Wear performance of quenched wear resistant steels in abrasive slurry erosion
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ABSTRACT

Three commercially available quenched wear resistant steel grades were compared with a structural steel
and four elastomer materials to reveal the differences in their behavior in slurry erosion conditions and to
find the best solutions for demanding applications. A slurry-pot tester, allowing simulation of various wear
conditions with different minerals, particle sizes (up to 10 mm), abrasive concentrations, and sample angles
was used to simulate different industrial slurry applications. In this study, granite and quartz with
concentrations of 9 and 33 wt% were used as abrasives in tests conducted at 45° and 90° sample angles. The
performance of the studied steels was evaluated with respect to their material properties such as hardness
and microstructure. Furthermore, the cross-sections and wear surfaces of the test samples were analyzed to
reveal the possible differences in the mechanical behavior of the materials during slurry erosion. The wear
surface analyses show that abrasion is the dominating wear mechanism already for the smallest particle size
of 0.1/0.6 mm. In low-stress abrasive slurry erosion with the smallest particles, the elastomers showed better
wear resistance than the steels, whereas in demanding high-stress abrasive slurry erosion conditions the
quenched wear resistant steels can well compete with elastomers in wear resistance. The relative wear
performance of the steels increased with increasing abrasive size, while for the elastomers it decreased.
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1.INTRODUCTION

Slurry is generally defined as a mixture of liquid and solid particles that can be transported by pumping.
Transporting minerals or moving solids as a slurry is an increasingly viable alternative in many industrial applications
ranging from dredging and pumping concrete at a construction site to large mining projects. In mines the slurry
transportation of minerals is both an economical and environmentally friendly alternative, whereas for transferring
concrete to its destination at large construction sites, pumping is generally the only option. The main factor related
to the expenses of such pumping projects is wear. The wear environment, including mechanical wear and corrosion,
dictates the initial capital costs and useful lifetime of the pipelines. [1-4] Size of the particles inside the slurry is one
of the major factors affecting the wear in the process. In heavy duty slurry pumping the particle size can be up to
several centimeters [5], while in fine particle mineral processes the particle sizes are typically between 100 and 250
micrometers [6,7].

Wear related problems cause significant economic and environmental losses in applications involving abrasive
and erosive wear, such as pumps and pipelines in slurry transportation or pumps and crowns in dredging. Mainly due
to corrosion, quenched wear resistant steels are not widely used in piping. However, the good mechanical wear
resistance that steels can offer may have a greater effect on the pipe lifetime than their relatively poor corrosion
resistance, when highly abrasive slurries are handled. The particles in the slurry can be large and sharp and the
speed of the flow high, causing abrasive slurry erosion. In these conditions, understanding the active wear
mechanisms is essential for the use and further development of new materials.

The slurry pipeline technology is relatively young. The first slurry pipeline was implemented in the 1960’s and
the first long distance pipeline in the 1990’s [2]. Currently elastomer lining materials, such as rubbers or
polyurethanes, have become a standard choice for combined wear and corrosion protection in slurry pipelines
transporting minerals. However, such linings can be rather expensive and also quite sensitive to surface defects. In
addition, they are known to suffer from problems related to adhesion and thermal expansion in pumping and
pipeline transport applications, which all will promote mechanical wear. For example for polyurethanes, Zhang et al.
[8] suggested a two times increase in the erosion rate from room temperature to 60 °C, and a three times increase
to 100 °C. Furthermore, as the trend is towards higher production volumes and slurry transportation is also
expanding into new application areas possibly with coarser particles, mechanical wear resistance is becoming more
and more important [2].

In very demanding pumping or transporting applications abrasive wear becomes even more dominant, as the
high flow speed of the slurry and high abrasiveness of the particles inside the slurry leads to a subtype of slurry
erosion called abrasive slurry erosion [9,10]. Currently in the industrial field the fine particle slurry pumping
represents the low-stress abrasive slurry erosion, whereas dredging and large particle slurry pumping represents the
high-stress abrasive slurry erosion. Only few publications have been published about the latter conditions, i.e.,
abrasive slurry erosion caused by large particles [9,11]. Additionally, it has been shown that with such also the role of
corrosion becomes smaller [12,13]. Such a change in the wear environment requires new material solutions and in-
depth research to better understand the wear mechanisms and performance of different materials.

Amongst the published studies related to the slurry erosion of steels [13—23], just a few have included
guenched steels, and only two articles were found where steels had been compared with elastomers. Clark and
Llewellyn [14] compared several commercial plate and pipe steels using fine particles and zero degree sample angle.
In these tests, the steels were ranked according to their surface hardness, the best wear performance being
obtained with the hardest steel. Xie et al. [23] compared steels and elastomers, as well as some other material types,
using fine particles and different low-stress wear test devices. They concluded that during slurry transportation the
impact angles of the particles are random and that with fine particles and low-stress conditions elastomers have an
excellent wear resistance. Madsen [21] compared elastomers and metal alloys both in laboratory and in-service
conditions. He concluded that with fine quartz slurry the elastomers have an advantage over the tested metals, but
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in the field studies white cast iron was the best or on par with the elastomers. Also wear resistant steels were in the
field tests often better than elastomers.

Considering all the aforementioned and the results of Stachowiak and Batchelor [24], showing that the change
in the particle size, even from very fine particles of 9 um to fine particles of 127 um, can cause fundamental changes
in the wear mechanismes, it is worthwhile to study the slurry erosion performance of the quenched wear resistant
steels and to compare them with the current wear resistant elastomers using an application oriented test method in
test conditions ranging from low-stress abrasive slurry erosion with fine abrasive particles to high-stress abrasive
slurry erosion with larger particles.

Gupta et al. [18] have shown that the pot testers are suitable for predicting slurry erosion in the in-service
applications. They used a whirling arm slurry-pot, where two vertical samples were on the same level, to compare
the results from laboratory studies to the results obtained from a 60 m long slurry pipeline pilot plant. They used
different slurry concentrations, ranging from 15 to 45 wt%, and velocities of 4-8 m/s with particle sizes less than 0.5
mm, to compare the wear performance of brass (hardness 120 HV) and mild steel (hardness 160 HV) in both test
environments. They concluded that the slurry-pot can be successfully used to simulate a pipeline application.
However, they did not include any harder steels or larger particles sizes in their study.

In this work, three commercially available quenched wear resistant steel grades were compared with a
structural steel and four elastomer materials to reveal the differences in their behavior in abrasive slurry erosion
conditions and to find the best solutions for demanding applications. A slurry-pot tester was used as it allows the
simulation of various wear conditions with different minerals, particle sizes and slurry concentrations in different
industrial applications. The performance of the steels was evaluated with respect to the material properties such as
hardness and microstructure. Furthermore, the cross-sections and wear surfaces of the test samples were analyzed
to reveal the possible differences in the mechanical behavior of the test materials during abrasive slurry erosion.

2. MATERIALS AND METHODS

Application oriented wear tests with the high speed slurry-pot wear tester [9] at the Tampere Wear Center
were performed for four steel and four elastomer materials. In this study, the test parameters were selected to
simulate demanding industrial slurry applications, such as dredging and slurry transportation.

The primary test materials were three quenched wear resistant steels with hardness grades of 400, 450 and 500
HB. A 355 MPa structural steel, with hardness of 180 HV, was also tested as a reference material. Table 1 presents
the measured surface hardness values, and the other mechanical properties as typical values and nominal
compositions of the tested steels reported by the manufacturer. The nominal alloying of the untempered quenched
steels was similar, as seen in Table 1. In the tests, a natural rubber with 40 shA hardness and three polyurethanes
with hardness in the range of 75-90 shA represented the currently used materials in the slurry transportation
applications and were therefore selected as comparison materials for the quenched steels. The tested polyurethanes
are also available for slurry pump wear protection. Table 2 presents the typical mechanical properties of the tested
elastomers and details of the polyurethanes reported by the manufacturer.

Fig. 1 presents the microstructures of the steels. The structural steel has a ferritic-pearlitic microstructure,
whereas all of the wear resistant steels have an auto-tempered martensitic microstructure [25] with rather similar
structure between all of them. The lath structures were well visible in the optical microscope revealing that the
400HB steel had the finest grain size. The quenched steels also contained a small portion of untempered white
martensite, which is seen as unetched white areas in the micrographs.

The steel samples were 6 mm thick, while the elastomer samples were composed of a 6 mm elastomer coating
over a 4 mm steel backing plate. The plate size was 64 x 40 mm. The elastomer plate samples were cut to shape so



that the elastomer coating covered also one sample side to prevent wear of the base plate. For the 90° samples, this
side was the sample tip (40 mm side), while for the 45° samples it was the leading edge (64 mm side).

Table 1 Mechanical properties and nominal compositions of the studied steels

Material 395 400 HB | 450 HB | 500 HB
MPa
Hardness [HV10, kg/mm2] | 1803 | 4053 | 47511 | 560 £10
Yield strength [N/mm?] 355 1000 1200 1250
Tensile strength [N/mm2] ‘é;%’ 1250 1450 1600
A5 [%] 10 8 8
Density [g/cm®] 7.8 7.85 7.85 7.85
C [max%] 0.12 0.23 0.26 0.3
Si [max%] 0.03 0.8 0.8 0.8
Mn [max%] 1.5 1.7 1.7 1.7
P [max%] 0.02 0.025 0.025 0.025
S [max%] 0.015 0.015 0.015 0.015
Cr [max%] 1.5 1 1
Ni [max%] 1 1 1
Mo [max%] 0.5 0.5 0.5
B [max%] 0.005 0.005 0.005
Table 2 Typical properties of the studied elastomers

Material NR PU1 PU2 PU3
Hardness [ShA] 40 75 85 90
Tensile strength
[N/mm2] 25 23 42 37
Density [g/cm®] 1.04 1.05 1.21 1.11
Isocyanate type - MDI MDI TDI
Polyol type - polyether | polyester | polyether
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Fig. 1 Optical micrographs of the studied steels

The used test device is based on the pin mill type sample arrangement, where samples are attached to the main
shaft at different vertical levels. The ‘pin mill’ name originates from industrial mineral refinement mill where steel
pins are attached similarly to a vertical rotating shaft [9]. In the current tests, two lowermost sample levels were
used. Fig. 2 shows the sample arrangement in the tester with steel plate samples at the two applied sample angles,
45° and 90°. For the test, the shaft with the samples is first lowered into the pot and then the slurry is added. In the
current tests, the samples were spun in the pot at 1500 rpm for the total of 20 minutes. Each test consisted of four
similar 5 minute cycles with the sample rotation method [9], which means that between every cycle the levels of the
samples were switched and the slurry was replaced, e.g. sample that is first placed on upper level for first 5 minutes,
was switched to lower level for second 5 minutes and so forth. The wear rates were determined by weighing the
samples after each test cycle and then dividing the obtained values by the measured densities of the samples. The
used abrasives were collected and sieved from the first half of each test, i.e., after first two test cycles, for analyzing
the comminution of the abrasive particles.



Fig. 2 Sample arrangements with a) +45° (the arrow indicates the direction of rotation) and b) 90° sample angle

Table 3 presents the test program, including two different minerals with different particle sizes and slurry
concentrations, and two sample angles. The program was designed to simulate abrasive erosion conditions, so the
sample speed was selected to be high, from high-stress abrasive erosion, i.e., with slurry containing large granite
particles, to low-stress abrasive erosion, i.e., with slurry containing fine particle size quartz. The granite gravel was
acquired from Sorila quarry, Finland, and the quartz sand from Nilsia quarry, Finland. The average hardness of the
granite particles is 800 HV, while the quartz particles have an average hardness of 1200 HV. In many practical
applications steels and elastomers are used as alternatives to each other, and therefore also in this study they were
tested separately in the slurry-pot. This ensures that the different elastic responses of the two different material
types in the slurry flow will not affect the results of the other type of a material. The 45 and 90 degree sample angles
were selected to simulate the different contact conditions in slurry pumping, dredging and pipelines.

In the small particle slurry applications, the particle size normally is below 1 mm, but can also reach up to 10
mm, while the slurry concentrations can be up to 50-70 wt%, limited only by the rheological properties of the slurry.
The slurry flow speed can vary between 10 and 25 m/s. [26] In the large particle applications, for example dredging
pumps, up to 50 mm in particle size, the concentrations are typically much lower, down to 10-20 wt%, and the
speeds are high, up to 30 m/s [27]. For example, in dredging, the concentrations and particle sizes can vary markedly
during use. An additional fact is that inside the pot tester the flow patterns are turbulent , which means that the
method simulates even better the practical slurry applications by offering a wide distribution of particle impact
angles subjected on the wear test samples, still keeping the test environment sufficiently controlled for reproducible
slurry erosion tests [9].

Table 3 Test parameters used in the current tests

Particle Slurry . Test
. . . Sample | Sample tip :
Abrasive size concentration angle [7] | speed [ms] time
[mm] [9%] g P [min]
8/10 9 90
Granite 8/10
8/10
214 +45 1 xS
2/3 33
t
Quantz I —57706




The samples were cut to shape by water cutting for minimizing any alterations in the sample properties. The
surfaces of the steel samples were ground to remove the possible decarburization layer, after which the surface
hardness of the samples was measured from the test surface. The wear surfaces and the cross-sections of the steel
samples were characterized by both optical and scanning electron microscope (SEM, Philips XL 30). The wear
surfaces were analyzed also with an optical 3D-profilometer (Alicona InfiniteFocus G5), and the microhardness
values of the cross-sections were determined with a microhardness tester. With SEM, both secondary electron (SE)
and backscatter electron (BSE) detectors were used, the SE images revealing better the surface topography and BSE
images the embedded abrasive particles. Nital was used for etching of the steel samples. The elastomer samples
were characterized using optical microscopy.

3.RESULTS

Fig. 3 presents the wear test results for the test materials, clearly indicating a change in the intensity of slurry
erosion with the change in the wear environment. The large granite particles, even at low concentrations, induce
much more abrasive slurry erosion in the elastomer materials than the fine quartz particles. For the quenched
steels, the wear rates are rather similar for the low concentration large particle (8/10 mm) and high concentration
fine particle (0.1/0.6 mm) slurries, although the wear mechanisms are different. At 90° sample angle, the ductile
elastomers withstand direct impacts well. However, the 45° sample angle inflicts more cutting on the wear surfaces,
and the performance of the elastomers is notably decreased. With 8/10 mm granite abrasives, the order in the
performance is the same for all three test parameters, the quenched steels being overall the best and the natural
rubber being the best of the elastomers. With medium sized particles, the two softest elastomers, NR and PU1, are
on a par with or even better than the steels. Furthermore, all elastomers show clearly lower wear rates compared to
the steels when tested with fine quartz particles.
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Fig. 3 Wear test results for all test parameter and material combinations



Fig. 4 presents the volume losses of the examined steels as a function of surface hardness when tested with
different abrasives at the 45° sample angle and 33 % slurry concentration. It is notable that the volume losses
decrease in a linear manner with every test parameter. The low concentration 8/10 mm granite showed similar
linearity, but these results are excluded from the figure for clarity. Furthermore, the decrease was greater towards
more abrasive conditions, i.e., in the figure the trend line slope for 8/10 mm granite is over five times steeper than
that for 0.1/0.6 mm quartz.
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Fig. 4 Volume loss as a function of surface hardness with different abrasives at 45° sample angle and 33 % slurry
concentration

3.1. Comminution of the abrasives

As the steels and elastomers were tested separately in groups of four samples, the comminution of the
abrasives were analyzed after each test. Fig. 5 presents the comminution data for different abrasive types used in
the tests. And Fig. 6 displays all abrasives before and after testing. It is notable that coarse quartz (2/3 mm) is
comminuted more than the similar sized granite gravel because quartz is a more brittle rock. Crushability, indicating
how easily a mineral can be crushed to smaller pieces, for quartz is 74 %, while for granite it is 34 %, and similarly,
uniaxial compressive strengths are 90 and 194 MPa, respectively [28]. In contrast, fine quartz (0.1/0.6 mm) was
basically not comminuted at all. With large granite (8/10 mm) and coarse quartz (2/3 mm), some differences were
observed between the steels and the elastomers. These differences most likely arise from the different elastic
responses of the materials in the slurry flow during the test. This means that the test conditions in those tests were
not completely the same for both material types, but it is noteworthy that the differences are originating from the
materials themselves, thus making the conditions realistic in relation to industrial applications.
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Fig. 5 Cumulative sieving results of the used abrasives for different abrasive types
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Fig. 6 Tested 355 MPa steel sample, and unused abrasives on upper row and the same after the test below

3.2. Wear surfaces

All wear surfaces were characterized with optical microscopy and the quenched steels also with SEM. The
sample edges were the most deformed places in the test samples. In the steels, wear causes plastic deformation, the
extent of which depends on the strength, hardness and deformability of the steel. Fig. 7 shows the difference in the
plastic deformation between the 450HB and 350MPa steels, both tested with 9 wt% 8/10 mm granite slurry using
the 90° sample angle. In general, the structural steel samples were clearly more rounded than the quenched steel
samples. Except for the smallest abrasive size, small burs going over the edges of samples’ front surfaces, such as
seen in Fig. 7, were observed. However, at the end of the tests there were no extensive burrs remaining in either of
the materials, obviously because they had been cut away by the turbulent flow of slurry over the edges.



Fig. 7 Deformation and rounding of the sample tip. On the left the 450HB and on the right the 355MPa steel, both
tested with 9 wt% 8/10 mm granite slurry at the 90° sample angle. The arrows indicate the wear surfaces and the
direction of the slurry flow

The orientation of the wear marks on the surfaces of the steel samples depends on the sample angle. With the
90° sample angle, the orientation is slightly towards the upper corner of the plate sample, while with the 45° sample
angle it is almost directly towards the upper edge of the sample. There is also a clear difference in the type of
deformation and both the degree and amount of cutting, the 45° sample angle causing more deformation by
ploughing and scratching. Fig. 8 presents the 400HB steel tested with both sample angles, clearly showing the
differences in the wear mark orientation as well as in the type of deformation. In all wear surface images, the
samples are positioned so that the sample tip is on the left hand side (see Fig. 2).

Fig. 8 SEM images of the 400HB steel wear surfaces tested with 9 wt% 8/10 mm granite slurry at a) 90° and b) 45°
sample angle. Images are taken from the bottom corner and 2 mm away from the sample tip

With larger, over 2 mm particle sizes, the wear surfaces of the steels were covered by plastically deformed
material in several stages of evolution. Individual impact-erosion wear features, such as small impact craters,
embedded abrasive particles and short scratch marks, were found all over the surfaces. As erosion wear deforms the
surface continuously, long or wide scratches are rare. With the smallest abrasive size, visible scratch marks were
substituted by small scale scratches, and also the plastic deformation seemed to be limited.

Fig. 9 presents a wear surface comparison of the 33 wt% concentration 45° sample angle tests of the 400HB
steel with different abrasives. The difference between the samples tested with fine quartz sand and the coarser
abrasives is clear, while 2/4 mm granite and 2/3 mm quartz samples are almost identical. The largest abrasives

caused largest deformations and widest scratches, as could be expected.
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Fig. 9 SEM images of the 400HB steel tested with different abrasives using a slurry concentration of 33 wt% and
sample angle of 45°. On the left is a general overview with 100x magnification (scale bar 200 um), in the middle a
closer view (200x, 50 um) where embedded abrasives can be observed, and on the right BSE images (500x, 20 pum)
showing the largest scratches

Only small differences could be noted between the wear resistant steels, and on a general level, the wear
surfaces looked the same for all of the steels. The reason for this could be the similarity of the steels, as they are
similar in the chemical composition and the only evident difference is in their hardness. On the other hand, a
previous study on the abrasive wear of different steels belonging to the same hardness grade showed more clear
differences, regardless of hardness [25]. On a detail level, the clearest differences are in the amount of plastic
deformation and sharp scratches: the harder the steel, the less deformation and the more visible the scratches. The
effect of slurry concentration, i.e., 9 or 33 wt% with 8/10 mm granite, was mainly limited to the degree of general
deformation of the surfaces and the amount of scratches and embedded abrasives. Otherwise the basic nature of
the wear surfaces was similar for both studied concentrations and also for both sample angles.

With the smallest particle size, only a couple of distinctive features could be observed for the tested steels, i.e.,
short and shallow scratches and limited mixing of the abrasives with the steel material. In general, the wear surfaces
produced by the fine quartz were smooth and basically covered only by really short (ca. 10-20 um) and narrow (ca.
2-5 um) scratches. On the other hand, the average scratch width produced by the coarser quartz particles of 2/3 mm
in size was similar to that produced by the 2/4 mm granite slurry, being about 40 um at widest. With the most
abrasive slurry used in the present tests, i.e., the 8/10 mm granite slurry, scratch widths up to about 100 um were

observed.

Fig. 10 presents details of the wear surface features observed in the steels tested with the largest particle size,
i.e., plastic deformation, lip formation, and scratching. All of those are typical evolution steps of abrasive erosion
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wear for steels. While plastic deformation and scratching were common for all steel wear surfaces produced by
particles over 2 mm in size, the lip formation was mainly present in the most abrasive conditions, i.e., the 33 wt%
concentration of 8/10 mm granite slurry. Such lips are not anymore firmly attached to the surface, since there is
abrasive or abrasive-steel composite material between the formed lip and the steel surface.

Fig. 10 SEM BSE images of wear surface details after tests with 8/10 mm granite slurry at 45° sample angle of a)
500HB steel, showing a wide scratch, ploughing and embedded abrasives (marked with arrows), and b) 400HB
steel, showing a wide scratch and a lip formed partly on top of it (marked with an arrow)

Fig. 11 presents the wear surfaces of elastomers NR and PU2 produced by 33 wt% slurry containing fine quartz
or large granite abrasives. With the 0.1/0.6 mm particle size, the wear surfaces are almost intact except for small
scratches and some intended or attached abrasive particles. NR had the highest amount of particles on its wear
surface. These particles were also the largest, up to 100 um in diameter, which are four to five times larger than with
the other elastomers. With 8/10 mm particle size, the surfaces were severely deformed. Larger scratches, dents and
embedded abrasives were also frequently observed. With all test parameters, the surface of NR was clearly the
roughest, having two (Fig. 11b) to five (Fig. 11a) times higher measured roughness compared to PU2.

Fig. 11 Wear surfaces of natural rubber (a and b) and PU2 polyurethane (c and d) tested with 33 wt% 0.1/0.6 mm
quartz slurry (a and c) and 33 wt% 8/10 mm granite slurry (b and d) at 45° sample angle
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Fig. 12 presents a massive tear mark produced by 8/10 mm granite particles on the leading edge of a NR sample
in a test with the 45° sample angle. The base plate steel was exposed under the approximately 4 mm wide piece of
rubber that was already partly detached from the base plate.

Fig. 12 A large piece of the leading edge of the natural rubber sample, almost torn apart after a test with 33 wt%
8/10 mm granite slurry at the 45° sample angle

3.3. Wear surface cross-sections

The surface deformations were studied more closely from the wear surface cross-sections of the wear resistant
steel samples. In abrasive conditions, the most visible difference between the quenched steels was that while all of
them showed similar deformed surface layers with white layers and shear bands, their size and quantity varied
according to the hardness of the steel: the softer the steel, the more and larger the plastically deformed layers, such
as white layers, and the harder the steel, the more and larger the shear bands. Fig. 13 shows a white layer and a
shear band on the surface near the sample tip of the 400HB steel tested with 8/10 mm granite at a 90° sample angle.
At the sample tip no big differences were observed between the sample angles, but further away from the tip some
differences did exist. In a similar manner as the surface of the sample was observed to deform more at the 45° angle,
in the cross-sections the deformation was found to extend deeper into the material.

Fig. 13 Surface deformation near the tip of a 400HB steel sample tested with 8/10 mm granite slurry showing a) a
white surface layer and b) a shear band, both marked with arrows
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Intense and localized deformation can lead to the formation of hard surface layers and shear bands, which have
a very fine microstructure and high hardness. The hardness difference compared with the surrounding material may
lead to cracking and/or inability of the material to deform. The microhardness measurements carried out on the
shear band shown in Fig. 13 revealed that in the top part of the band the hardness was as high as 760 HV25gf and
stayed above 700 HV25gf, while the bulk hardness of the sample was 455 HV25gf. The hardest 500HB steel
contained more shear bands than the softer ones, but only thin deformed surface layers. Fig. 14 presents a shear

band that has branched near the surface. At the tip of the band, the measured hardness was as high as 820 HV25gf,
while the bulk hardness was 590 HV25gf.

Fig. 14 SEM image of a 500HB sample showing a branched shear band and lack of large surface deformations

As the highly deformed and thus highly hardened surface layers eventually become markedly less ductile than
the base material, it is possible that the wear performance of the steel significantly decreases. For example, in the
cross-section of the 500HB steel tested with the 33 wt% 8/10 mm granite slurry, such brittle behavior was observed.
Fig. 15 presents the result of a series of successive events on the wear surface that have led to the brittle cutting of
the deformed surface layer. The events may have been the following: 1) a multitude of impacting abrasives have
deformed and hardened the surface layer, 2) a larger abrasive particle, marked by the arrow on the left in the figure,
have ploughed a part of the surface layer to form a lip, and 3) other particles have formed a scratch going over the
deformed lip and cut a part of it. Similar cutting action was observed also in conjunction with the near surface shear
bands, as presented in Fig. 14.

Fig. 15 Cross-section of a S00HB steel sample tested with 33 wt% 8/10 mm granite slurry at 45° sample angle. a)
SEM BSE image of the plastically deformed surface layer and b) SEM SE image of a stepwise formed scratch that
has cut through the deformed surface layer

In contrast, with fine quartz slurry the cross-sections appeared really smooth. In fact, in the 500HB steel it was
almost impossible to see any deformation layer on the surface after the tests with fine quartz. In the 400HB steel,
however, it was possible to observe 1-2 um thick mixed layers of the deformed layer and a tribolayer composed of a
mixture of the abrasive and the steel, as can be seen in Fig. 16. Also the microhardness measurements indicate the
lack of plastic deformation and strain hardening of the wear surfaces, measured hardness being essentially the same
before and after the test.
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Fig. 16 SEM SE image of a wear surface cross-section of the 400HB steel tested with 33 wt% 0.1/0.6 mm quartz
slurry at 45° sample angle

For the elastomers, the abrasive embedment was tried to analyze with x-ray computed tomography equipment.
Fig. 17 presents a result for one NR sample. The faint veil on top is a wax layer used to fix the sample, so the surface
of the sample is shown with the concentration of the bright spots. Density of the abrasive particles and usual filler
materials used in the elastomers is the same, all between 2 and 3 g/cm?, and that prevented a proper analysis of the
embedment. But what can be observed is the concentration on the surface, and the rather homogenous spread after
that. This means that the abrasive particles did penetrate only the very surface. As was the case with the steels also.
Polyurethanes smaller embedding depth than the natural rubber.

B S

Fig. 17 X-ray image of NR sample tested with 33 wt% 2/3 mm quartz slurry at 45° sample angle

4. DISCUSSION

The industrial slurry erosion wear environments, such as in slurry transportation or dredging applications, are
highly complex and in practice often only partly controllable [3]. Simulation of such processes or the wear
performance of the materials in them with a laboratory test without similar complexity is not possible. This was the
starting point for the application oriented wear testing performed in this study with the slurry-pot tester [9,18].

Slurry erosion tests were performed on several steels and elastomer materials in various slurry conditions. The
tests proved that the abrasivity of the slurry is of key importance when the steels and elastomer materials are
compared with each other. In this study the changes in abrasivity were achieved mainly by increasing the size of the
abrasives, as the sample angle did not produce any notable difference when the other test parameters were
constant. Larger abrasives have higher kinetic energy and will therefore induce more mass loss in the samples [11].
For ductile materials, such as the materials used in this study, the larger abrasive particle size promotes abrasive
wear mechanisms such as cutting, as seen in Fig. 9 for the 400HB steel.

Relative wear performance increased for the steels with increasing abrasivity, i.e. particle size or slurry
concentration, while for elastomers opposite performance was observed. In highly abrasive slurry erosion with large
particles, where the kinetic energy of the abrasive particles was the highest, the quenched steels were on average 20
— 500 % better than the tested elastomers with 33 wt% concentration and 70 — 300 % better with 9 wt%
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concentration. On the other hand, with fine 0.1/0.6 mm particles the steels were on average 70 — 90 % poorer than
the elastomers. Visual inspection of all samples showed that the steels suffered much more extensive edge wear
than the elastomers, especially natural rubber. This is evidently due to the much higher ability of the elastomers to
deform elastically, or even deflect the particles in the case of the softest elastomers, without material loss under the
slurry flow.

Within the two material types tested some mutual differences can be observed. Where the steels behaved
linearly, mutual wear performance differences being 30 — 140 % depending the test conditions, the mutual behavior
of elastomers did change radically after the fine quartz. While all elastomers were inside the same 30 % as the steels
at minimum, the difference grew to over 800 %. It is interesting that the biggest difference between the elastomers
was with coarse quartz slurry, as the difference between the steels was at minimum with that slurry. It is also
notable that mutual ranking of the elastomers did change for the largest abrasive, PU2 being clearly second best
elastomer.

Based on the wear surface characterizations, in the current tests the basic wear mechanism of the quenched
steels was the same irrespective of the abrasive particle size, involving abrasive scratching and impact mark
formation by repeated and continuous impacts of the particles, except for the fine quartz, with which the
mechanism was mainly low-stress cutting. The difference between the steels arises only from the degree of
deformation and abrasive scratching, i.e., from the different kinetic energy of the particles available in different test
conditions. For the elastomers, the wear mechanism was mainly abrasive cutting and tearing, which was the reason
for the notable rise of wear losses when moving from fine to large particle sizes. Elastomers also showed a high
degree of abrasive particle penetration into the wear surfaces.

4.1. Abrasive slurry erosion and affecting factors

Based on the results of the wear tests and wear surface characterizations, the transition zone from low-stress to
high-stress abrasive slurry erosion can be placed between 1-2 mm in terms of the abrasive particle size at the current
sample speed. A clear change in the wear rate was also noted in terms of slurry concentration with the large 8/10
mm particle size. For the quenched steels the transition to larger concentration followed a similar slightly descending
trend as found in a previous study for an austenitic stainless steel [11].

The two abrasives included in this study behaved differently during the tests, quartz being harder but also more
brittle than granite. In any case, both abrasives are harder than the hardest of the tested steels and therefore
capable of causing scratching in all of them. However, as granite is a heterogeneous rock consisting of different
minerals, its average hardness is close to the highest hardness values measured for any of the studied quenched
steels. On the other hand, the hardness of the homogenous quartz abrasives is notably higher than that of the steels
in any stage of use, regardless of the degree of surface hardening, making even the smallest particle size relatively
erosive for the steels. The brittleness of quartz leads to higher comminution of the abrasives during the test, which
seems to increase the degree of particle penetration into the elastomer surfaces, as sharper and smaller particles
can penetrate the soft elastomer surface more easily than the larger ones.

4.2. Mechanical behavior and wear performance of quenched steels
in abrasive slurry erosion

The combination of high hardness and reasonable ductility enables the quenched wear resistant steels to be
used in a wide variety of applications. For the progress of abrasive wear and the wear performance of the steels, a
very important factor is the deformation behavior of the surface layers. It was found in this study that the
deformation and work hardening of the wear surfaces of the wear resistant steels was negligible when tested with
the fine quartz particles, 0.1/0.6 mm in size. However, with the largest particles of 8/10 mm in size, the surface
hardness of the steels was increased by work hardening up to 20 % in the most deformed areas. On the other hand,
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as observed in several earlier studies on abrasive wear [25,29,30], strong work hardening is not always beneficial
because it may lead to a detrimental loss of ductility on the surface of the steel. Similarly, in the current study on
abrasive slurry erosion, it was observed that the strongly hardened surface layers can become brittle and be then cut
away, as shown for example in Fig. 15b.

Microhardness measurements from the cross-sections showed that the quenched steels were all strain
hardened to an extent that could be expected based on their yield/tensile strength ratios and remaining
deformability. The steels, however, showed different deformation depths, as seen from the cross-sections prepared
after the tests: the 400HB steel showed deformation depths up to 40 um but the 500HB steel only up 10 um, if any.
The microhardness measurements indicated the same difference, as the 500HB steel showed descending near
surface hardness gradients but the 400HB steel, instead, initially increasing gradients below the wear surface.
Moreover, with the shallow deformation depths in the 500HB steel, the near surface areas cannot orient to adapt for
the surface stresses.

Increasing brittleness or exhausted deformability, even to some limited extent, combined with the thin
deformation layer of the 500HB steel may explain the deviation from the otherwise linear hardness dependence of
wear performance and a possible change towards relatively poorer wear performance (Fig. 4). A similar change can
also be observed in the dry impact-abrasion results published for similar steels by Ratia et al. [31]. However, plotting
volume loss against 1/H, used in all equations modeling abrasion wear, the effect diminishes.

In a previous study with several 400HB grade quenched steels tested in high-stress dry abrasion conditions [25],
some of the steels showed mechanical behavior resulting in a thin deformation layer and low deformation depth,
while some other steels showed more ductile behavior with deeper deformations and oriented near surface
structures. Both studies indicate that the extensively hardened surface layer with small deformation depths can lead
to higher material losses in high-stress conditions because of the increased brittleness and sharp transition between
the bulk material and the surface layer. In this study this means that while the deformability of the surface layer of
all steels was equally consumed by abrasive erosion, the ductility and strain hardenability of the base material
determines the total depth of deformation and thus the possible degree of the near surface re-orientation of the
microstructure. Strain hardenability for these steels is mostly controlled by their carbon content, that increases
towards the higher harness grades, and possibly by microalloying also, as normally for example Si, Ni, Mo contents
also increases.

5. CONCLUSIONS

In this study, an abrasive slurry erosion wear comparison of quenched wear resistant steels and elastomer
reference materials was performed. As pumping of slurry through pipelines is an increasingly more profitable
alternative for transporting for example minerals or slurry away from mines or dredging sites, the technological
boundaries in terms of wear resistance of the materials involved must be pushed forward. When the size of the
abrasive particles exceeds 1-2 mm, high-stress abrasive wear becomes dominant, leading to a subtype of slurry
erosion called abrasive slurry erosion. With increasing abrasivity, the role of corrosion also becomes smaller. In such
demanding abrasive slurry erosion conditions, the quenched wear resistant steels can compete with elastomers in
wear resistance.

The high speed slurry-pot wear tester proved to produce consistent and reproducible wear test results also with
plate samples. As the tester offers versatility in test environment and sample arrangements, it facilitates application
oriented testing ranging from large particle slurry erosion in dredging to small particle slurry transportation.
However, as the slurry-pot tester is batch operated, the comminution of wear particles during testing may lead to
conditions that to some extent differ from those in real applications, which should be taken into account when
planning the tests and interpreting and applying the test results for example in materials selection and design of
mineral handling and transportation machinery.
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The studied wear resistant steels were similar except for their different hardness grades. Due to the similarities
in the alloying and microstructure, the wear performance of the steels depended relatively linearly on the surface
hardness. Nevertheless, some differences in the mechanical behavior of the studied steels could be noted. A clear
transition from low-stress to high-stress abrasive slurry erosion was observed between the two quartz abrasives,
which represented the smallest particle sizes in the tests. Based on the wear surface characterizations, the active
wear mechanism in the steels was classified as abrasion dominated impact wear, or abrasive erosion in general.

One of the main observations of this study is that in certain conditions the wear resistant steels can offer better
wear performance against abrasive slurry erosion than wear resistant elastomers. However, in low-stress abrasive
slurry erosion conditions produced by particles less than 1 mm in size, the steels suffer from the limited plastic
deformation and resulting lack of work hardening. The larger edge wear effect of the steels compared to the
elastomer materials, especially in low-stress conditions, can be related to the lower elastic modulus and thus higher
flexibility of the elastomers, although also polyurethanes exhibited rather dramatic edge wear above a certain
limiting abrasive size. The surface behavior of the studied quenched wear resistant steels showed similarities to the
earlier observations made in dry high-stress abrasion conditions, with the added effect of impact wear in the form of
white layers and shear bands.
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