelerated fatigue by repeated deformations. (Stachowiak &
Batchelor 2014, p. 526) Figure 5 illustrates how these mechanisms take
place.

Figure 5. Mechanisms of abrasive wear. (Stachowiak & Batchelor 2014, p. 526)

Abrasive wear may be divided into two-body and three-body abrasive wear
(Harsha et al. 2003). In two-body abrasive wear the hard particles or
protuberances wear one body and are fixed on the surface of the opposing
body (ASTM G 40 – 02). Figure 6 presents schematically how two-body
6

abrasive wear appears. Two-body abrasive wear appears mainly in material
removal operations (Harsha et al. 2003). In three-body abrasive wear the
wear is produced by loose particles introduced or generated between two
contacting surfaces (ASTM G 40 – 02). Figure 7 shows how three-body
abrasive wear occurs. In engineering solutions in which abrasive wear
problems appear, it is most often three-body abrasive wear (Harsha et al.
2003).

Figure 6. Schematic illustration of two-body abrasive wear. (Stachowiak & Batchelor 2014, p. 529)

Figure 7. Schematic illustration of three-body abrasive wear. (Stachowiak & Batchelor 2014, p. 529)

2.2.2 Erosive Wear
Erosion is determined in ASTM standard G 40 – 02 as “progressive loss of
original material from a solid surface due to mechanical interaction between
that surface and a fluid, a multicomponent fluid, or impinging liquid or solid
particles”. Erosive wear includes variety of different mechanisms which are
7

controlled by the particle material properties and size, the impingement
angle, and the impingement velocity. Typically when the erodent consists of
liquid particles, the wear mechanisms involved are mostly result of repetitive
stresses on impact. However, if impinging particles are hard, solid particles,
it is possible that the occurring wear is quite similar to abrasive wear.
(Stachowiak & Batchelor 2014, p. 552) Figure 8 presents possible
mechanisms of erosive wear.

Figure 8. Mechanisms of erosive wear. (Stachowiak & Batchelor 2014, p. 552)

Solid particle erosion is divided into two categories based on the
impingement angle: erosion at normal impingement angles (~90°) and
erosion at oblique impingement angles (< 90°). Lower impingement angles
cause erosive wear similar to abrasion since the particles slide on the
8

surface of the material. Impingement angles closer to 90° favor more other
erosive wear mechanisms, such as fatigue and plastic deformation.
(Barkoula & Karger-Kocsis 2002b)
A common erosion type is slurry erosion which is also studied in the
experimental part of this thesis. Slurry is a liquid medium containing solid
particles and typically in minerals processing applications the liquid is water
and solid particles are some hard ore or mineral particles.
2.2.3 Adhesive Wear
The shear of adhesive bonding causes dry wear, called adhesive wear
(Abdelbary 2014, p. 7). ASTM standard G 40 – 02 determines adhesive
wear as “wear due to localized bonding between contacting solid surface
leading to material transfer between the two surfaces or loss from either
surface”. This form of wear is common in applications where a polymer
slides continuously over the same path on a metal counterface. During the
repeated sliding motion, high local pressure takes place between the
polymer and the counterface, which causes plastic deformation leading to
the formation of adhesive junctions. While further sliding, the motion causes
continuous formation and rupture of the junctions. A thin layer of the polymer
deposits onto the hard counterface surface. (Abdelbary 2014, p. 7) This
effect is shown in figure 9.

Figure 9. Mechanism of adhesive wear (Abdelbary 2014, p.8)
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2.2.4 Surface Fatigue Wear
When a polymeric material encounters repeated stress during rolling or
sliding motion, surface fatigue wear (also described as fatigue wear) of
polymer may occur (Abdelbary 2014, p. 9). ASTM standard G 40 – 02
defines fatigue wear as “wear of a solid surface caused by fracture arising
from material fatigue”. Fatigue wear is observed as an increase in wear rate
while the number of stress cycles from repeated contact increases. In a
study where ultra-high-molecular-weight polyethylene (UHMWPE) was slid
against smooth steel surfaces, researchers observed that the wear rate
increased after some 500 km of sliding distance as illustrated in figure 10.
(Stachowiak & Batchelor 2014, p. 694)

Figure 10. Increase in wear rate caused by fatigue wear after a long sliding distance. (Stachowiak &
Batchelor 2014, p. 694)

3 Erosion of Thermoplastics
Thermoplastics and thermoplastic composites are gaining increased
applications under conditions in which they may encounter erosive wear due
10

to solid particle erosion (Tewari et al. 2003; Abdelbary 2014, p. 170).
Studies about erosion of plastics and plastic composites have been
conducted to at least PE (Friedrich 1986; Yabuki et al. 2000; Arjula et al.
2008a), PEI (Harsha & Thakre 2007; Rattan & Bijwe 2007; Sarı &
Sınmazçelik 2007; Arjula et al. 2008a; Arjula et al. 2008b), PEEK (Harsha
et al. 2003; Arjula et al. 2008a; Arjula et al. 2009), PI (Ivosevic et al. 2006),
PP (Friedrich 1986; Barkoula & Karger-Kocsis 2002a), PPS (Sınmazçelik &
Taşkıran 2007; Arjula et al. 2008a; Sınmazçelik et al. 2008), PS (Friedrich
1986), and PU (Zhou et al. 2005; Arena et al. 2015). Several factors have
an impact on the erosion rate of a thermoplastic and this chapter discusses
about those factors. These influencing factors can be divided into categories
of thermoplastic’s properties, physical properties of the environment, and
properties of the erodent.

3.1 Erosive Wear Behavior of Thermoplastics
According to Stachowiak & Batchelor (2014, p. 564) the erosion resistance
of polymeric materials is generally poorer than the erosion resistance of
steel materials. However, Xie et al. (2015) observed that in their
experiments polyurethane, UHMWPE, and natural rubber showed
significantly higher erosion resistance than any of three steel materials that
they included to their study. In addition to the direct erosive wear which is
the formation of a wear scar, also lateral displacement and rippling of a
polymeric material may occur because of erosion. These mechanisms may
particularly take place at impingement angles around 30°. (Stachowiak &
Batchelor 2014, p. 564–565)
Another noteworthy feature of erosive wear behavior of polymeric materials
is that they may even gain weight during an erosion test, at least in the
beginning. This is due to eroding particles becoming embedded into the soft
polymer. (Stachowiak & Batchelor 2014, p. 565) One major difference in the
response to erosive wear between plastics and metals is that only a few
11

subsequent impacts are required to remove lip material in metals. In
contrast, for polyethylene an incubation period of several tens or hundreds
of impacts before the lip removal have been observed in erosion
experiments. (Walley & Field 1987)

3.2 Properties of Thermoplastics
Erosion efficiency is the fraction of the volume which is removed by erosion
out of removed volume in addition to displaced material due to erosion. With
erosion efficiency of 1.0 (or 100 %) the material removal is ideal
microcutting. Vice versa if the erosion efficiency is zero, the material
removal is nonexistent and only displacement of the material by
microploughing occurs during erosion. Latter is an ideal case from erosion
resistance point of view. The erosion efficiency, η is calculated as

𝜂=

2𝐸𝐻

(1)

𝜌𝑣 2

where E =

erosion rate

H=

hardness of eroding material (Pa)

ρ=

density of eroding material (kg/m3)

V=

velocity of erodent (m/s). (Arjula & Harsha 2006)

Arjula & Harsha (2006) evaluated erosion efficiencies of several polymers
and polymer composites. They concluded that elastomers presented very
low erosion efficiency, thermoplastics a little bit higher, polymer composites
varied largely, and the erosion efficiency of thermosetting polymers is
around 100 %.
Erosion behavior of thermoplastics is significantly influenced by their
mechanical, physical, and thermal properties. The mechanical properties of
thermoplastics, such as hardness, tensile strength, elongation ability, etc.
have an influence on the thermoplastic’s erosion resistance. (Abdelbary
2014, p. 23; Stachowiak & Batchelor 2014, p. 687) In the literature,
12

correlations between these mechanical properties and polymeric material’s
erosive wear response have been discussed often (Arjula & Harsha 2006).
Arjula et al. (2008a) concluded that the steady state erosion resistance of
high-performance thermoplastics even decreased with the thermoplastics
with higher hardness. They assumed that this was due to a polymer with a
lower hardness absorbing larger amount of energy of erosive particles by
elastic deformation of the target surface. However, Barkoula & KargerKocsis (2002b) stated that increased hardness of non-elastomeric polymers
results in increased erosion resistance.
Although, hardness is often utilized as an indicator when evaluating the
erosion performance of a thermoplastic, as may be concluded from the
previous paragraph, it is not an unambiguous measure to compare the
performance of different thermoplastics to each other. Considering the
multiple mechanisms that may be active during an erosive wear process it
is not surprising that a single material property shows a very limited
correlation with erosion resistance of different plastics. Because of that,
Friedrich (1986) proposed a brittleness index to compare erosion resistance
ability of different polymeric materials. He found a very high correlation
between the brittleness index and the erosion resistance while conducting
a study for seven different polymeric materials. The brittleness index is
calculated by dividing the hardness of a polymer by its fracture energy. A
high brittleness index yields a low erosion resistance. (Friedrich 1986)
Most polymers soften or even melt at relatively low temperatures, thus the
mechanical properties, e.g. hardness tend to decrease with even a small
increase of temperature. Thus naturally, when considering a polymeric
material to an erosive environment, one shall take into account that the
polymer is required to retain its mechanical properties on an adequate level
in the temperature level that prevails under the service environment.
(Abdelbary 2014, p. 23; Stachowiak & Batchelor 2014, p. 687) Upper
13

service temperatures of thermoplastics are generally lower than those of
metals. Between the thermoplastics there is also significant variations
between those values; upper service temperature of PEEK is 250 °C and
upper service temperature of UHMWPE is only 95 °C. (Stachowiak &
Batchelor 2014, p. 687)

3.3 Properties of the Environment
Both erosion rate and mechanism are influenced by the temperature
(Batchelor & Stachowiak 2014, p. 558). As mentioned previously, the rise of
temperature decreases mechanical properties of polymers. Therefore,
erosion resistance of polymers decreases while the temperature increases
(Abdelbary 2014, p. 18). Hardness and erosion resistance of polyethylene
as function of temperature are furtherly discussed in the experimental part
of this thesis.
Most erosive agents are conveyed by a medium e.g. water. The
characteristics of the medium have a strong effect on the wear rate due to
erosion. Affecting factors are related to the bulk properties such as viscosity,
density, turbulence, and medium’s microscopic properties such as
corrosivity and lubrication capacity. The bulk properties affect by altering the
impingement angle and velocity of the particles. (Stachowiak & Batchelor
2014, p. 559) With a higher lubrication of the medium, the erosivity of the
slurry is lower (Levy & Hickey 1986). The experimental part of this thesis
includes experiments about the effect of chemicals utilized in froth flotation
process to the erosive wear of polyethylene.
The particle flux rate (i.e. the mass of impacting material per eroding
material surface area and time) is another controlling parameter of erosion
rate. It has been noted in practice that the erosion rate is proportional to the
flux rate up to a certain limiting value of wear. (Barkoula & Karger-Kocsis
2002b) This limit is believed to be caused by interference between the
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rebounding particles and the arriving particles (Stachowiak & Batchelor
2014, p. 556). Anand et al. (1987) noticed that after a certain limit the
erosion rate actually decreased while the flux rate increased. They
concluded that the particles that were rebounding from the eroded surface
shielded the target surface from the other particles. Arnold & Hutchings
(1989) also concluded that for elastomers, the decrease in flux rate
increased the erosion rate.
Another significant factor to erosive wear of thermoplastics is radiation. For
example, plastics used outdoors may not be eroded by rain normally.
However, when the rain is coupled with UV or IR radiation degradation
plastics may erode. (Budinski 2007, p. 59)
As explained in chapter 2, low impingement angles cause erosive wear
similar to abrasion and higher impact angles cause fatigue wear and plastic
deformation. Therefore, impingement angle may have diverse effect on
different polymers. Ductile materials experience a higher wear rate in lower
impingement angles, typically peaking at 30° and brittle materials wear most
in higher impingement angles peaking at 90° (ASTM G 40 – 02). Still, it was
concluded by Rattan & Bijwe (2007) that although PEI and its composite are
not ductile materials, their erosion rates peaked at low impingement angles
(15° and 30° respectively). Thus may be noted that the impingement angle
of 90° is not always the most erosive for brittle materials, though it usually
is the case.
The velocity of the erodent when impacting on the polymer’s surface is a
major factor to the erosive wear. If the particle velocity is very low then the
stress at impact is inadequate for plastic deformation to occur and wear is
caused by surface fatigue. (Stachowiak & Batchelor 2014, p. 552) With an
increased velocity, the eroded material may deform plastically upon particle
impact, hence wear is caused by repetitive plastic deformation. At very high
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speed, even melting of the impacted surface may occur. (Barkoula &
Karger-Kocsis 2002b)
Many researchers have stated that the erosion rate of materials increases
exponentially while the particle velocity increases. For ductile metals the
exponent is 2–3 and for brittle metals it is 3–5 (Pool et al. 1986) but for
polymeric materials there is not as many studies conducted and the
exponential factor is not as well defined. Tilly & Sage (1970) reported in
erosion experiments with quartz particles of size 125 µm the exponent for
materials as diverse as metals and plastics the exponent is 2.3. In contrast,
Roy et al. (1994) reported the exponent to be between 3.5 and 6.0 for
polymer composites. Wang et al. (1998) got results that stated the exponent
to be 1.82 when applying coal powder in blast erosion of UHMWPE, and
1.95 while utilizing silicon dioxide as the erodent instead of coal powder.
Yabuki et al. (2000) proposed an equation to calculate the erosion rate of
high-density polyethylene (HDPE) as a function of the impingement angle
and the solid particle velocity. According to them impingement velocity of
solid particles in the vertical direction must be over a certain critical value to
remove the material. The tangential component velocity is required to be
higher than a certain critical velocity to cause erosion damage to the
surface. They assumed that these stresses were the cause for the erosion
damage, and they got the following equation:
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𝑊 = 𝑘(𝑉 sin 𝜃 − 𝐴)(𝑉 cos 𝜃 − 𝐵𝑉 sin 𝜃)
where W =

(2)

erosion rate (mg/kg)

k=

constant (mg/kg/(m/s)2)

V=

impingement velocity of the solid particle (m/s)

θ=

impingement angle (degree)

A=

critical impingement velocity in the vertical direction
which is required for the particle to penetrate into the
material (m/s)

BVsin =

critical impingement velocity in the tangential direction
which is required for pushing the material aside (m/s).
(Yabuki et al. 2000)

3.4 Properties of Solid Particles
The wear mechanism occurring during erosion is strongly influenced by the
shape of impinging particles. Spherical or blunt particles cause erosive wear
similar to plastic deformation while sharp particles tend to cause cutting and
brittle fragmentation to the material surface. (Barkoula & Karger-Kocsis
2002b)
Stack & Pungwiwat (1999) concluded that a critical particle size exists after
which the erosion rate is independent of particle size. Until this critical
particle size is reached, the erosion rate increases while particle size
increases. This is because small particles only impact on the hard debris
layer of eroded material, whereas larger particles will also deform the
material below the debris layer and thus cause more wear damage. Over
some critical particle size, the influence of the debris layer will become
minor, and thus no increase in erosion rate will occur after that. (Nguyen et
al. 2016) Stack & Pungwiwat (1999) said that the critical particle size is
usually observed with particle size of 100 µm–200 µm.
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The hardness of the erodent material is a more significant factor when the
wear mode is brittle wear, nevertheless it has small impact on ductile wear
also. While it is believed that hard particles cause more wear than soft ones,
it is not possible to isolate hardness completely from other particle
characteristics (e.g. shape). (Barkoula & Karger-Kocsis 2002b) According
to Stachowiak & Batchelor (2014, p. 555) hard, blunt particles are unlikely
to cause severe erosive wear.

4 Erosion Resistance of Polyethylene
This chapter presents in which minerals processing and mining applications
polyethylene might be utilized in which erosion resistance is relevant
information, what kind of material properties polyethylene possesses which
are relevant while considering its erosion resistance, and an overview of
earlier studies related to polyethylene’s erosion resistance properties.

4.1 Minerals Processing Applications
Plastics are not typically utilized for wear protection or applications where
severe wear occurs, but polyethylenes are currently employed in slurry
transport applications, for example. The main uses of polyethylenes in slurry
transport applications are pipe linings, pump impellers, and ball check
valves. (Xie et al. 2015) This thesis relates to utilization of polyethylene
plastic as a liner material in minerals processing equipment, specifically in
flotation cells.

4.2 Material Properties
Polyethylene

plastics are

semi-crystalline

materials, and

possess

outstanding chemical resistance, good fatigue and wear resistance, and a
wide range of differing properties (due to differences in structure and
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molecular weight of different polyethylenes) (Vasile & Pascu 2005, p. 34).
Those good properties of chemical and wear resistance make the
polyethylene an interesting material for operations handling slurry (Xie et al.
2015). One limitation for utilization of polyethylene is its relatively low
maximum service temperature which is 70 °C–120 °C, depending on the
structure and density of polyethylene. For low-density polyethylene (LDPE)
the maximum service temperature is typically 80 °C–100 °C and for HDPE
the maximum service temperature is around 100 °C–120 °C. UHMWPE
typically presents a lower maximum service temperature at around 70 °C–
80 °C. (Vasile & Pascu 2005, p. 33)
Above the glass transition temperature, a polymer acts as a tough ductile
material, while below it the material is hard and glassy (Vasile & Pascu
2005, p. 41). As compared to many polymers, polyethylene’s glass
transition temperature is quite low, being –110 °C (Vasile & Pascu 2005, p.
31). This means that the polyethylene behaves as a ductile material above
the temperature –110 °C, which is an asset for its erosion resistance.
Most commonly used polyethylenes in slurry handling applications are high
density polyethylenes (HDPEs), high molecular weight polyethylenes
(HMWPEs), and ultra-high molecular weight polyethylenes (UHMWPEs).
This is because polyethylenes’ mechanical properties increase with the
increase of the molecular weight. (Xie et al. 2015)
As already mentioned in chapter 3.2 Arjula & Harsha (2006) concluded that
the erosion efficiency of thermoplastics, such as polyethylene, is typically
rather low, less than 3 %. A low erosion efficiency increases the material’s
applicability for erosive environments.
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4.3 Overview of Previous Studies
Many authors have investigated the wear resistance of polyethylenes and
polyethylene composites and how the wear resistance is affected by
changing different parameters. This chapter presents results and
conclusions of those studies. In this literature review, the focus is on
polyethylene’s erosive wear behavior and not on its composites. UHMWPE
is the most studied polyethylene material in literature for wear applications
but there are also erosion studies made for other polyethylene plastics.
4.3.1 Erosion Resistance Compared to Other Thermoplastics
Several authors have concluded that polyethylene possesses rather good
wear resistance properties compared to many other thermoplastics.
Especially, UHMWPE is reported to present excellent properties of abrasion
resistance, impact resistance, chemical resistance, and fatigue resistance
(Lucas et al. 2011). Budinski (1997) studied the particle abrasion of wide
variety of plastics with an idea to replace formerly utilized UHMWPE in an
equipment that faces abrasive wear. Budinski (1997) was surprised to
concluded that from all the plastics tested, only polyurethane presented
better wear resistance than the polyethylene. Polyurethane showed only
two times better wear resistance than UHMWPE. Budinski concluded that
the reason for this was due to UHMWPE’s and polyurethane’s ability to
deform easily and their favorable friction characteristics against most other
materials. Budinski also tested HDPE material in his experiments which
included 21 high-performance plastic materials. HDPE ranked in the middle
of the list, beating for example glass reinforced epoxy which had the highest
hardness in Shore D hardness tests performed for all those plastics. Unal
et al. (2005) compared abrasive wear resistance of few polymeric materials
by conducting pin-on-disc arrangement wear tests, they also concluded that
UHMWPE presented the lowest wear rate of the tested materials.
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Soft polymers, such as polyethylene, show an incubation period to stabilize
to a linear erosion rate. This differs from more brittle polymers, for example
polystyrene which shows no incubation time and possesses a significantly
higher erosion rate than soft polymers. (Friedrich 1986)
4.3.2 Impingement Angle
Impingement angle in solid particle erosion is defined as the angle between
the direction of particle motion and the target surface (Arjula et al. 2008a).
Walley & Field (1987) discovered that the highest erosion rate in erosion
tests of polyethylene occurs in impingement angles of 20°–30°. Arjula et al.
(2008a) and Wang et al. (1998) tested the effect of impingement angle in
erosion of UHWMPE. Both of them included angles of 15°, 30°, 60°, and
90° into their tests, and they both had results indicating that the highest
erosion rate is observed in 30° and lowest in 90°. Both of these research
groups conducted the experiments in room temperature. These results are
in line with the statement in chapter 4.2 that polyethylene is a ductile
material above its glass transition temperature. Figure 11 shows the relation
between the erosion rate and the impingement angle from the study
conducted by Arjula et al. (2008a).
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Figure 11. Influence of impingement angle on erosion rate of various polymers (Arjula et al. 2008a)

In contrast, Barkoula & Karger-Kocsis (2002b) tested polyethylene’s erosion
rate at impingement angles of 15°, 30°, 45°, 60°, and 90° and their
observation was that the erosion rate was highest at the impact angle of 15°
and decreased significantly while the angle increased.
Yabuki et al. (2000) studied solid particle erosion of various polyethylenes
and discovered that at a low impact velocity maximum erosion rate was
observed at a high impingement angle, close to 80°. This differs significantly
from the results of studies mentioned in the previous paragraph, notable
here is that those other studies were performed with high impingement
velocities. While increasing velocity Yabuki et al. (2000) noted that the angle
of maximum erosion rate shifted to lower angles. The highest velocity they
tested was 120 m/s and with that velocity the impact angles of 20°–30°
showed the highest erosion rate, which is then similar result to those in
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earlier mentioned experiments. All of these tests were conducted utilizing
deionized water at a temperature of 20 °C as the liquid medium and silica
sand of 210 µm–350 µm as the eroding particles. These results of their test
is shown in figure 12.

Figure 12. Relationship between normalized erosion rate and impact angle in different impact
velocities (Yabuki et al. 2000)

The change of the maximum erosion angle as a function of the particle
velocity is due to change in wear mechanism (Yabuki et al. 2000). As was
stated in chapter 2.2.2, erosive wear in low angle causes cutting wear
similar to abrasion. Low velocity impact with high angle produces more
fatigue wear.
4.3.3 Impingement Particle Velocity
Walley & Field (1987) concluded that there is a correlation between the
erosion rate and the particle velocity. Walley & Field (1987) utilized quartz
as the erodent to experiment the erosion rate of MDPE by a sand-blast type
apparatus. They only included three different particle velocities between 20
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m/s and 36 m/s to their study and based on their results the mass loss by
the erosion seems to increase exponentially as a function of the particle
speed. Wang et al. (1998) observed a linear correlation between the impact
velocity and the erosion rate, while eroding UHMWPE with coal powder in
impingement angle of 30°. When they conducted similar experiments
utilizing silicon dioxide instead of coal, the erosion rate increased
significantly between the impact velocities of 20 m/s and 40 m/s compared
to the increase between the velocities of 10 m/s and 20 m/s and between
the velocities of 40 m/s and 70 m/s. As was mentioned in the previous
chapter, the effect of impingement velocity and its relation to the maximum
erosion angle was studied by Yabuki et al. (2000). They also studied the
effect of impingement velocity of silica sand particles to the erosion rate of
high-density polyethylene. The results of the experiment by Yabuki et al.
(2000) are presented in figure 13, the theoretical line is calculated utilizing
the equation (2) by inserting values k = 1/20, A = 2, and B = 0.5.

Figure 13. The correlation between erosion rate and particle impingement velocity (Yabuki et al.
2000)
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Walley & Field (1987) stated that polyethylene’s ductile response and rather
low susceptibility to erosion in low velocity erosive environments makes
polyethylene an attractive material. This is in line with the study of Yabuki et
al. (2000), in which they concluded that in low impingement velocities
polyethylenes present excellent resistance against erosion, compared to
iron and steel.
4.3.4 Temperature
Friedrich (1986) experimented how the erosive wear resistance of polymers,
including polyethylene, differs between the room temperature and –35 °C.
He conducted the experiments in an air-blast rig utilizing steel balls at 57
m/s velocity. The steel ball particles had diameter of ~500 µm. Friedrich
(1986) concluded that the decrease in temperature increased erosive wear
i.e. decreased erosion resistance ability. Although this was much more
significant with polymers that possess ductile-brittle transition temperature
between those temperatures, it also was the case for other polymers such
as polyethylene. This finding emphasized the importance of ductility at the
expense of hardness on the erosive wear resistance of plastics.

5 Mineral Characterization Indices
There are some essential properties of minerals that are important in
industrial comminution processes while evaluating ore’s processability and
processing equipment’s lifetime. Those properties are grindability,
hardness, competence, abrasion resistance, and abrasiveness. (Lynch et
al. 2015, p. 43) Different tests and indices have been developed to describe
these mechanical properties. These indices are then utilized to dimension
mills, evaluate performance, (Saeidi et al. 2013), and to estimate the energy
consumption in grinding mills (Lynch et al. 2015). Additionally, as the wear
of grinding mill liners and grinding media are a significant cost (Scieszka &
Dutkiewicz 1991), these indices are exploited to estimate the wear caused
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by particles (Bond 1976). This chapter presents most common indices
utilized in field of minerals processing and the last section discusses briefly
about other common rock characterization indices.

5.1 Bond Work Index
Bond Work Index, or just Work Index, (Wi) is commonly calculated from
ore’s ball mill grindability (Gbp) value which is determined by the Bond
grindability test (Lynch et al. 2015). Bond grindability test is widely employed
in designing of grinding circuits in a mineral processing plant. Very
commonly it is used as an industrial standard, while providing acceptable
results in all of its industrial applications. Nevertheless, this method also has
some disadvantages, such as being rather time consuming and requiring a
special mill.
Bond Work Index is the parameter which defines the material’s ability to
resist size reduction under operating conditions, high Work Index therefore
results in high energy consumption during the grinding process (Bond
1976). Based on different methods to determine Bond Work Index, there
are different Bond Work Indices; Bond Crushing Work Index (WiC) for
coarser particles (51 mm–76 mm), Bond Rod Mill Work Index (WiRM) for
intermediate sized particles (top size 12 mm), and Bond Ball Mill Work Index
(WiBM) for fine particles (top size 3.36 mm) (Darling 2011, p. 200). Starkey
& Meadow (2010) wrote an article about comparison of some most common
ore hardness measurements to the SAGDesign test results and included all
of these three Bond Work Indices to their tests. They made a conclusion
that Rod Mill W i differ significantly from others, while two other indices were
close to each other. They said that since Rod Mill Work Index is more
suitable for soft rocks, which ore unusually is, it is probably irrelevant while
determining power required for the SAG mill.
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Classification of crushability based on Bond Work Index is shown in table 1
and Bond Work Index values of some materials are presented in table 2.
The Bond Work Index values may be quite widely spread for a particular
material, thus the value for a specific material should be determined by an
experiment (Lynch et al. 2015).
Table 1. Ore hardness classification by Bond Work Index (Bailey 2012)

Property

Soft

Medium

Hard

Very hard

Bond Work Index

7-9

9-14

14-20

>20

Table 2. Typical Bond Work Indices of some materials (Metso 2015, p. 3:40)
Material

Work Index

Material

Work Index

Material

Work Index

Andesite

18.25

Gabbro

18.45

Phosphate rock

9.92

Barite

4.73

Glass

12.31

Potash ore

8.05

Basalt

17.10

Gneiss

20.13

Pyrite ore

8.93

Bauxite

8.78

Gold ore

14.93

Pyrrhotite ore

9.57

Cement clinker

13.45

Granite

15.13

Quartzite

9.58

Cement raw material

10.51

Graphite

43.56

Quartz

13.57

Clay

6.30

Gravel

16.06

Rutile ore

12.68

Coal

13.00

Gypsum rock

6.73

Shale

15.87

Coke

15.13

Hematite

12.84

Silica sand

14.10

Copper ore

12.72

Magnetite

9.97

Silicon carbide

25.87

Diorite

20.90

Taconite

14.61

Slag

10.24

Dolomite

11.27

Lead ore

11.90

Slate

14.30

Emery

56.70

Lead-zinc ore

10.93

Sodium silicate

13.40

Feldspar

10.80

Limestone

12.74

Spodumene ore

10.37

Ferro-chrome

7.64

Manganese ore

12.20

Syenite

13.13

Ferro-manganese

8.30

Magnesite

11.13

Tin ore

10.90

Ferro-silicon

10.01

Molybdenum

12.80

Titanium ore

12.33

Flint

26.16

Nickel ore

13.65

Trap rock

19.32

Fluorspar

8.91

Oil shale

15.84

Zinc ore

11.56

5.2 Bond Abrasion Index
Bond Abrasion Index (Ai) is defined by an abrasion tester (Bond 1976). The
index is then exploited to determine wear rates of grinding media and liners
(Darling 2011, p. 200). While Bond Work Index defines the material’s ability
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to resist breakage, Abrasion Index is a parameter of the effective scratch
hardness of a material. The correlation between these two parameters is
poor. However, for materials that have Work Index higher than 13, the
Abrasion Index is typically higher than 0.20, while there are exceptions e.g.
cement clinker. (Bond 1976) Abrasion Indices of some materials are
presented in table 3.
Table 3. Typical abrasion index values of some materials (Bond 1976)

Material
Dolomite
Shale
Limestone for cement
Limestone
Cement clinker
Magnesite
Heavy sulfides
Copper ore
Hematite
Magnetite
Gravel
Trap rock
Granite
Taconite iron ore
Quartzite
Alumina

Abrasion Index, Ai
0.0160
0.0209
0.0238
0.0320
0.0713
0.0783
0.1283
0.1472
0.1647
0.2217
0.2879
0.3640
0.3880
0.6237
0.7751
0.8911

5.3 Los Angeles Value
Los Angeles value (L.A. value), also referred to as Los Angeles is tested by
the Los Angeles testing machine. The test is referred to as L.A. abrasion
test, and it was originally developed to provide a quantitative method for
evaluating the quality of aggregates for use in highway construction. The
test measures the resistance of aggregate to attrition wear between rock
particles and additionally to impact and crushing wear caused by steel
spheres. (Kahraman & Fener 2007) The Los Angeles value is in correlation
with the Bond Work Index therefore, the Los Angeles value may be utilized
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instead if the Bond Work Index is not available (Heiniö 1999, p. 61). Table
4 presents the classification of rock crushability based on L.A. values.
Table 4. Classification of crushability by Los Angeles Value (Heiniö 1999, p. 61)

Crushability
Very difficult
Difficult
Average
Easy
Very easy

L.A. Value
<7
7–14
14–25
25–40
> 40

Kahraman & Fener (2007) studied the correlation between the Los Angeles
Value and Uniaxial Compressive Strength (UCS). They found a good
correlation between these values, and noticed that the correlation even
increased if the rocks are classified into classes according to their porosity.
Their study included igneous, sedimentary, and metamorphic rocks, and
they said that it was wide enough range of UCS and L.A. values for the
generalization.

5.4 Uniaxial Compressive Strength
The compressive strength is material’s or structure’s ability to withstand
compression. Thus it’s an ability to avoid size reduction while being pushed
together. Uniaxial compressive strength (UCS) is material’s or structure’s
ability to withstand compression that occurs in only one axis. UCS is often
measured indirectly utilizing the point load index test (Kahraman 2014).
The uniaxial compressive strength of rock is commonly utilized in various
engineering solutions in rock environment (Kahraman 2014). As mentioned
in the previous chapter, there is a good correlation between uniaxial
compressive strength and L.A. values of rocks. Doll et al. (2003) performed
experiments to establish possible correlation between UCS and Bond Work
Indices. Although, Kahraman & Fener (2007) found a high correlation
between UCS and L.A. value and according to Heiniö (1999) there is high
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correlation between L.A. value and Bond Wi, Doll et al. (2003) concluded
that there is no significant correlation between Bond Work Index and
uniaxial compressive strength based on data collected from 11 mines.

5.5 JK Drop Weight Indices
JK Drop Weight Test predicts AG/SAG milling characteristics of an ore
which is brittle and does not show much plastic deformation before
breaking. Such ores which do undergo plastic deformation may not be
reliably characterized by this test. The main issue of JK Drop Weight Test
is that the results may not be directly used to calculate the power
requirement for comminution, it requires some simulation work. Yet, the test
provides good estimates about the hardness of the rock. (Lynch et al. 2015)
The index A*b has become a well-known reliable index in the mining
industry to present impact ore hardness. It describes the rate at which fines
are produced (t10) for the applied specific comminution energy (Ecs).
(Kojovic et al. 2008) To provide more easily understood Drop Weight Test
results, an additional parameter SCSE is included. SCSE stands for SAG
Circuit Specific Energy, and is the specific energy in kWh/t utilized by a
standard SAG mill in a closed circuit with a pebble crusher. (Lynch et al.
2015) Classification of ore hardness based on JK Drop Weight Test
parameters is shown in the table 5.
Table 5. Classification of JK Drop Weight Test parameters (Lynch et al. 2015)
Parameter

Very hard

Hard

Moderate hard

Medium

Moderate soft

Soft

Very Soft

A*b

< 30

30-38

38-43

43-56

56-67

67-127

> 127

ta

< 0.24

0.24-0.35

0.35-0.41

0.41-0.54

0.54-0.65

0.65-1.38

> 1.38

SCSE

> 10.7

10.7-9.7

9.7-9.3

9.3-8.4

8.4-7.9

7.9-6.5

< 6.5

Since the JK Drop Weight Test requires large amounts of sample the SMC
Test was developed in order to estimate the parameters A and b from small
drill core with only 2 kg–3 kg of sample material. (Morrell 2004) The SMC
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Test produces a Drop Weight Index (DWi), from which parameters A and b
may be calculated (Kojovic et al. 2008). DWi has high correlation with both
UCS and JK Drop Weight Test parameters (Morrell 2004). Comparison of
A*b values observed and predicted from DWi is shown in figure 14.

Figure 14. A*b values of some samples compared to those predicted from DW i (Morrell 2004)

5.6 SAG Power Index
The SPI test is the commercial name for a laboratory ore-hardness
characterization test by MinnovEX Technologies. SPI Test determines SAG
Power Index (SPI) which is then utilized to predict the specific energy used
by a SAG mill. Constants utilized in calculations are proprietary knowledge
of MinnovEX Technologies, but the procedure and SPI value are still widely
used. (Lynch et al. 2015) Doll & Barratt (2009) studied the correlation
between SPI and Rod Mill Bond Work Index, they concluded that there was
correlation between these two indices. Data of their research is shown in
figure 15. From that, one may note that highest SPI values are around 150–
200 while Wi values are between 15 and 25. In the middle where SPI is 50–
150 Wi is 10–20, and rocks with SPI less than 50 typically have Wi value of
5–15.
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Figure 15. Work index values of rocks plotted against their SPI values (Doll & Barratt 2009)

SPI has reported to be used successfully to predict performance
correlations when testing soft ores. However, the SPI data shows poor
correlation with the DWi values while making experiments for competent
ores. (Bailey et al. 2009) Comparison of DWi and SPI values of some ore
samples is shown in figure 16.

Figure 16. Comparison of SPI and DWi values for various ore samples (Bailey et al. 2009)
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5.7 Other Mineral Characterization Indices
In addition to previously mentioned indices, a huge amount of other rock
characterization indices exist. Earlier discussed indices are those that are
most common while evaluating rock characteristics for minerals processing
purposes. For tunnelling and mining operations, most common indices in
rock evaluation are Cerchar Abrasiveness Index (CAI), LCPC Abroy Index
(ABR), and Rock Abrasiveness Index (RAI). The classification of rock
abrasiveness of these three indices is presented in table 6. Additionally,
there are a lot of geotechnical wear indices calculated from selected set of
geochemical parameters e.g. SiO2 content of the rock or standard intrinsic
rock parameters e.g. Vickers hardness number of the rock. (Plinninger &
Restner 2008)
Table 6. Rock abrasiveness classified by some common abrasiveness indices

Classification of abrasiveness

CAI

ABR

RAI

Not Abrasive / Extremely low

not defined

0 - 50

< 10

Slightly abrasive

0.3 - 0.5

50 - 100

10 - 30

Low

0.5 - 1.0

100 - 250

not defined

Abrasive / Medium

1.0 - 2.0

250 - 500

30 - 60

Very abrasive / High

2.0 - 4.0

500 - 1250

60 - 120

Extremely abrasive / Very high

4.0 - 6.0

1250 - 2000

> 120

Quarzitic

6.0 - 7.0

not defined

not defined

According to Büchi et al. (1995) there is some correlation between RAI and
CAI values, although based on their data the correlation coefficient is not
very high. Empirical research has pointed that CAI and ABR indices
possess high correlation to each other (Plinninger et al. 2004). Additionally,
CAI and UCS are reported to correlate well to each other (Plinninger &
Restner 2008).
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Experimental part
6 Experimental Setup
This chapter describes the equipment, test materials, characteristics of
erodent material for erosion experiments, and the safety risk evaluation.

6.1 Equipment
The experiments were conducted in two similar reactors. The reactors were
on a lifting table. By using the lifting table the reactors were lowered for filling
and attaching the impellers, and then lifted up until the impellers located in
the desired level inside the reactors. The reactors are shown in figure 17.
One rotating shaft was located over each of the reactors. One impeller was
attached to each shaft, and both impellers included four sample holding
blades. The samples were attached to the pressure side of the impeller
blades. The impellers are shown in figure 18. The impeller was attached to
a shaft which was rotated by a motor. On top of the reactor was a chute to
feed erodent material and in the bottom of the vessel was outlet to discharge
the slurry after the test was performed.
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Figure 17. Experimental equipment

Figure 18. Impellers attached to the rotating shafts

The height of one vessel was 59 cm and the other one was 61 cm measured
from the lowest spot of the convex bottom. Although the height of the
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vessels differed by 2 cm, they were presumed to provide similar results
because all the other dimensions were similar and the water level inside
them was kept constant in both vessels at 42 cm above the lowest spot of
the bottom. The convex part in the bottom was 11 cm high and the diameter
of the vessels were 39 cm. There were four baffles inside both of those
vessels. Figure 19 presents a schematic of inside of a vessel under the
water level.

Figure 19. A schematic of the equipment

The eroded face of the sample materials was carefully positioned at the
exactly the same level with the holder blade’s frame. This was very
important to minimize the effect of uncontrolled wear mechanisms occur
hence improving the comparability of the results. If the sample had been at
higher or lower level than the frame of the blade, the edges would have
probably worn more. As seen in figure 20, the sample surfaces are
positioned at the same level with the blade frames as previously described.
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Figure 20. An impeller with sample holding blades attached

In order to perform erosion tests in elevated temperatures, steam was
introduced in between the double-casing of vessels to increase the
temperature inside the vessel. When a decrease in temperature was
required, cooling water was conducted instead of steam. Since the rotating
movement itself produced heat, there was no need to add steam after the
desired temperature was achieved. Therefore, the steam feeding was
handled manually. Water was required for cooling during the tests, to avoid
the temperature to increase due to energy produced by rotatory movement.
For this purpose, temperature control system was utilized to automatically
add water to the system when temperature increased over the set
temperature. Temperature sensors were positioned inside the vessels to
provide information about the temperature for the automated temperature
control system. Steam and water pipelines are shown in figure 21, and the
temperature control panel is shown in figure 22.
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Figure 21. Red pipelines are steam pipes and white ones are water pipes

Figure 22. The control panel to set and follow the temperature inside the reactors

Safety risk analysis was conducted to spot possible safety concerns
occurring while operating the equipment. Working positions were thought
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through and safety equipment including safety shoes, adequate gloves to
avoid burning due to steam pipelines, safety goggles, a helmet, and a face
mask to avoid inhaling the quartz particles were checked and ensured when
and how to utilize them. Additionally, concerns about working alone in a
plant area were tackled by reporting regularly to the Outotec’s laboratory
while working after-hours.

6.2 Test Materials
Three different polyethylene plastics were included to the tests. Additionally,
in first tests 316L stainless steel samples were included. This was due to
knowledge that the erosive wear of stainless steel is higher under these test
conditions. Therefore, steel was utilized as a reference to confirm that wear
occurs since the erosive wear of polyethylenes during the tests was only a
few milligrams while wear of stainless steel under same conditions added
up to losses in the hundreds of milligrams range.
The set of polyethylene plastics included one LDPE and two HDPEs. The
difference between two HDPEs was that different processing methods were
employed. One HDPE was extruded and the other one was produced by
rotational molding. The LDPE was also rotational molded. The rotational
molding may be utilized for flotation cell liner production but extrusion
method cannot. Thus, the rotational molded polyethylenes were more
relevant for this research. Extruded HDPE was included because there was
plenty of it when the experiments were started and it was assumed that the
erosion behavior as a function of the temperature is similar to rotational
molded polyethylenes.
The eroded surface area of the samples were 34 mm x 34 mm while the
other surface was 35 mm x 35 mm as shown in figure 23. That way the
sample was able to be located into the sample holder the way that the
surface is in the same level with the frame. The thickness of the samples
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varied but the thickness was always less than 4 mm. To ensure that the
samples did not move during experiments a stainless steel foil was placed
between the sample and the back piece of the blade to fill up the empty
space inside of the blade. A schematic of an impeller blade, acting as a
sample holder, is shown in figure 23, the square in the middle is where a
sample is located.

Figure 23. Schematic of a front piece of an impeller blade

6.3 Erodent
Quartz sand was used as an erodent in erosion tests. First tests were
conducted utilizing quartz with particle size 50 µm–200 µm but since it was
noted that it did not produce noticeable wear in the plastics, erodent was
changed to quartz with particle size 100 µm–600 µm. The particle size
distribution of 100 µm–600 µm quartz is shown in figure 24.
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Figure 24. Cumulative particle size distribution of 100–600 µm quartz sand

Shapes of quartz particles were observed by Scanning Electron Microscopy
(SEM). JEOL JSM-6490LV SEM was employed for that purpose. SEM
images of quartz are shown in figure 25 for both particle sizes that were
utilized in the tests. From this figure it may be seen that the particles have
some sharp edges and the particles sizes vary within the range reported.

Figure 25. Quartz particles of 100 - 600 µm (left image) and 50 - 200 µm (right image)
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7 Implementation of Experiments
This chapter describes how the experiments were implemented. The
experiments consisted of preliminary experiments to determine the
experimental plan, actual erosion experiments, and characterization tests to
the interpretation of the results of the erosion experiments.

7.1 Preliminary Experiments
Some preliminary experiments were conducted to define the experimental
parameters and to devise the detailed experimental plan. Hardness values
of test materials were measured to establish correlation between erosion
rate and hardness, and to see whether the hardness is reversely
proportional to the temperature.
7.1.1 Hardness Measurements
Hardness tests at various temperatures were performed for each
polyethylene included in the actual experimental part. Hardness tests were
carried out by Mitutoyo Hardmatic Durometer Model HH-337-01. The test
procedure followed ASTM D2240 Standard test method for rubber property
– Durometer hardness test. Hardness scale of Shore D was employed and
since the durometer included a maximum indicator, results were read by it.
The lowest temperature for the hardness measurements was 35°C and
temperatures between 10 °C were included until the polyethylene started to
significantly soften i.e. the hardness values collapsed in an exponential
manner.
Heat chamber was used to heat the test specimens to the test temperatures.
Heat chamber was set to the temperature of 10 °C over the desired test
temperature. Thermocouple element was taped to the surface of the
specimen and when the surface temperature reached the desired
temperature, hardness test was performed. After that the specimen was
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placed back to the heat chamber until the surface temperature was back at
the test temperature level.
Maximum values, reported by the maximum indicator of the durometer,
were utilized as results. Five determinations at different positions on each
specimen in each test temperature were made. The results were reported
as arithmetic means of the five determinations.
Similar hardness measurements were also conducted to each polyethylene
material after being exposed to froth flotation chemicals for two months. The
results of the hardness measurements are presented in Appendix 1. This
chemical aging procedure is furtherly explained in section 7.2.1.2 and the
chemicals utilized in the chemical mixture are listed in Appendix 2.
7.1.2 Preliminary Erosion Experiments
Preliminary tests with the experimental setup were performed to establish
some minimum boundary values of the parameters in order to produce
measurable amount of weight loss of the samples. The additional purposes
of these experiments were to ensure that the equipment works, what is the
range in which it is capable to maintain the temperature during the test, and
whether the equipment produces similar test results to each of the samples
regardless of which vessel, shaft, impeller, blade, or position those are
attached to.
The preliminary tests showed that the temperature of 65 °C was the highest,
which the system was able to maintain without feeding more steam. This
qualified as a good maximum limit of the temperature range to be tested,
since in real life flotation applications, the temperature of the slurry will
unlikely exceed that. First preliminary experiments were exploited with
quartz of particle size 50 µm–200 µm and solids content of 9 %–10 %. Since
no weight loss was recognized with these parameters, but the specimen
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even actually gained some weight due to particles immersing into
polyethylene, it was decided to utilize higher amount of larger particles.

7.2 Experiments
The erosion experiments are explained in detail during this chapter. The aim
of these experiments was to determine the influence of the slurry
temperature, the particle impingement angle, and the chemical exposure of
the material to the erosive wear rate of polyethylene.
7.2.1 Test Parameters
Some of the test parameters were fixed to constant values, due to limitations
of the setup. The parameters of which correlation to the erosion rate were
examined were temperature, impingement angle, chemical exposure, and
duration of the test. These are more explained in more detail later in this
chapter. In the last section of this chapter, some estimation about possible
error sources in test parameters are discussed.
7.2.1.1 Constant Parameters
The amount of water per vessel in each experiment was 39 liters. This
amount was chosen since that way water level was 21 cm over the impeller
while the impeller located 21 cm from the bottom of the vessel. The measure
of 21 cm was selected for distance since it was the diameter of the impeller.
This was presumed to provide adequate flow inside the vessel to ensure
that solid particle impacts to sample surfaces happen from the set
impingement angle during the experiment.
All the tests were performed with solid particle content of 30 w-% i.e. while
39 liters of water was utilized for one test, 16.7 kilograms of quartz was filled
to a vessel. Solid particles were quartz of particle size 100 µm–600 µm.
Some preliminary tests were conducted utilizing quartz with smaller particle
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size and lower solids content, but those were both increased in order to
receive measurable data in reasonable time limits.
Although, the erodent material was considered as a constant parameter
since it was the same for each set of experiments, an additional experiment
was also conducted utilizing actual ore. That experiment was also ran with
the solids content of 30 w-%, but the particles were smaller in size. Less
than 8 w-% of the particles was larger than 106 µm, and the ore was
assumed to be a bit softer than quartz. Harder minerals in it were 30 % of
quartzite and 4 % of feldspars. Softer particles in it were 30 % of talc and
20 % of chlorite. Sieve analysis of the ore is shown in Appendix 3 and SEM
images of the ore are shown in Appendix 7. These 24-hour experiments
were conducted for rotational molded LDPE and were done in temperature
of 65 °C and with the impingement of 45° i.e. using the experimental
parameters that were expected to produce the highest mass loss.
The rotational speed of the shaft was set to 520 rpm in each test. This was
due to limitations of the setup. 520 rpm was the highest rotational speed
that could be utilized without danger of harming the equipment as a result
of vibration of the shaft. Lower rotational speeds would not have caused as
many impacts between the particles and samples per time, furthermore if
the rotational speed would have been too low, quartz particle may have
been settled to the bottom of the vessel since they are denser than water.
7.2.1.2 Variable Parameters
The effect of temperature change to the erosive wear was studied.
Temperatures of 35 °C, 45 °C, 55 °C, and 65 °C were included to this set of
experiments. These tests on the effect of change in temperature were all
performed with the impingement angle of 45°, without any chemical
exposure of materials, and the length of an experiment was 24 hours.
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To test if the erosion rate changes during longer experiment, similar
experiments as described in the previous paragraph were performed but the
length of an experiment was 72 hours instead of 24 hours. These
experiments were also performed in the same temperatures as the 24-hour
tests, in order to create more data about the effect of temperature and to
observe if the change of these two parameters show any combined effect.
Additionally, a set of three consecutive 24-hour experiments for the same
samples were conducted. The erodent material was changed between
these tests. The impingement angle of 45° and the temperature of 65 °C
were set for these tests. This was done in order to notice whether the wear
of the quartz particles has an impact on the polyethylene erosion rate.
These tests were performed only for rotational molded HDPE.
Impingement angles of 15°, 30°, 45°, 60°, 75°, and 90° were tested. These
tests were performed without chemical exposure, with test duration of 24
hours, and test temperatures of 35 °C and 65 °C. The temperature of 65 °C
was selected since it was assumed to cause highest wear, thus mass losses
would be more evident with each impingement angle. Experiments at 35 °C
were also performed to see if there was any combined effect to the erosion
damage between the temperature change and the impingement angle.
Since as mentioned in chapter 2.2.2 the erosive wear mechanism is strongly
affected by the impingement angle and while the temperature changes
polyethylene’s mechanical properties e.g. ductility, the impingement angle
may influence different way to the erosive wear of polyethylene in different
temperatures.
The effect of the impingement angle was investigated by changing the angle
of the blades in the experiments. Each experiment included only one angle
hence each four blades in an experiment were set to the same angle. The
angle was defined against the direction of the rotational movement and it
was presumed that most of the impacts of the particles come from parallel
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to the rotational direction of the stirrer. It was noted that the angle of the
blade changes the dynamics of the flow inside the vessel, but this was
assumed not to make a significant difference.
The whole range of tests were performed only for the rotation molded
HDPE, the impingement angles of 15°, 30°, and 45° were experimented for
HDPE produced by extrusion, and the impingement angles of 30° and 45°
in the temperature of 65 °C were experimented for rotational molded LDPE.
The reason not to test the entire range of angles for each of these
polyethylene materials was to save some time and ensure that the sample
materials last until the end of the test matrix. These are presented in tables
7–9, where x is marking that the parameter combination was tested.

Temperature (°C)

Table 7. Parameters of 24-hour erosion experiments conducted to the rotational molded HDPE

35
45
55
65

15
x

x

Impingement angle (°)
30
45
60
75
90
x
x
x
x
x
x
x
x
x
x
x
x

Temperature (°C)

Table 8. Parameters of 24-hour erosion experiments conducted to the extruded HDPE

35
45
55
65

15
x

x

Impingement angle (°)
30
45
60
75
90
x
x
x
x
x
x

Temperature (°C)

Table 9. Parameters of 24-hour experiments conducted to the rotational molded LDPE

15
35
45
55
65

Impingement angle (°)
45
60
75
90
x
x
x
x
x

30

47

The effect of the chemical exposure to erosion was studied by immersing
the test samples to a container filled with a chemical solution typically
utilized in a froth flotation process. A mixing with slow rotational speed of
120 rpm were utilized during the exposure to avoid precipitation of the
solution and the solution was kept at a temperature of 40 °C, since this is
close to the temperature typically inside the flotation cells. Materials were
immersed in the solution for 60 days. Due to power blackouts, the mixing
and heating were turned off for 21 days of this time. During that time the
temperature was not controlled nor measured but the solution was staying
in laboratory with a regular room temperature. After 60 days of immersion
in the solution, materials were cleaned, dried, weighed, and similar 24-hour
erosion tests with impingement angle of 45° and temperature of 65 °C were
carried out. In addition to erosion tests for chemically exposed materials,
similar hardness tests which were described in chapter 7.1.1 for them were
also carried out.
7.2.1.3 Accuracy of the Test Parameters
Temperatures during the tests were measured and the data was
automatically saved. The test setup was able to keep the temperature in
very close to desired level, the temperature changes were only 1.5 °C during
the experiments.
The weighing was performed by Mettler Toledo XS1003S scale which
measured weight with a resolution of 1 mg. Its repeatability is 0.4 mg with a
test weight of 500 g (Mettler Toledo). To decrease random errors, three
parallel weight measurements were taken and the arithmetic mean was
utilized. Additionally, since the samples were dried and weighed again, and
the results were required to be the same before accepting the results, one
may assume that this did not cause error to the final results.
The duration of the experiments was measured by the accuracy of one
minute. Yet, the addition of the quartz erodent took some time due to rather
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small chute where it was added through. The start time of an experiment
was defined as the average clock time between starting to add the quartz
and after it was all inside the vessel. The quartz was generally added in
about five minutes, but it may have caused couple of minute difference to
the duration of the experiments in some cases.
A digital angle gauge was utilized to set the angles of the blades. The tool
presented blades’ angles by the accuracy of 0.1°. Some human error may
have occurred while setting up the equipment for the experiment, therefore
presumably ± 0.3° error might have taken place. The angles of the blades
were measured after the tests and they did not change during test runs.
Experiment was accepted if the angle of each blade was within this range
of ± 0.3° from the desired angle.
Rotational speed of shafts was set to 520 rpm in each experiment. The
system was able to maintain a stable rotational speed throughout the entire
duration of each test. The rotational speeds of experiments were collected
by the process control system and checked afterwards that the set speed
had been stable during the whole test.
For each experiment 16.70 kg of quartz was weighed. Quartz content was
weighed by the accuracy of ±0.01 kg, some quartz might have missed the
chute during the filling of the vessel. Therefore, one could estimate quartz
content being 16.68 ± 0.03 kg. The quartz utilized in experiments was 100
µm–600 µm by particle size. Quartz was taken from 25 kg bags by a shovel
thus there might have been some difference in the amount of specific sized
particles between experiments e.g. when a new bag of quartz was opened,
some classification of the particles may be possible. Additionally, it should
be noted that many of the largest particles probably accumulated to the
bottom of the reactor during the experiments. This assumption is made
based on CFD simulations that are presented in Appendix 4.
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Water amount was measured by marking where the water level was to the
vessels after the first time the water amount was measured utilizing five liter
batchers. The level was checked two times by measuring the 39 liters of
water. After that the water was filled until the level reached marking line.
The error was assumed to be within the range of ± 0.5 liters.
7.2.2 Experimental Procedure
Experimental procedure comprised of sample preparation, erosion
experiments, and measurement of results. This section describes the
procedure in detail.
7.2.2.1 Sample Preparation
A sample number was inscribed to each sample’s back side which was not
in contact to the slurry during the test. The weighing was performed three
times for each sample and after that the samples were put into a heat
chamber for 24 hours in the temperature of 60 °C to dry them, and weighed
after that with the similar weighing procedure of three measurements. To
ensure a complete dryness of the samples, they were dried furtherly for at
least another 24 hours in the heat chamber and if the mass had not changed
they were accepted to be dry. If the mass however had changed between
measurements, another 24 hours of drying in heat chamber would have
been performed until there was no change between the weighings. This was
done to establish a reference point to the subsequent mass loss
measurements.
Dried samples were attached to the front piece of sample holding blades.
Filling foils made out of steel were placed behind the samples, and the back
pieces of the blades were screwed to the front pieces. These pieces are
shown in the figure 26.
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c)

a)

b)

d)

Figure 26. Pieces of a sample holding blade: a) a filling foil b) a polyethylene sample c) a back piece
of a blade d) a front piece of a blade

7.2.2.2 Erosion Experiments
Once the samples were attached to the blades, blades were attached to the
impellers and impellers to the shafts. In order to position impellers their
diameter length (21 cm) from the bottom of the vessel and their diameter
length from the top level of the water, vessels were filled with 39 liters of
water and lifted up until the impellers were positioned as desired.
Next step was to attach lids to the vessels, and then to heat the vessels by
steam. Impellers’ motors were also turned on at this point. Since there was
only water inside the vessels and as the heating did not take a long time, it
was assumed that no wear occurred during this period. Once the desired
temperature was reached inside the vessels, the steam feed was turned off
and the water feed was turned on to avoid the temperature to rise due to
the rotation of the impellers. When the temperature became stable in the
desired level, the erodent material was fed from the chutes on the top of
both vessels. In order to avoid evaporation during the tests, cans were put
on the top of the chutes.
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After the erodent was fed to the vessels, the experiment ran automatically
until it was time to stop it. At that point, impellers were turned off, and
discharges under the vessels were opened to remove water and erodent
material from the vessels. Lids were removed, vessels lowered, impellers
detached from the shafts, and blades removed from the impellers. Water
was utilized to clean the rest of the solid material from the vessels.

7.2.2.3 Measurement of Results
After the test, samples were detached from the blades and wiped clean with
a piece of paper. They were weighed, and then cleaned using an ultrasonic
cleaner, FinnSonic M40I, to remove all the particles from the surfaces of the
samples. The samples were again weighed, and placed to a heat chamber
to remove water they may have absorbed during the test. After 24 hours of
drying in the temperature of 60 °C, the samples were weighed again and
placed back to the heat chamber. They were kept in there at least for
another 24 hours before weighing again, to ensure all the water content was
removed. If the mass hadn’t changed between these weighings, the result
was accepted, as it was the case each time in these experiments. If the
mass however would have changed, another 24 hours of drying would have
been exploited until two weight measurements in a row would have
produced similar results.
The amount of the erosive wear was calculated by reducing the dry weight
of the sample after the test from the dry weight of the sample before the
test. The results of erosive wear occurred during the test were expressed
as milligrams of lost weight.

7.3 Characterization
This section describes the characterization experiments performed on the
polyethylene samples and quartz particles to help gaining a better
understanding of the results from the actual erosion experiments. Scanning
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electron microscope, surface roughness measurements, and sieve
analyses were conducted for these purposes.
7.3.1 Scanning Electron Microscope
SEM images were taken from selected material surfaces after the 24-hour
erosion experiments. Experiments from which the samples were chosen for
observation via SEM are listed in the table 10. None of these samples were
exposed to flotation chemicals. For SEM analysis, the sample with the
highest mass loss during the experiment was chosen.
Table 10. Experiments from which the samples were chosen for SEM observations

Temperature 65 °C
Rotational
Extruded
molded HDPE HDPE
30°
x
45°
x
x
90°
x

Temperature 35 °C
Rotational
molded HDPE
45°
x
90°
x

The reason for these SEM images was to investigate whether the wear
marks looked different or similar while conducting erosion tests with different
impingement angles, different temperatures, or in polyethylene plastic that
was produced by extrusion instead of rotational molding. Nine images with
low magnification from each samples were taken, three from each side
(corners counting for two sides) and one from the middle of the sample.
Additionally, images with higher magnification were taken from the parts
with significant scratches or other divergent looking wear marks.
7.3.2 Surface Roughness
Surface roughness tests were conducted for rotational molded HDPE
samples

after

erosion

experiments.

The

main

reason

for

this

characterization experiment was to observe the effect of impingement angle
to the wear mechanism. It was assumed that while the wear mechanism
changes because of the change in impingement angle, different roughness
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values may occur between different samples. Another reason to measure
the surface roughness from different areas of the samples was to determine
which areas of the samples might be most interesting to be observed via
SEM.
One sample from each utilized impingement angle was chosen from the
experiment set with the temperature 65 °C. Mitutoyo SJ-210 was employed
for this purpose. Roughness of each sample was measured from five parts,
then turned 90° clockwise and measured again from the five parts to see if
there is difference which way the measurement was performed.
7.3.3 Particle Size Distribution
To see whether the quartz particles wear during the experiments, their
particle size distributions were investigated. It was assumed that the
particles wear in the experiments, which may cause them lose their sharp
edges. This would be seen in particle size distributions as an increased
amount of very small particles. If the particles lose their sharp edges and
become spherical shaped, they may cause less wear damage to the
samples.
Sieve analyses was conducted to determine particle size distributions for
quartz samples after a 24 h lasting test in the temperature of 65 °C and
impingement angle of 45° and after a 72 h lasting test in the temperature of
65 °C and impingement angle of 45°. Particles were taken by for the
analyses by mixing the particles after the experiment and then a sample of
about 150 g of quartz was randomly taken to a jar.

8 Results and Discussion
This chapter presents the results of the experiments and discusses about
them. This chapter is divided into four sections by the variable parameters
54

of the experiments and the results of each parameter’s effect to the erosion
rate is presented and discussed.

8.1 Temperature
The temperature range between 35 °C and 65 °C was studied for each
polyethylene material involved. The increase in the temperature caused
mass loss due to erosion to increase approximately linearly with each
polyethylene material. This was similar to the results for hardness as a
function of temperature. The extruded HDPE which showed the highest
hardness of the tested polyethylenes, also showed the lowest erosion rate
in the experiments. The mass loss of the two rotational molded
polyethylenes, LDPE and HDPE, was roughly the same. The mass losses
of polyethylenes as milligrams are shown in figure 27 as a function of the
temperature. Error bars are plus-minus standard deviations of the results.
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Figure 27. The effect of the temperature to the erosion rate in 24-hour lasting erosion tests
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Surprisingly, the average erosion rate of the rotational molded HDPE was
higher with the temperature of 45 °C than with temperature of 55 °C.
Nevertheless, it should be noted that the difference is well within the
standard deviation. Thus, there is possibility that the erosion is higher with
the temperature of 55 °C than with the temperature 45 °C. Since the two
other polyethylenes both show an almost linear correlation between the
erosion rate and the temperature for the whole temperature range in
question, it is assumed that the rotational molded LDPE also behaves
similarly and earlier is just due to error in the experiments.
Erosive wear of stainless steel was not affected by the temperature. In
comparison to stainless steel, each of the polyethylenes showed better
erosion resistance. The stainless steel has higher mass thus it was not any
surprise that it also lost higher mass during an experiment. However, as
figure 28 shows, stainless steel also lost significantly higher amount of mass
as percentage of the sample’s initial mass than rotational molded HDPE did.
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Figure 28. Comparison of erosive wear between rotational molded HDPE and stainless steel as
percentages of mass loss in 24-hour experiments
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The reason not to compare the polyethylenes to each other as percentage
of mass loss is that the samples had different thicknesses. Therefore,
thicker samples had higher initial mass but they could still only wear from
the surface, which is exposed to the slurry. However, when comparing the
stainless steel to polyethylene this is required because stainless steel has
significantly higher density. The effect of the thickness affects also when
comparing steel and polyethylene but because the wear of steel was as
much higher as shown in figure 28 it may be said that the stainless steel
wore more.
Hardness of each polyethylene decreased linearly as their surface
temperature increased until a certain point. After a certain point, the
polyethylene’s hardness began to decrease exponentially. Due to
limitations of time and possibilities to monitor the temperature of the sample
from every part of it, it is difficult to say what the temperature was under the
sample’s surface. Additionally, the samples started to lose their shape and
get stuck to the heat chamber when the temperature was this high.
Nevertheless, the results gave some estimation of the maximum service
temperatures of the three polyethylenes included in the experiments.
Hardness values of the polyethylenes as a function of temperature are
shown in figure 29.
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Figure 29. Hardness values as a function of surface temperature

Although, the linear trendlines in figure 29 are affected by the significantly
lower hardness values in high temperatures they still give some estimation
about the collapse of the hardness. With the extruded HDPE it seems that
its hardness drops after the temperature reaches 115 °C, the rotational
molded HDPE’s hardness collapses after 95 °C, and the rotational molded
LDPE’s hardness seems to exponentially decrease already in 85 °C. At 115
°C both rotational molded PEs started to lose their shape and get stuck to
the heat chamber. These results are in line with what was said in section
4.2 that polyethylenes’ maximum service temperature is; for LDPE 80 °C–
100 °C and for HDPE 100 °C–120 °C.

8.2 Impingement Angle
The highest erosion rate in temperature of 65 °C was observed in the
impingement angle of 45°. The lowest erosion rate was clearly obtained with
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impingement angles of 15° and 90°. The results of these experiments are
shown in figure 30.
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Figure 30. The effect of the impingement angle on the erosion rates in the temperature of 65 °C

The highest erosion rate at 35 °C was observed with impingement angle of
30°. This differed from previously presented results obtained at 65 °C. This
was a surprising result and it has to be noted that the standard deviation in
30° is high and covers the results of the experiments conducted with the
impingement angle of 45°. Additionally, in the experiments that were
conducted for extruded HDPE in 15°, 30°, and 45° impingement angles at
35 °C, higher erosion rate was observed with the impingement angle of 45°.
Thus, since all the other experiments showed that the erosion rate of
polyethylene was higher with impingement angle of 45° than with 30°, it may
have been only due to some randomness and/or error in the experiments.
However, it is also true that the standard deviation in the experiments for
extruded HDPE at 35 °C impingement angle of 45° covers the results in
angle of 30°. Therefore, the maximum erosion angle at 35 °C should be
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furtherly examined to have an unambiguous answer for this. The erosion
rates as a function of the impingement angle for rotational molded HDPE
and extruded HDPE in the temperature of 35 °C are shown in figure 31. The
fact that the maximum erosion rate was observed at around 30°–45°
impingement angle was consistent with the ductile behavior of the material.
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Figure 31. The effect of the impingement angle on the erosion rate of extruded HDPE and rotational
molded HDPE in the temperature of 35 °C

Although, there was differences between the surface roughnesses of the
samples, no consistent differences caused by differing the impingement
angle in experiments were detected. The difference in surface roughness of
the samples may have already existed before the implementation of
experiments. The results of the surface roughness measurements are
presented in Appendix 5.
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Different wear mechanisms were examined by utilizing SEM. Figure 32
shows a surface after an experiment test with an impingement angle of 30°
and figure 33 shows a surface after an experiment test with an impingement
angle of 90°, both of those experiments were conducted in the temperature
of 65 °C. It can be seen that the impingement angle of 30° caused
longitudinal scratches to the surface while with the impingement angle of
90° the particles have caused pits by impacting to the surface. These
observations were expected but they confirmed that the impingement angle
that was set was very close to the angle from which the majority of the
particles impacted to the surface.

Figure 32. SEM image showing longitudinal scratches occurring in an experiment with impingement
angle of 30° in 65 °C
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Figure 33. SEM image showing pits caused by impacting particles occurring in an experiment with
impingement angle of 90° in 65 °C

Figure 34 shows a SEM image of a surface after an experiment in 65 °C
with impingement angle of 45°. There is both those longitudinal scratches
and pits. Figure 35 shows a SEM image for a surface from an experiment
with similar angle ran in 35 °C. The wear marks seem similar thus; the wear
mechanism does not seem to have changed. The main difference is that in
35 °C less wear damage occurs, this was expected since less mass loss
was also observed in experiments in lower temperatures.
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Figure 34. SEM image showing wear marks after an experiment impingement angle of 45° in 65 °C

Figure 35. SEM image showing wear marks after an experiment impingement angle of 45° in 35 °C
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It seems in SEM figures that there are no particles embedded to the
samples. However, it is difficult to say unambiguously if some of the wear
pits are actually the particles. It would be surprising if there were none of
them. More SEM images are shown in Appendix 6.

8.3 Test Duration
Long-duration tests were run for 72 hours but did not produced nearly three
times as much mass loss to the samples as 24 hours long tests did. As can
be seen in the figure 36 the mass losses during 72-hour experiments were
1–2 times as high as in the 24-hour experiments. Hence, erosion rate
decreased as a function of time. This is expected to be due to fragmentation
of erodent material. Sparks & Hutchings (1993) researched the effect of
erodent recycling in solid particle erosion testing, they utilized silica sand as
the erodent and noticed that repeated impacts led to fragmentation and
progressive reduction in average particle size in the erodent sample. This
led to changes in the measured erosion rate.
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Figure 36. The mass losses of 24-hour and 72-hour erosion experiments for rotational molded LDPE
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Particle size distributions of the erodent after a 24-hour test and a 72-hour
test showed that there were more small particles after 72 hours of erosion
experiment. During the experiment, the sharp edges of the particles were
assumed to be worn which have then created these small particles. This
would explain why the erosion rate decreases as a function of time since
the particles become spherical during the test and they are not as erosive
as sharp particles. The results of the sieve analyses are shown in table 11.
Noticeable in table 11 is the differences in small particle fractions.
Table 11. Sieve analyses of quartz from a 24-hour experiment and a 72-hour experiment

24-hour experiment

72-hour experiment

Sieve size (μm)

Retained on sieve (%)

Retained on sieve (%)

600

0.55

0.76

425

13.01

14.27

300

25.07

24.61

212

27.60

24.81

150

20.56

19.21

106

8.42

9.50

75

3.03

4.03

45

1.33

2.00

20

0.26

0.44

-20

0.18

0.36

Since the sieve analyses were only conducted for one small quartz sample
of both types of tests, the reliability of this result is not high. However, Sparks
& Hutchings (1993) detected the similar effect of the particles wearing and
that causing erosion rate to decrease. In addition, the experiment set with
three consecutive 24-hour experiments with the change of the erodent
material between the tests showed that the erosion rate was the same for
each of these 24-hour tests, which supports the previous presumption. From
all these evidences, one may conclude that the decrease in 72-hour
experiments was because of particles wore during the experiment. From
here, one may also presume that the erosion rate continues to decrease if
the test duration extends.
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Another noticeable thing with the 72-hour experiments was that surprisingly
a similar linear relation with the erosion rate and the temperature rise was
not observed as was with the 24-hour experiments. Thus, it seems that the
sharp edges of the erodent are more influencing in higher temperatures.
One explanation for this effect may be that while the erodent cause more
severe damage to the polyethylene in higher temperatures it also wears and
becomes more spherical itself. Another possible explanation for this is that,
while the materials, both the sample and the erodent, become softer while
the temperature rises the softer erodent wears more and again loses sharp
edges and becomes spherical shaped. Figure 37 shows the results of the
72-hour experiments. Table 11 presents the gradients between mass losses
and temperatures of both 72-hour and 24-hour experiments. Those
gradients present how significantly smaller is the impact of temperature to
the mass loss in the 72-hour experiments in comparison to the 24-hour
experiments.
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Figure 37. The effect of temperature to the erosion rate in 72-hour lasting erosion tests
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Table 12. Gradients between the mass losses and temperatures as mg/°C

24-hour
experiment
72-hour
experiment

Extruded HDPE

Rotational molded
HDPE

Rotational molded
LDPE

0.08

0.12

0.10

0.04

0.10

0.05

8.4 Chemical Exposure
Polyethylene samples that were exposed to the froth flotation chemical
solution showed no change of hardness while conducting hardness tests in
different temperatures. The same result was observed in the results of
erosion experiments i.e. no significant change in erosion rate was detected.
Figure 38 presents the erosion experiment results for the samples which
were exposed to chemicals in comparison with the results of similar tests
for samples that were not exposed to chemicals.
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Figure 38. The effect of chemical exposure to the polyethylene's erosion rate

As shown in figure 38, all the small variations between the samples that
were exposed to chemicals and those which were not are within the
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standard deviation error bars. Noticeable is also that the variation is not
consistent to one way or another i.e. chemicals did not reduce the erosion
rate nor increase the erosion rate with each polyethylene material. As was
mentioned in section 4.2, polyethylene material possesses high chemical
resistance, therefore this result was not surprising. This fact that the erosion
rate did not increase because of the flotation chemical exposure is good for
polyethylene’s applicability for liner material in flotation cells.

8.5 Ore as the Erodent
The ore, which was utilized for one experiment, caused significantly lower
erosion rate to the polyethylenes than the quartz of particle size 100 µm–
600 µm. This was not surprising, since quartz is quite hard and as can be
seen from table 2 in section 5.2 in this thesis, quartz has rather high Work
Index. Thus, quartz does not break easily which might decrease the erosion
rate. In addition, the particle size of the ore was significantly smaller which
furtherly decreases the erosion rate. The results in comparison to the quartz
are shown in figure 39.
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Figure 39. Comparison of erosive wear caused by ore and quartz
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These results do not provide much new information about polyethylene’s
erosion resistance, but it shows that ore causes some wear and provides
the relation of the results in comparison to what actual ore may cause. This
information may be useful for further studies or to better scale the previously
presented results once more information from the actual real-life application
is gathered.

9 Conclusions
The experiments showed that polyethylene possesses good erosion
resistance under tested conditions. Comparing to stainless steel,
polyethylene showed significantly lower wear in erosion tests. The
preliminary tests showed that no significant wear of polyethylene occurred
in erosion experiments with quartz particles of size 50 µm–200 µm and
solids content of 10 w-% while the steel blades started to wear in those
experiments. Stainless steel samples wore considerably more in slurry pot
experiments than polyethylene samples. This makes polyethylene plastic
an interesting material choice for minerals processing applications. The fact
that the flotation chemicals did not change the erosion resistance qualities
of polyethylene makes it applicable for liner material utilized in flotation cells.
The erosion rate of the polyethylene increased linearly as a function of the
temperature between temperatures of 35 °C and 65 °C. The erosion rate in
the erosion test less than doubled when the test temperature increased from
35 °C to 65 °C. The fact that this correlation was linear and the gradient was
low supports the earlier conclusion that polyethylene is well applicable for
slurry including minerals processing applications, since the temperature of
the slurry during the process is typically well below 65 °C.
The maximum erosion rate was observed in the angle of 45° and the erosion
rate was also high in the impingement angle of 30°. This is typical for a
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ductile material. This result was similar to what Yabuki et al. (2000) detected
for HDPE with similar particle impingement velocities. While considering
polyethylene as a liner material for minerals processing equipment, this
information may be utilized for designing purpose. It is possible to decrease
the wear of liners by trying to avoid particle impingement angles that causes
higher erosive wear for polyethylene.
One more conclusion to be made from the results is that even though there
was difference in hardness between the rotational molded LDPE and the
rotational molded HDPE, they did not show any difference in erosion
resistance within the temperature range of 35 °C–65 °C. Nevertheless, the
hardness of LDPE began to decrease exponentially between 85 °C–95 °C
while the hardness of the rotational molded HDPE did not start to decrease
exponentially until in temperatures between 95 °C–105 °C. One could
assume that the erosion resistance of these polyethylene materials will also
start to decrease exponentially in these temperatures, while the material
becomes very soft.

10 Proposals for Further Research
From the technological point of view, the relation between the results of the
experiments and the real-life application should be investigated. The erosive
wear of the polyethylene liners of the actual real-life equipment should be
examined and followed to see how often they need to be changed and how
much wear damage per time unit is caused by the process.
From more scientific point of view, the presumption that was made in this
thesis that the erosion resistance of polyethylene material would decrease
exponentially in the temperatures where hardness begins to decrease
exponentially could be studied. In addition, the effect of the impingement
angle could be studied within that temperature range and also in 35 °C
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where the results about the effect of the impingement angle were conflicting
could be furtherly examined. It would be interesting to see do the particles
get embedded to the soft polyethylene in high temperatures significantly
more than they do in lower temperatures.
Additionally, other polymeric materials could be studied and compared. The
erosive behavior in similar conditions of for example polyurethane and
natural rubber should be included to this study. The advantages and
disadvantages between these polymeric materials should be evaluated.
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Hardness of chemically aged polyethylenes

APPENDIX 1

Here are the results of the hardness measurements conducted to
polyethylenes that were chemically aged in flotation chemical mixture.
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Mixture for the chemical exposure

APPENDIX 2

Components of the flotation chemical solution for the chemical exposure:
pH 10.5 (set by adding calcium oxide)
Xanthate 50 mg/l
Carboxy methyl cellulose 100 mg/l
Dow frother 20 mg/l
Dithiophosphate 100 mg/l
Zinc sulfate 1000 mg/l
Copper sulfate 150 mg/l
Three liters of the solution was made. The amounts of chemicals needed
was calculated and measured, and added to 2.5 liters of water. When all the
components were included, the water was added until the amount of three
liters was achieved. From the three liters, the amount to cover all the
samples was poured to a container. In the bottom of the container, there
was a holder where the samples were attached. A holder was required to
avoid the samples to float on top of the solution because of polyethylene
samples’ small density.
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Sample Koe 52 24 h

3350
2360
1700
1180
850
600
425
300
212
150
106
75
53
45
38
20

Sieves

total (calc.)

600
425
300
212
150
106
75
45
20
-20

Sieves
used

material weighed

140,71

0,77
18,30
35,28
38,84
28,93
11,85
4,26
1,87
0,36
0,25

0,00

100,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,55
13,01
25,07
27,60
20,56
8,42
3,03
1,33
0,26
0,18

Retained
on sieve
grs
%

Date 6.9.2016

subscriber/done by

project

solids/wateri/time

100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
99,45
86,45
61,37
33,77
13,21
4,79
1,76
0,43
0,18

Cumulat.
passing
%

(dry)

% Passing indicated Size

Mill and beads

10

D80 =

0

10

20

30

40

50

60

70

80

90

100

393

Particle size analysis

mm

D50 =

Particle Size, microns

1000

-ultra sonic

-AirJet

-wet

-dry

Sieving

Laser

266

x

x

mm

100000

Sieve analyses
APPENDIX 3 (1/3)

Sieve analysis of quartz erodent after a 24-hour test in the temperature 65

°C and impingement angle of 45° with no chemical exposure
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Sample Koe 36 72 h

3350
2360
1700
1180
850
600
425
300
212
150
106
75
53
45
38
20

Sieves

total (calc.)

600
425
300
212
150
106
75
45
20
-20

Sieves
used

material weighed

165,35

1,25
23,60
40,70
41,02
31,77
15,70
6,67
3,31
0,73
0,60

0,00

100,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,76
14,27
24,61
24,81
19,21
9,50
4,03
2,00
0,44
0,36

Retained
on sieve
grs
%

Date 6.9.2016

subscriber/done by

project

solids/wateri/time

100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
99,24
84,97
60,36
35,55
16,34
6,84
2,81
0,80
0,36

Cumulat.
passing
%

(dry)

% Passing indicated Size

Mill and beads

10

D80 =

0

10

20

30

40

50

60

70

80

90

100

400

Particle size analysis

mm

D50 =

Particle Size, microns

1000

-ultra sonic

-AirJet

-wet

-dry

Sieving

Laser
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x

x

mm
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Sieve analyses
APPENDIX 3 (2/3)

Sieve analysis of quartz erodent after a 72-hour test in the temperature 65

°C and impingement angle of 45° with no chemical exposure
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Sample AA_Blend Komposiittinäyte

3350
2360
1700
1180
850
600
425
300
212
150
106
75
53
45
38
20

Sieves

total (calc.)

106
75
45
20
-20

Sieves
used

material weighed

96,96

7,51
15,28
24,00
18,81
31,36

0,00

100,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
7,75
15,76
24,75
19,40
32,34

Retained
on sieve
grs
%

Date 4.9.2016

100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
100,00
92,25
76,50
51,74
32,34

Cumulat.
passing
%

subscriber/done by MIKLYY / ANNVIR / IDAHAK

project 6121433-0090/3

solids/wateri/time

(dry)

% Passing indicated Size

Mill and beads
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D80 =
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Particle size analysis
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D50 =
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x

x

x
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mm
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Sieve analyses
APPENDIX 3 (3/3)

Sieve analysis of the ore sample utilized in an erosion experiment. The

analysis made before the experiment.
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CFD model

APPENDIX 4 (1/3)

Model of how 100 µm–600 µm quartz particles distribute inside the vessel
during an erosion experiment with the blade angle of 45° (Xia 2016)
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CFD model

APPENDIX 4 (2/3)

Model of shear stresses (Pa) on the impeller surface during an erosion
experiment with the blade angle of 45° (Xia 2016)
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CFD model

APPENDIX 4 (3/3)

Model of fluid velocity vectors (m/s) during an erosion experiment with the
blade angle of 45° (Xia 2016)
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Surface Roughness Measuring Tester
SJ-210
Mitutoyo

Roughness (µm)
Sample No. Temperature (°C) Angle (°) Vertical/Horizontal Part 1
Part 2
17
35
45
Vertical
4.039
4.599
17
35
45
Horizontal
3.491
4.849
23
65
45
Vertical
1.470
1.404
23
65
45
Horizontal
1.272
1.590
37
65
30
Vertical
1.315
0.828
37
65
30
Horizontal
1.628
1.218
45
65
75
Vertical
1.941
4.417
45
65
75
Horizontal
1.716
2.250
48
65
15
Vertical
2.351
1.657
48
65
15
Horizontal
1.721
1.900
53
35
30
Vertical
7.325
9.773
53
35
30
Horizontal
10.840
13.482
60
65
90
Vertical
2.009
1.703
60
65
90
Horizontal
1.348
1.593

Rotational molded HDPE
Part 3
3.139
4.537
1.543
1.569
0.974
1.238
1.948
1.843
1.858
1.700
13.639
16.301
2.396
1.417

Part 4
3.816
6.214
1.586
2.093
1.662
1.661
3.235
5.052
1.803
2.066
15.797
9.209
1.503
2.069

Part 5
2.577
4.984
1.549
1.208
1.098
1.642
1.626
1.997
2.229
1.804
8.960
7.259
1.569
1.378

23.8.2016

3
5

4

Horizontal

Vertical

2

Parts
1

Surface roughness measurements
APPENDIX 5

Field log of the surface roughness measurements.
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SEM images of the eroded samples

APPENDIX 6 (1/6)

Rotational molded HDPE sample from an experiment with 65 °C
temperature and impingement angle of 30°
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SEM images of the eroded samples

APPENDIX 6 (2/6)

Rotational molded HDPE sample from an experiment with 65 °C
temperature and impingement angle of 45°
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SEM images of the eroded samples

APPENDIX 6 (3/6)

Rotational molded HDPE sample from an experiment with 65 °C
temperature and impingement angle of 90°
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SEM images of the eroded samples

APPENDIX 6 (4/6)

Rotational molded HDPE sample from an experiment with 35 °C
temperature and impingement angle of 45°
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SEM images of the eroded samples

APPENDIX 6 (5/6)

Rotational molded HDPE sample from an experiment with 35 °C
temperature and impingement angle of 90°
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SEM images of the eroded samples

APPENDIX 6 (6/6)

Extruded HDPE sample from an experiment with 65 °C temperature and
impingement angle of 45°
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SEM images of the ore

APPENDIX 7

SEM images with different magnifications of the ore utilized for an erosion
experiment. Images taken before the experiment.
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Results of the erosion experiments

APPENDIX 8 (1/5)

24-hour experiments with the impingement angle of 45°
Material: Extruded HDPE
35
45
55
3
1
4
3
3
5
1
2
5
3
3
1
2
3
3
1
4
Mean
2.43
2.40
3.60
Standard deviation
1.05
0.80
1.50

Mass loss (mg)

Temperature (°C)

65
5
6
6
4
3
4
4.67
1.11

Mass loss (mg)

Material: Rotational molded HDPE
Temperature (°C)
35
45
55
65
4
6
7
9
4
7
6
9
3
6
8
8
4
7
5
8
3
8
4
6
5
5
7
3
7
4
7
Mean
3.71
6.33
6.00
7.83
Standard deviation
0.70
1.15
1.41
1.07

Mass loss (mg)

Material: Rotational molded LDPE
Temperature (°C)
35
45
55
4
3
8
7
5
8
4
5
5
5
6
8
3
5
6

Mean
Standard deviation

4.60
1.36

4.80
0.98

7.00
1.26

Material: 316L Stainless steel
Temperature (°C)
35
45
55
Mass loss (mg)
140
143
112

65
7
9
8
9
6
5
7
7.29
1.39

65
125
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Results of the erosion experiments

APPENDIX 8 (2/5)

72-hour experiments with the impingement angle of 45°

Mass loss
(mg)

Material: Extruded HDPE
35
45
55
Temperature (°C)
5
5
5
6
8
7
5
5
5
4
8
4
5.00
6.50
5.25
Mean
0.71
1.50
1.09
Standard deviation

65
5
6
5
7
5.75
0.83

Mass loss
(mg)

Material: Rotational molded HDPE
35
45
55
65
Temperature (°C)
9
13
11
14
7
12
10
11
9
9
7
11
8
8
11
11
8.25
10.50
9.75
11.75
Mean
0.83
2.06
1.63
1.30
Standard deviation

Mass
loss
(mg)

Material: Rotational molded LDPE
35
45
55
65
Temperature (°C)
9
11
10
19
11
10
10
6
10
17
12
12
12.67
10.67
12.33
Mean 10.00
0.82
3.09
0.94
5.31
Standard deviation
Material: 316L Stainless steel
35
45
55
Temperature (°C)
Mass loss (mg)
236
210
208

65
192
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Results of the erosion experiments

APPENDIX 8 (3/5)

24-hour experiments with the temperature of 65°C

Mass loss (mg)

Material: Extruded HDPE
15
30
45
Impingement angle (°)
1
3
5
0
4
6
0
3
6
0
2
4
1
3
2
4
2.5
4.67
Mean 0.25
0.96
1.11
Standard deviation 0.43

Mass loss (mg)

Impingement angle (°)

Mean
Standard deviation

Material: Rotational molded HDPE
15
30
45
60
75
2
5
9
6
7
3
5
9
7
6
1
5
8
5
4
1
5
8
6
5
5
6
7
7
1.75
5.33
7.83
6.00
5.5
0.83
0.75
1.07
0.71
1.12

90
4
2
0
3

2.25
1.48

Mass loss (mg)

Material: Rotational molded LDPE
30
45
Impingement angle (°)
6
7
6
9
5
8
4
9
6
5
7
7.29
Mean 5.25
0.83
1.39
Standard deviation
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Results of the erosion experiments

APPENDIX 8 (4/5)

24-hour experiments with the temperature of 35°C

Mass loss (mg)

Impingement angle (°)

Mean
Standard deviation

Mass loss (mg)

Impingement angle (°)

Mean
Standard deviation

15
3
0
0
0

0.75
1.30

15
1
1
0
2

1.00
0.71

Material: Extruded HDPE
30
45
3
4
3
4
3
3
2
4
4
1
3
4
3.00
3.33
0.58
1.11
Material: Rotational molded HDPE
30
45
60
75
7
4
4
1
5
4
2
2
4
3
4
3
3
4
4
4
5
3
4
5
3
4.67
3.71
3.50
2.50
1.25
0.70
0.87
1.12

90
1
2
3
2

2.00
0.71
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Results of the erosion experiments

APPENDIX 8 (5/5)

24-hour experiments with the samples exposed to the flotation chemicals

Mass loss
(mg)

Rotational Rotational
Material molded
molded
HDPE
LDPE
5
6
4
6
4
5
7
3
Mean
5.00
5.00
Standard Deviation
1.22
1.22

Extruded
HDPE
2
3
3
5
3.25
1.09

Mass loss
(mg)

Experiment with three consecutive 24-hour test runs

Mean
Standard deviation

Material: Rotational molded HDPE
First 24h
Second 24h Third 24h
Total (72h)
8
8
7
23
8
6
8
22
7
8
6
21
6
8
9
23
7.25
7.50
7.50
22.25
0.83
0.87
1.12
0.83

Experiment with ore as the erodent
The experiment was carried out in temperature of 65 °C and the samples
were set to angle of 45°.

Mass loss
(mg)

Rotational molded LDPE
3
1
2
2
Mean
2.00
Standard deviation
0.71
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