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Symbols, List of Terms and Abbreviations  
 

Symbols 
 
M   Mass of abrasives 
M1.6 Mass of abrasive fraction <1.6 mm 
m   Mass of test sample (after the test) 
m0 Original mass of the sample (i.e., before the test) 
Ra Surface roughness value as the arithmetic average over the absolute values of 

the roughness profile ordinates 
Rm   Ultimate tensile strength 
Rp0.2   Yield strength (0.2% offset) 
Rq Surface roughness value as the root mean square of the absolute values of the 

roughness profile ordinates 
wt%   Weight percentage 
    
 
Terms 
 
Fraction Defined part of a batch of particles, sieved by the denoted mesh size, e.g., 

8/10 mm 
High-stress wear Abrasive particles are crushed during the process and the wear surface (of 

steel) is macroscopically deformed 
Low-stress wear Abrasive particles are not (extensively) crushed during the process and wear 

surface deformations are minimal or non-existent 
Slurry   A mixture of solids and liquid that can be transported by pumping 
 
Abbreviations 
 
A5 Elongation to fracture measured with a specimen with a gauge length five 

times the sample diameter  
BSE   Back Scattered Electron image (SEM imaging method) 
CFB   Carbide Free Bainitic (type of steels) 
HV   Vickers hardness (hardness measurement type) 
KV    Charpy V-notch impact test 
LAC   LCPC Abrasion Coefficient, i.e., abrasiveness value for minerals  
LBC   LCPC Breakability Coefficient, i.e., crushability value for minerals 
LCPC (test)  Laboratoire Central des Ponts et Chaussées test for abrasiveness 
MDI    Diphenylmethane diisocyanate (a type of polyurethane) 
QT   Quenched and tempered (type of steels) 
SE   Secondary Electron image (SEM imaging method) 
SEM   Scanning Electron Microscope 
TDI   Toluene diisocyanate (a type of polyurethane) 
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abrasive paper as the abrasive medium and similar sample loading as the rubber wheel. The article 
did not present any cross-sections from the tested materials, but it is likely that the pin-on-drum tester 
did not produce essential material deformation. The impeller-tumbler and the jaw crusher used by 
Hawk et al. were able to use large sized, 10/20 mm, abrasives. Hawk et al. [41] concluded that the 
laboratory wear testers can offer a reliable and quick way to test materials for practical applications, 
but they were skeptical if any of the testers alone could correlate properly with real applications. 
 
Rendón and Olsson [61] compared three commercial steels with hardness ranging between 190 and 
390 HV for mining and transportation applications. As test methods they used the rather low-stress 
pin-on-disc tester and a high-stress paddle wear tester. In the latter tester, a paddle-shaped sample is 
rotated inside a rotating drum containing a 400 g batch of quartzite abrasives with a size of about 5/10 
mm. In low-stress sliding conditions, Rendón and Olsson noticed that the steels performed mostly 
according to their hardness, the hardest being the best, although the softest of the steels was able to 
compete with the middlemost. In high-stress impact/erosion wear, on the other hand, the two hardest 
steels showed similar wear rates. Rendón and Olsson [61] concluded that the initial hardness of the 
materials had only a minor role in the wear performance. Even though not mentioned in the article, 
most likely the initially softer material work hardened more than the initially hardest one, leading to 
quite similar wear performances. 
 
Jungedal [64] studied impact wear in concrete mixers with a drum tester (diameter of the drum 800 
mm), where loose large sized, 16/25 mm, granite abrasives hit the samples placed on the inner circle 
of the rotating drum. Jungedal tested three steels with different initial hardness values and concluded 
that in sliding wear, where no surface deformations were observed, the hardest of the steels was seven 
times better than the softest of the steels, and in mild impact wear conditions about three times better 
than the softest of the steels. The abrasives were crushed during the tests, and a cross-section study 
of the tested steels showed some deformations on the wear surfaces in the impact conditions, 
confirming that the test method can be classified as a high-stress wear test. 
 
Allebert et al. [65] used the same wear tester as Jungedal [64] but with ten different materials, 
including steels and overlay welded materials. In addition to 16/25 mm abrasives, Allebert et al. used 
also smaller, 8/11 mm, granite abrasives. They observed that the size of the abrasives had a strong 
effect on the wear rate but that the materials with different microstructures behaved differently. They 
did not report the work hardening values, but from the wear test results it can be observed that the 
relative difference in the wear performance of the martensitic steels (from hardness of 486 to 683 
HV5) increases with the abrasive size. 
 
Jakobsen et al. [66] developed a pot tester for tunnel boring applications, which is also capable of 
using large, up to 10 mm sized, abrasives. The system is limited to low speeds, but it has a possibility 
to vertically thrust the samples through the bed of abrasives. In terms of soft ground excavation, the 
authors concluded that the tester is able to quantify soil conditioning additives and their effect on the 
needed thrust force and tool wear. 
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3.2. Field tests  

The common conclusion of the field test studies has been that the laboratory tests do not correlate 
with the field test results. For example, Bialobrzeska et al. [9], who compared low-alloy boron steels 
in rubber wheel laboratory tests and plowshare field tests, observed that the results did not correlate. 
Earlier Swanson [7] noted the same problem with similar tests by comparing also the wear surfaces. 
He used both dry and wet rubber wheel testers and compared them to a tillage application. His 
conclusion was that the biggest limitation of the laboratory tests was their inability to combine 
abrasion by loose smaller particles and the impacts by larger particles. 
 
Tylczak et al. [8] compared the four laboratory testers used by Hawk et al. [41] with a field test in a 
gold and silver ore crushing-grinding facility. In the field test they replaced one large wear plate with 
a plate that included 22 individual wear test samples of different materials in an ore conveyance 
system. Their 22 test materials included a carbon steel, low and high alloy steels, austenitic and 
stainless steels, as well as cast irons. The ore size varied between 50 and 1000 mm. Tylczak et al. [8] 
concluded that the laboratory wear tests can provide good data if the wear mechanisms are the same 
as in the field. Furthermore, they also observed that the bulk hardness of the materials was not a good 
indicator of the wear performance, or at least it needs to be used with caution. Although their study 
did not include any cross-section studies of any of the test materials, they noted that the results of the 
pin-on-disc and rubber wheel testers were close to the results of the field test, which indicates that 
also the field test was in this case a low-stress wear process. 
 
Walker and Robbie [11] compared four laboratory wear testers to a slurry pump field test. The 
laboratory testers included jet eductor, dry sand rubber wheel, slurry jet erosion, and coriolis testers. 
They tested three materials for a slurry pump throatbush part, including natural rubber and two 
hybrids of rubber and white iron. Their observation was that for one material the coriolis and jet 
eductor tests gave similar results as the field test, but for other materials and especially other testers 
the results were opposite to the field test. Walker and Robbie [11] concluded that the reason for this 
was largely that the wear mechanisms and processes that the laboratory testers produced were not 
representative for the field test. The article did not include any cross-sections of the materials, but 
from the wear surfaces it can be observed that the field test produces much more deformations than 
the laboratory testers could produce. In the laboratory tests they used abrasives from the size range 
of 150 and 600 µm, while in the field test the particle size was up to 10 mm. 
 
Parent and Li [67] compared three laboratory wear testers to an oil sand hydrotransport plant. The 
testers were a dry sand rubber wheel, a slurry jet, and a whirling arm slurry-pot. They also tested 
several materials including two steels, a chromium carbide overlay, and a urethane, but did not reveal 
any details about them. The obtained results showed that the laboratory wear testers used were not 
able to provide a good correlation with the field test. However, this study also did not include any 
wear surface or cross-section characterization. 
 
Dommarco et al. [68] compared two ductile cast irons to a reference steel with a martensitic 
microstructure in wheel loader bucket tips in a quarry. They also used the dry sand rubber wheel 
laboratory test, but the results were practically opposite to the results of the field test. The study did 
not include any cross-section studies and therefore it is impossible to say anything about the material 
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response in the field conditions. In any case, this study also once again demonstrates the incapability 
of low-stress fine particle laboratory tests to simulate high-stress large particle wear in the mining 
applications.  
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5. Materials and Methods  

This chapter presents the materials and methods used in this thesis. Majority of the test materials and 
methods have been presented in Publications III -VI , the main test materials being different wear 
resistant steels. As reference materials, a structural steel, representing mild steels, and two quenched 
and tempered (QT) high strength structural steels were included and used in Publications IV (mild 
steel) and VI (high strength steel). The materials used in Publications I and II are not discussed here 
since the publications concentrated primarily on the test method development and not on the behavior 
of any particular materials. 
 

5.1. Materials  

The main materials used in this study cover all typical hardness grades of quenched wear resistant 
steels, i.e., from 400 HB grade up to the 600 HB grade. The steels are all commercially available and 
were manufactured by different manufacturers all over the world. Also other materials were tested: 
In Publication IV, 355 MPa grade structural steel and four commercial wear resistant elastomers were 
used as comparison materials for the wear resistant steels. In Publication V, two of the above 
elastomers were also used. In Publication VI, three wear resistant steels were tested, including a 
carbide free bainitic (CFB) steel with two different heat treatments and commercial high strength 
quenched and tempered steel as a reference material. 

 

5.1.1. Wear resistant steels  

Table 1 presents the mechanical properties and chemical composition of the tested steels, as well as 
in which wear tests each of the steels was used. The table contains several steels with the same 
nominal hardness grade because steels with different thickness and from different manufacturers or 
manufacturing batches have different properties. The chemical compositions in the Table are either 
nominal maximum values presented by the manufacturer or analyzed by optical emission 
spectrometer. The materials denoted by letters from A to E are the materials used in Publication III . 
The materials denoted with letters from F to J are materials from an unpublished work. The materials 
are presented approximately in the order of the measured hardness.
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Table 1. Properties and compositions of the tested steels. 

Material  355 MPa QT700 QT800 A400 B400 C400 D400 E400 400 HB 450 HB 

Publication (III), IV  (III)  VI III  III  III  III  III  
IV, V, 
unpubl. 

IV 

Wear tests (0 C, SP C A, DP, FT C C C C C SP, DP SP 
Plate thickness [mm] 6 - 10 10  10 10 10 12 10 6 6 
Hardness [HV] 180 ±3 270 ±7 310 ± 10 430 ± 7 390 ± 4 450 ± 7 350 ± 10 400 ± 7 420 ± 15 475 ±11 
Yield strength [N/mm2] (1 355 690 800 1100 1000 1000 1220 (2 1000 1000 1200 
Tensile strength [N/mm2] (1 470 - 630 770 - 940 900 1240 1250 1250 1380 (2 1200 1250 1450 
A5 [%] (1 20 14 10  10 12 15 (2 10 10 8 
Density [g/cm3] 7.8        7.85 7.85 
C [wt%] 0.12 (1 0.20 (1 0.36 (1 0.16 0.15 0.15 0.18 0.14 0.23 (1 0.26 (1 
Si [wt%] 0.03 (1 0.80 (1 0.25 (1 0.4 0.28 0.22 0.20 0.38 0.80 (1 0.80 (1 
Mn [wt%] 1.50 (1 1.70 (1 0.70 (1 1.38 0.96 1.35 1.38 1.41 1.70 (1 1.70 (1 
P [wt%] 0.020 (1 0.020 (1  0.015 0.012 0.007 0.015 0.014 0.025 (1 0.025 (1 
S [wt%] 0.015 (1 0.010 (1  0.002 0.003 0.002 0.003 0.001 0.015 (1 0.015 (1 
Cu [wt%]  0.50 (1  0.01 0.02 0.05 0.06 0.03   
Cr [wt%]  1.50 (1 1.40 (1 0.14 0.37 0.41 0.18 0.46 1.5 (1 1.0 (1 
Ni [wt%]  2.00 (1 1.40 (1 0.04 0.07 0.09 0.06 0.04 1.0 (1 1.0 (1 
Mo [wt%]  0.70 (1 0.20 (1 0.15 0.10 0.01 0.19 0 0.50 (1 0.50 (1 
Al [wt%]     0.034 0.031 0.10 0.04 0.025   
N [wt%]    0.005 0.006 0.005 0.009 0.007   
V [wt%]    0.01 0.01 0.004 0.01 0.01   
B [wt%]  0.005 (1  0.003 0.001 0.002 0.001 0.002 0.005 (1 0.005 (1 
Ti [wt%]    0.042 0.021 0.005 0.022 0.014   

(0 Wear tests: A = abrasion test, C = crushing pin-on-disk, DP = dry-pot, FT = field test, SP = slurry-pot 
(1 Nominal values from datasheet (mechanical properties: minimum, composition: maximum) 
(2 Measured 
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Table 1 continues 

Material  500 HB F500 G500 H500 CFB300 CFB270 I600 J600 
Publication (III), IV, V  unpubl. unpubl. unpubl. VI  VI  unpubl. unpubl. 
Wear tests (0 C, SP C, SP, DP C, SP, DP C, SP, DP A, DP, FT A, DP, FT C, SP, DP C, SP, DP 
Plate thickness [mm] 6 - 10 38 38 38   50 30 
Hardness [HV] 560 ± 10 500 ± 1 500 ± 12 490 ± 5 506 ± 17 601 ± 14 630 ± 6 640 ± 7 
Yield strength [N/mm2] (1 1250 1250 1400 1300  1650 (2   
Tensile strength [N/mm2] (1 1600 1600  1600  2050 (2   
A5 [%] (1 8 8  9  16 (2   
Density [g/cm3] 7.85        
C [wt%] 0.30 (1 0.30 (1 0.27 (1 0.28 (1 1.0 1.0 0.47 (1 0.47 (1 
Si [wt%] 0.80 (1 0.80 (1 0.50 (1 0.80 (1 2.5 2.5 0.70 (1 0.70 (1 
Mn [wt%] 1.7 (1 1.70 (1 1.60 (1 1.50 (1 0.75 0.75 1.40 (1 1.40 (1 
P [wt%] 0.025 (1 0.025 (1 0.025 (1 0.025 (1   0.015 (1 0.015 (1 
S [wt%] 0.015 (1 0.015 (1 0.010 (1 0.010 (1   0.010 (1 0.010 (1 
Cu [wt%]         
Cr [wt%] 1.0 (1 1.50 (1 1.20 (1 1.00 (1 1.0 1.0 1.20 (1 1.20 (1 
Ni [wt%] 1.0 (1 1.0 (1 0.25 (1    2.50 (1 2.50 (1 
Mo [wt%] 0.50 (1 0.50 (1 0.25 (1 0.50 (1   0.70 (1 0.70 (1 
Al [wt%]          
N [wt%]         
V [wt%]         
B [wt%] 0.005 (1 0.005 (1 0.005 (1 0.005 (1   0.005 (1 0.005 (1 
Ti [wt%]         

(0 Wear tests: A = abrasion test, C = crushing pin-on-disk, DP = dry-pot, FT = field test, SP = slurry-pot 
(1 Nominal values from datasheet (mechanical properties: minimum, composition: maximum) 
(2 Measured
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5.1.2. Elastomers 

The elastomers presented in Table 2 were used as reference materials for the quenched wear resistant 
steels in the slurry erosion tests. In many transportation and processing application the elastomers are 
considered as the first choice of materials. All of the studied elastomers are commercially available 
and used in slurry handling applications. 
 

Table 2. Properties of the tested elastomers. 

Material  NR PU1 PU2 PU3 
Publication IV, V  IV, V  IV  IV  
Wear tests Slurry-pot Slurry-pot Slurry-pot Slurry-pot 
Hardness [ShA] 40 75 85 90 
Tensile strength [N/mm2] 25 23  42   37 
Density [g/cm3] 1.04 1.05 1.21 1.11 

Isocyanate type - MDI MDI TDI 
Polyol type - polyether polyester polyether 

 

5.1.3. Abrasives 

In mining related applications, the abrasive particles have a major role in the wear processes. The size 
distribution and the type of the abrasives (rock species and mineral composition) are the most 
important factors, but in erosion wear also the amount of particles has a significant role in the process. 
Table 3 presents the abrasives used in the laboratory tests conducted in this work. The properties of 
the abrasives were determined by Ratia et al. [70] with the help of their suppliers and Metso Minerals 
Rock Laboratory in Tampere, Finland. 
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mine was also performed with the help of LTU. In the following subsections, the test methods are 
introduced in more details. 
 

5.2.1. High speed slurry -pot [Publication s I, II  and VI] 

The high speed slurry-pot was developed for demanding high-stress slurry erosion conditions, i.e., 
for testing with both high speeds and large abrasive particles. The development work and initial tests 
are discussed in Publications I and II. Figure 9 presents the tester, the main parts of which are an 
electric motor, a pot lid and pot with fins on the inner walls and water cooling on the outside, a 
rotating main shaft, and the test samples attached to the shaft in a pin mill configuration. More detailed 
characteristics of the test device are presented in Publication I. Later on the tester was developed 
further for testing with dry abrasives, as presented in Publication VI. The tester is very robust and 
versatile. Large particles, up to 10 mm in average size, can be used, and the sample speed can be up 
to 20 m/s with high slurry concentrations or even submerged in a bed of dry abrasives. 
 

  
Figure 9. High speed slurry-pot type erosion wear tester. The diameter of the pot is 273 mm. 

 
During the development work also some of the earlier reported disadvantages [77,78] of pot testers, 
such as non-uniform flow patterns and vertical concentration variations inside the pot, were 
considered [Publication I]. The pin mill design and sample rotation test method were used to solve 
these problems. Although the sample positions are on different height levels (sample levels), the 

Samples 

Pot 
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Figure 11. Crushing pin-on-disc three-body abrasion wear tester. 

 
Table 5. Size distribution of the abrasive particles used in the pin-on-disc tests. 

Sieved abrasive size [mm] Mass fraction [g] 
8 / 10 50 
6.3 / 8 150 
4 / 6.3 250 
2 / 4 50 
Total 500 

 

5.2.3. Modified ABR-8251 [Publication VI]  

ABR-8251 is a conventional laboratory wear tester, which utilizes a sandpaper strap as an abrasive 
media [80]. The tester at LTU is modified for longer strap lengths for providing longer sliding 
distances. The main parts are a reciprocating table to which the sample is clamped on, a long 6 mm 
wide strap of sandpaper, rotating wheels for handling of the sandpaper, and a counterweight pressing 
the sandpaper against the sample. During the test the sample table moves back and forth. Between 
each stroke, the sandpaper strap is moved stepwise for providing fresh abrasives for each stroke. The 
sandpaper contains a mixture of Al2O3 and ZrO2 particles with an average particle size of 270 µm. In 
European/ISO scale that equals to P60 sandpaper, making it rather coarse and highly abrasive.  Figure 
12 presents the tester. More details are presented in Publication VI. 
 

Abrasive bed on top of rotating disc 

Sample 
holder 
and pin 
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Figure 12. Modified ABR-8251 two-body abrasion wear tester. During each wear cycle the 

sandpaper is stationary. 

 

5.2.4. Field test [Publication VI]  

The field test was conducted at LKAB iron ore mine in Malmberget, Sweden. The target application 
was a bar screen, and two Mogensen Sizer SEL2026-D2 sorting machines were included in the study. 
Each machine had two screen sections side by side. The sections had two screen levels with 15 bars 
each. Figure 13 presents one such section with the bars visible. In the machines the iron ore flows 
from the top level through the machine and over the screen bars. The ore flow was about 190 t/h. All 
screen levels had bars made of both reference and test materials. More details are presented in 
Publication VI. 

 

 
Figure 13. Sorting machine used for the field tests at LKAB plant in Malmberget. 

 

 

Sample  

Reciprocating table 

Sandpaper strap Counterweight 

Sample on 
reciprocating table 

Sandpaper on rotating wheel 

Ore flow 

250 mm  
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excites the electrons in the sample material, which will emit light when they return back the non-
excited state. That light is characteristic for each element. When the emitted light is converted into a 
spectral pattern, the material composition can be determined. In Publication III, Thermo Scientific 
ARL 4460 Optical Emission Spectrometer was used at Metso Minerals, Tampere, Finland. Later also 
Leco NO TC-436 and Leco CS-444LS systems were used at SSAB Europe, Raahe, Finland. 
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Figure 18. Low and high-stress laboratory wear tests compared to a field test. 

 
In addition to the comparison of the wear losses between the three test methods, it is even more 
important to look at the material response of the studied materials in each case. Figure 19 presents 
the microhardness measurements for the CFB steels after both dry-pot and field tests. The low stress 
abrasion results are not included in the plot as the tests produced no work hardening, as discussed in 
Publication VI . The main observations are the deformation depths and the shapes of the hardness 
profiles, which are quite similar between the dry-pot and field tests for both CFB steels. 
 

 
Figure 19. Material response in terms of work hardening in the dry-pot and field tests. 

 

6.3. Characterization of the wear behavior  and material response  of 
the studied  steels 

The effect of large abrasive sizes on slurry erosion was for the first time investigated in this work and 
reported in Publications II, IV and V. Also the effect of the slurry concentration on the wear behavior 
of steels and elastomers was studied. Often a clear change in slurry abrasivity is assumed to take place 
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at around 10 % concentration [86], but in the high-stress conditions such a change was not observed. 
In Publications IV and V, a transition from low-stress to high-stress wear in slurry conditions was 
evident when the abrasives were changed to coarser ones. By testing the same steels with different 
abrasives, the changes in the slurry erosion behavior in terms of the abrasive size and type can be 
characterized. Figure 20 presents such a comparison for a 400 HB steel, showing that with fine quartz 
particles the wear surfaces look clearly different from the ones tested with coarser quartz or granite 
particles. More importantly, also the material response, i.e., the extent of surface deformations, 
changes notably, which then affects the work hardening of the material. 
 

 
Figure 20. Effect of abrasive size and type on the abrasive slurry erosion of 400 HB steel. Note the 

different magnifications in the case of fine quartz. [Publication IV] 

 
In low-stress conditions, the steels did not show any work hardening, and the only observable 
mechanism was merely the formation of a thin tribolayer, consisting of a mixture of steel and 
abrasives [Publications IV and V]. These observations indicate that the material response in low-
stress conditions is limited to only a few micrometers thin surface layer. In high-stress conditions 
instead, work hardening was easily observable together with localized intense deformation, such as 
formation of white layers and shear bands on the wear surfaces. Figure 21 presents such a case for 
the 400HB steel tested with large 8/10 mm granite abrasives. 
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Figure 21. Formation of white layers on the wear surface of 400 HB steel tested with 8/10 mm 

granite slurry. 

 
Tribolayers were observed in samples tested in both slurry and dry conditions with three different test 
methods, as shown in Publications III-VI. More importantly, these surface layers and how the steels 
were deformed were shown to be related to the wear performance of the steels. Several commercial 
400HB grade steels were compared in Publication III, and notable differences were noticed. An 
example of these differences is presented in Figure 22, which shows wear surface cross-sections of 
two nominally similar steels with a completely different material response in the same test. In Figure 
22A, the granite-steel composite tribolayer formation (including a crack) is clearly visible, while in 
Figure 22B, taken from another 400 HB steel, only rather smooth plastic deformation and embedment 
of the abrasives can be observed. This is primarily due to the notably different alloying of the steel 
shown in Figure 22B compared to the steel shown in Figure 22A, which leads to a notably greater 
auto-temperability of the martensitic structure, increasing the ductility of the steel [87]. 
 

 
Figure 22. Two different material responses for two nominally similar 400 HB steels in  

high-stress abrasion. 

 
In high-stress wear, the tribolayers, surface deformations, and embedded abrasives are all involved 
in the material removal by chipping and lip formation. Any discontinuity on or near the surface can 
act either as a nucleation point for cracks or as a cutting tool for the subsequent deformation of the 
surface [Publications III-VI] . The latter case is presented in Figure 23, where a lip of material has 

White layers 

A 

B 

Tribolayer 
Crack 

Smooth deformation 
Embedment 
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formed either over embedded abrasives or a work hardened layer, or a mixture of both of them. 
Further examples can be seen in the cross-sections of Figure 21 (work hardening, white layer) and 
Figure 22 (cracking and embedded abrasives). 
 

 
Figure 23. Lip formation on the wear surface of a 400HB steel in high-stress slurry erosion. 

 
Furthermore, work hardening caused by excessive surface deformation has been observed to lead to 
brittle like fracturing on the wear surfaces in some circumstances, including events such as white 
layers or composite tribolayer formation as observed in Publications III-VI.  Figure 24 presents an 
example where a thin layer of 500HB steel was first ploughed over a layer of embedded abrasives 
(black area beneath the steel layer in the figure) and then transversely cut through by another abrasive 
particle. 
 

 
Figure 24. Exhaustion of the bulk ductility of a steel leading to brittle fracturing of the wear 

surface. 

 
The differences in the material response observed between low-stress and high-stress wear in 
Publications IV and V were verified in Publication VI by a comparison of a conventional low-stress 
abrasion test (sandpaper test) with a dry-pot laboratory test and a field test conducted in an iron ore 
mine. Similarly to the low-stress erosion test with fine particles, no work hardening was observed in 
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the sandpaper test, while the other tests showed a 13 to 40 % increase in Vickers hardness in the wear 
surface of the tested steels. 
 
Figure 25 presents the wear surfaces produced with the three test methods. From them it is easy to 
see that the conventional sandpaper test does not have any correlation with the mining application. 
The main differences between the wear surfaces obtained with different test methods are the type and 
embedment of the abrasives, directionality of the wear marks, and most importantly the extent of 
deformation. 
 

 
Figure 25. Wear surface comparison between conventional low-stress laboratory test and two high-

stress tests (laboratory dry-pot test and field test). 

 
Cross-sections of the wear surfaces of Figure 25 are presented in Figure 26. At first glance, they 
appear quite similar, but a closer look reveals several differences. Like the hardness tests showed 
(lack of work hardening) [Publication VI], there is no macroscopic deformation observed after the 
sandpaper test other than material removal by the grinding action. While the direction of the abrasive 
motion in the sandpaper test is horizontal and bidirectional (back and forth perpendicularly in the 
figure, i.e., parallel to the wear surface), more vertical and multidirectional movement occurs in the 
other two tests. Furthermore, the lack of abrasive embedment is visible in the cross-section of the 
sandpaper test sample. 
 

Field test Application oriented test

Conventional test
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The importance of the deformation behavior of steels stood out in the follow-up study [69] of 
Publication VI, where boron and CFB steels with similar bulk hardness were compared in high-stress 
abrasive wear conditions. The CFB steels deform and work harden rather easily during wear, leading 
to higher hardening depth and better stability in the abrasive wear process. 
 
For the future work, several topics can be proposed, such as 1) more detailed studies about the effects 
of chemical composition and microstructure on the wear performance of wear resistant steels; 2) 
expansion of the application oriented wear testing to different practical applications (requires also 
field testing); and 3) more detailed studies of the abrasive embedment to unveil the formation 
mechanisms of different tribolayers and to better understand the differences between different 
material types. 
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ABSTRACT

One of the testing methods used to simulate slurry erosion in laboratory conditions is the slurry-pot method.
In this work, a novel high speed slurry-pot type erosion wear tester was constructed for testing of materials
used in mining and other mineral handling applications. In the tester, the samples are attached to a vertical
rotating shaft on four levels in a pin mill configuration. High speeds up to 20 m/s at the sample tip can be
achieved also with large abrasive size up to 10 mm. In the tests, the equipment proved to be functional and
durable even with the high loads created by the high speeds and large abrasive sizes. There are, however,
variations in the slurry concentrations inside the pot during testing, leading to different wear rates at the
different sample levels. Therefore, a sample rotation test method was developed. By rotating the samples
evenly through all sample levels, the overall deviations between samples will be minimized. Furthermore,
with the sample rotation method up to eight materials can be tested simultaneously. The slurry-pot is suitable
for testing various materials, such as steels and rubbers.

Keywords: Wear testing; Slurry erosion; Slurry-pot; Mining, mineral processing; Steel; Rubber

INTRODUCTION

In industrial slurry pumping, the speeds can
be up to 30 m/s and the size of the mineral
particles, which work as abrasives in the
system, can vary from micrometers to several
centimeters [1]. Many of the previously
developed or existing slurry-pot testers can
achieve test sample speeds only up to 10 m/s.
In addition, most of them are designed to
work with small abrasive size, normally
smaller than 1 mm in diameter. This means
that both of these key parameters of slurry
erosion wear testing have not been in the
range typically encountered in real industrial
applications, such as slurry-pumping and
mining. According to Walker and Robbie [2],
slurry pumps and pipes typically encounter
particles of 0.1 mm to 10 mm in size, the
speed of the slurry flow varying from 10 m/s

to  up  to  25  m/s.  Pumps  used  in  mines  or  in
dredging may also encounter much larger
particles.

Several slurry-pot studies can be found in the
literature [3-7], in most of them vertical
sample positions attached to a disc or arms
have been used. In these so-called whirling
disc or whirling arm slurry-pots, samples are
on the same level and normally in the upper
half of the pot [3, 4]. Other possible sample
positions in slurry-pot equipment are
periphery [5] or horizontal positions [6, 7].
Horizontal samples can be on several levels
starting from the bottom of the pot in the so-
called pin mill arrangement. Besides the
sample orientation and positioning, typical
differences between the whirling arm/disc and
the pin mill type equipment are slurry flow
patterns,  amount  of  samples,  and  velocity
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profiles on the sample surfaces. The design of
the pin mill slurry-pot unit itself is based on
industrial-size agitated mills [8], from which
the laboratory size pin mill has been
developed [6]. The pin mill configuration is
the strongest and most durable for large
particle and high speed slurry erosion testing.

During designing of the new tester, possible
problems due to the non-uniform flow
patterns and concentration variations inside
the pot were considered. In vertical sample
slurry-pots, a propeller at the base of the pot
is normally used to pump the slurry in order
to keep the concentration more constant at the
level of the samples [4]. In the pin mill slurry-
pot, however, the samples are on several
levels, which renders the base propeller
ineffective and other means are needed to
solve the problem.

In the present work, a new high speed slurry
erosion wear tester was designed and built for
conducting both material ranking and material
development experiments for industrial
applications. Moreover, reproducible testing
methods were developed. The target was to
achieve high speeds with large abrasive sizes
in order to simulate various industrial mineral
and slurry handling conditions, such as slurry
pumps and pipes, flotation cells, and
dredging. The aim was also to obtain deeper
understanding on the mechanisms of slurry
erosion and related wear processes using
abrasives of different types and sizes.

MATERIALS AND METHODS

The pin mill type slurry-pot unit consists of a
pot and a rotating main shaft with wear test
samples on four levels, as seen in Figure 1.
Fins on the inner surface of the pot prevent
abrasives from concentrating on the walls.
The shaft is mounted on the lid and the motor
is connected at the end of the shaft. Closing
and opening of the pot is done by lifting the
motor off the pot, which makes the samples
easily accessible and changeable.
Temperature of the slurry and the shaft

bearing are monitored with thermoelements.
The thermoelement for the slurry is located
behind a fin. During testing, the pot can be
water cooled with a copper cooling coil fitted
around the pot, as seen in Figure 1.

Figure 1. The pin mill type slurry-pot unit.

The sample holders, which are small bushings
inside the shaft, can be changed for various
sample sizes and shapes. For example sample
profiles/shapes of round, square or plate can
be used. In the current work, only round and
square profiles were used. In addition for
round sample profiles, the sample type in
terms of sample length can be either full-
length or half-length. Full-length samples go
through the holder and the shaft, whereas the
half-length samples are individually fixed to
the sample holder. Thus the tests can be done
with a maximum of four full-length samples
or with eight half-length samples. Table 1
presents the main characteristics of the
equipment.
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Table 1. Main characteristics of the high
speed pin mill slurry-pot.

The electric motor, which was selected to
drive the slurry-pot, is able to deliver 2000
rpm with a full set of round samples and 1750
rpm with a full set of square samples. Thus,
the maximum sample tip speed is 20 m/s or
17.5 m/s, respectively. All test runs were
made at the maximum speeds.

The peripheral speed of the samples depends
on  the  speed  of  rotation  (rpm)  of  the  main
shaft and varies along the sample length.
Figure 2 presents the values of the peripheral
speeds along the sample length for the used
speeds of rotation.

For the development of the equipment, test
runs were made with round full-length AISI
316 stainless steel samples. The steel was
selected due to its high corrosion resistance
and rather low hardness of around 200 HV.
Moreover, some half-length steel samples
were used for checking the consistency of the
tests. Figure 3 shows a tested steel sample
with the fresh granite gravel that was used as
an abrasive.

Figure 2. Sample peripheral speed
distribution as a function of sample length for
the used rotation speeds of the shaft.

Figure 3. Round AISI 316 sample with granite
gravel.

To verify the behavior of the equipment and
the applicability of the test methods, also two
wear resistant rubbers (A and B) with a
square sample profile were used. Rubber A is
a filled styrene-butadiene rubber compound
(SBR) with a Shore A hardness of 60. Rubber
B is a filled natural rubber compound (NR)
with a Shore A hardness of 50. Rubber A is
mainly intended for dry applications, whereas
rubber B is designed especially for slurry
conditions. Figure 4 presents a rubber sample
after a wear test. For the present work, the
sample angle was set to 45°. The same corner
of the square profile was always pointing in
the direction of the shaft rotation.

Pot
Diameter 273 mm

Height 300 mm
Main shaft

Diameter 60 mm

Power 7.5 kW
Samples

Rotating radius 95 mm
Round profile Ø 18.5 - 26 mm
Square profile  15 x 15 mm
Plate sample 64 x 40 x 6 mm

Sample levels from bottom of pot
4 145 mm
3 110 mm
2 75 mm
1 40 mm

Motor

0
2
4
6
8
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12
14
16
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20
22

0 1 2 3 4 5 6
Sample length from the sample holder to the sample

tip [cm]

rpm: 2000 1750

10 mm



N. Ojala et al.: High speed slurry-pot erosion wear testing with large abrasive particles

39
TRIBOLOGIA - Finnish Journal of Tribology 1 vol 33/2015

Figure 4. Rubber wear test sample with a
square cross-section.

The abrasive in the tests was 8-10 mm granite
gravel from Sorila quarry in Finland. The
maximum abrasive size that can be used with
a 95 mm rotating radius of the sample
assembly is 10 mm, which is the space
between the sample tip and the fins. If
necessary the abrasive size could be increased
by using shorter samples, but that would also
change the slurry flow conditions.

The same slurry composition with 10 liters of
water and 1 kg of granite was used in all tests.
During the tests, the slurry was changed at set
time intervals. In the tests, the maximum
speed for high wear rates was the primary
target.

RESULTS AND DISCUSSION

Two different test methods were used in order
to study the behavior of the test equipment. In
the  tests  with  fixed  sample  positions,  the
samples were kept at the same sample level
throughout the test. In the tests with sample
rotation, all samples were rotated through all
sample levels during the test cycle. Both
methods were used for both steel and rubber
samples.

Tests with fixed sample position

To determine how the slurry flow patterns and
concentration differences affect the wear
testing, six test runs with different durations
were conducted with AISI 316 samples.
Optimal test parameters, such as duration of
the test and interval of the slurry changes,
were also determined based on these runs.
The slurry was always changed before a new
run. As Figure 5 shows, the samples at the

highest (L4) and the lowest (L1) levels gave
the highest wear rates for all run durations.
This is a clear indication of the non-uniform
flow patterns and concentration variations of
the slurry between different sample levels
during the tests.

Figure 5. Cumulative mass loss results from
the fixed sample position test runs. The slurry
was changed before each run. Black trend
lines indicate a change in the wear rate
between short and long runs.

Figure 5 reveals a clear change in the slope of
the graphs during the tests, as demonstrated
by the two trend lines fitted to the data of
sample AISI 316-4. The slopes decrease with
increasing run time, indicating that the wear
rate is decreasing because of the progressive
comminution of the abrasive particles. As
smaller particles have lower impact energy,
they also cause less erosion wear in the
sample [9]. In addition, the sharp edges of the
granite rocks become rounded during the test,
which also decreases the wear rate [10].

The comminution of the abrasives was
analyzed by sieving the abrasive batch before
and after the tests. Figure 6 shows the
comminution effect for different run durations
with steel samples. Already after one minute
of testing at 2000 rpm, almost 50 % of the
abrasive is less than 3 mm in size. After 20
minutes, 85 % of the abrasive is smaller than
1 mm.
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Figure 6. Abrasive size fractions after 1, 2, 5,
10 and 20 minutes of testing compared to the
original abrasive size.

Tests with sample rotation

Because the tests with fixed sample position
produced large variations in the results, an
alternative test method was used. In the
sample rotation method, each sample is tested
at all levels (L1…L4) during the test. Based
on the comminution and erosion rates seen in
fixed sample position test results, a cycle time
of five minutes was selected. The sample
rotation test with four sample levels is
composed of four runs, or multiples of them.
After each run, the samples are weighed and
the slurry is changed. Table 2 shows the
sample rotation scheme used for the AISI 316
samples.

Table 2. In the tests with sample rotation,
sample level is lowered by one after each run.

time [min] AISI316-5 AISI316-6 AISI316-7 AISI316-8
0-5 L1 L2 L3 L4
5-10 L4 L1 L2 L3

10-15 L3 L4 L1 L2
15-20 L2 L3 L4 L1

Sample levels

Figure 7 presents the results of the tests with
sample rotation for the AISI 316 samples:
after a full rotation all tested samples show
the same cumulative mass loss with a small
deviation. The standard deviation of the

cumulative mass loss was in this test set only
±0.35 %. The standard deviations of the fixed
sample position tests shown in Figure 5 varied
from ±40 % after one minute to ±26 % after
53 minutes. Because of the differences in the
testing methods, i.e., run times and slurry
change intervals, the deviation values are not
directly comparable.

Figure 7. Cumulative mass loss results of a
sample rotation test with AISI 316 samples.
The sample levels and the slurry were
changed after each five minute run.

The consistency of the small deviation was
checked with an additional test using the same
full-length samples and with two tests using
new sets of half-length AISI 316 samples.
With the used samples the deviation was now
±0.88 %, and with the new samples ±2.66 and
±2.73 %. The larger deviation with the new
half-length samples may be explained with
the increased number of individual samples,
which can bring about more scatter in the
experimental conditions met by individual
samples. Still, the deviation less than 3 % can
be regarded very small when the testing
involves natural minerals.

Comparison of wear resistant rubber materials

Two wear resistant rubber materials were
tested in order to evaluate the applicability of
the described test methods for another
material type and to compare the rubber
materials’ wear behavior with each other. The
rubbers were first tested with the fixed sample
position method, and the results turned out to
be similarly level dependent as for AISI 316
shown in Figure 6. The results of the rubber
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tests are shown in Figure 8 at sample levels 2
and 4, which yielded the lowest and largest
mass losses. The standard deviations in these
tests were ±52…61 % for rubber A and
±20…49 % for rubber B.

Figure 8. Results of the fixed sample position
test for the rubbers (sample levels 2 and 4).

For the rubbers, the lowest wear rate occurred
at level 2, while for the steel level 3 gave the
lowest wear rate. This can be explained by the
different test materials but also by the
different sample profile, which leads to a
different flow pattern during the test.

The results show that the wear losses for the
rubbers were much smaller compared to the
stainless steel. As a consequence, longer run
duration with a 20 minute cycle time was
selected for the tests of the rubber samples
with sample rotation. Otherwise a similar
rotation scheme as for steels was used (see
Table 2).

Figure 9 presents the test results for the
rubber materials with sample rotation. As
with the steel samples, the same cumulative
mass loss and small final deviation were
achieved for all tested samples. The standard
deviation of the cumulative mass loss was
±4.41 % for rubber A and ±3.43 % for rubber
B. Thus, deviations were again much smaller
than in the fixed sample position tests.

Figure 9. Cumulative mass loss results from
the sample rotation test for rubber A (on the
left) and for rubber B (on the right). The
sample levels and the slurry were changed
after each 20 minute run.

Wear surfaces

The wear surfaces, and for the steel samples
also the cross-sections, were studied after the
tests. The sample tips were rounded during
the tests, as can be seen in Figures 3 and 4 for
both the steel and the rubber samples. Figure
10 presents the wear surface of the AISI 316
sample, which is covered by a massive
amount of particle collisions marks, tiny
impact craters and short abrasive scars. The
wear type can be classified as abrasive
erosion, which means that abrasion is the
dominating wear mechanism [11].
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Figure 10. Wear surface of an AISI 316
sample.

Figure 11 presents a scanning electron
microscope image of the wear surface cross-
section. The cross-section is taken 3.5 cm
behind the sample tip, where the tip rounding
ends. Embedding of the abrasive particles,
abrasive cutting of the surface, and peeling
off of the deformed surface layers are all
visible. Hard granite particles embed easily on
the 200 HV steel surface, and sharp particles
moving at high speeds produce abrasive
microcutting.

Figure 11. Wear surface cross-section of an AISI 316 sample.

Figure 12. Wear surfaces from the leading edge of the tested rubbers. A) In rubber sample A,
surface cracks on the edge are clearly visible and the tip is intensively rounded. B) In rubber
sample B, no visible cracks on the edge can be observed and the rounding of the tip is much
smaller.

A B
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The wear surfaces of the rubber samples were
studied after the sample rotation tests with a
stereo microscope. Figure 12 shows a
comparison of the two rubbers, revealing
some differences in their wear behavior. Both
rubbers were worn smoothly without any lips
peeling off. However, the surface cracks on
the leading edge are clearly visible in rubber
A, whereas the same edge in rubber B shows
no or only minor cracks. Another observation
is that the softer rubber B has a lot more fine
abrasive particles embedded on its surface,
which can later act as a protective layer
towards the surface impacts. Furthermore, the
tip of the rubber A sample is rounded more
than the tip of the sample B.

DISCUSSION

With the fixed sample position test method,
the non-uniform slurry flow patterns in the
slurry-pot tester became clearly evident. The
sample levels experience different wear
environment and eventually different wear
rates. This complicates the interpretation of
the test results, in particular the comparison of
the wear performance of different materials. It
also limits the maximum number of materials
that can be tested simultaneously, as only two
samples can be placed on the same level in a
test.

In the sample rotation test method, the
samples are cycled through all sample levels
at least once, which leads to only small
deviations in the final mass losses. With this
method, up to eight different materials can be
tested at the same time.

In large particle size testing, the comminution
of the abrasive may limit the available run
duration. This can be solved by changing the
abrasives regularly at set intervals, if
constantly large particle size is required. The
comminution rate depends on the abrasive
type, particle size, shaft rotation speed and the
sample material type. Also the sample shape
and the number of samples affect the
comminution process. Thus, the results of this

study are strictly speaking only valid for 8/10
mm granite gravel with the given test
parameters.

Wear surface characterization revealed
multiple collision marks on both steel and
rubber samples. The wear type, especially for
the steel, can be classified as abrasive erosion,
where the abrasion mechanisms are highly
dominating due to relatively high kinetic
energies produced by the high speeds and
large particles. Microcutting in abrasive
erosion usually happens at low impact angles,
while high angles typically promote plastic
deformation and/or surface fatigue [11]. In the
pin mill type slurry-pot with round samples,
basically all impact angles from 0° to 90° are
possible on the round face of the sample.
Wear of the deformed surface layers in the
steels were caused by abrasive
microploughing or low angle microcutting
[12] rather than by surface fatigue, as there
were also some embedded abrasive particles
under the peeling layer.

The developed wear tester is capable of
higher speeds with larger particles compared
to other slurry-pot testers presented in the
literature [3-7]. The small deviations in the
sample mass losses of both the austenitic steel
and the two rubber grades after complete
sample rotation cycles proves that with the
presented testing method it is possible to
obtain reliable and repeatable results despite
the different wear environment on the
different sample levels.

CONCLUSIONS

The target was to develop a laboratory
slurry wear testing method simulating
heavy duty conditions. The developed
high speed pin mill type slurry-pot
equipment is versatile and produces
sample tip speeds up to 20 m/s with a
large abrasive size up to 10 mm.
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The slurry needs to be changed regularly
due to the high comminution rate of the
abrasive particles. The comminution rate
depends on the tested material.

The abrasive size and shape affect the
wear rate. In slurry erosion, large and
sharp particles cause more wear than
small and rounded particles. The large
abrasives comminute markedly during the
high speed testing.

The samples can be tested using either the
fixed sample position or the sample
rotation method.

The fixed ample position method
produces high deviations in the results,
and therefore it can be used for the
abrasive characterization, testing samples
in variable slurry concentrations at once,
or  testing  a  large  numbers  of  samples  of
one or two different materials.

In the sample rotation method, the
deviations in the results are small and up
to eight materials can be tested
simultaneously.

The equipment can be used to test many
different types of materials, such as steels
and rubbers, with several sample profiles
in variable slurry conditions, including
concentration, particle size, and abrasive
type.
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Effect of test parameters on large particle high
speed slurry erosion testing
N. Ojala*1, K. Valtonen1, P. Kivikytö-Reponen2, P. Vuorinen2, P. Siitonen2 and
V.-T. Kuokkala1

A high speed slurry-pot wear tester was developed for close-to-reality heavy-duty wear testing of
materials used in mineral applications. The samples are attached on four levels in a pin mill
configuration. The tester and the developed sample rotation test method deliver reproducible
results. This study focuses on the effects of testing parameters in large particle slurry testing.
Parameters such as the speed, particle size and slurry concentration were varied. The effect of
test duration was also examined. Round steel samples and slurry of water and granite gravel were
used for testing. The test parameter variations were 4 to 10 mm for particle size, up to 23 wt-% for
concentration and up to 20 m s21 for the sample tip speed. The relationships between the
parameters are discussed. The kinetic energy of the large abrasive particles is also considered.
Wear surfaces studied with optical and electron microscopy are also presented and discussed.
Keywords: Wear testing, Slurry erosion, Slurry-pot, Mining, Mineral processing, Particle size
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Introduction
Slurry erosion wear can be divided into two main wear
mechanisms: abrasion and surface fatigue. With increas-
ing particle size, the wear mechanisms in the slurry
systems shift from mild abrasion and surface fatigue
towards high stress impact-abrasion for ductile materi-
als. In the mining industry, erosion is typically the major
wear mode for example in slurry pumping and mineral
transportation and processing. Similar wear mechanisms
can also be active in rock drilling and excavation. In
mineral handling applications such as slurry transporta-
tion, the particle size can be as large as several
centimetres with slurry speed up to 30 m s21.

A new slurry-pot erosion wear tester was developed at
the Tampere Wear Center for slurry erosion testing with
high speeds and large particles.1 The tester is based on
the pin mill sample configuration, which differentiates it
from most of the other slurry-pot testers in use. To
enable testing also with large size abrasives, the pin mill
configuration was chosen because of its strong and
durable structure. In the pin mill type slurry-pot wear
tester, several samples are attached horizontally to a
rotating central shaft on various levels. Other types of
slurry-pot test equipment have vertical samples attached
to a supporting disc or arms on the same height.2,3 These
are also called whirling disc or whirling arm slurry-pots.
The most commonly used slurry-pots are variants of the
whirling arm equipment.2

In the published slurry-pot tests,2–4 small abrasive
particles have been used, mostly smaller than one
millimetre in average size. Moreover, sample speeds
have normally been below 10 m s21. Therefore the
published studies about the effects of particle size on
slurry erosion have been mainly done with particle sizes
around one millimetre, such as by Clark and Hartwich4.
Only a few studies have been conducted using larger
particles, such as the pin mill studies by Jankovic,5 who
used particles up to 5 mm in size.

Possible problems in controlling the test environment
and assuring reliable test results due to the non-uniform
flow patterns and concentration variations inside the
slurry-pot testers during the test have been reported
earlier. Desale et al.3 stated that the slurry concentration
varies from bottom to top due to the flow patterns. In
the vertical sample slurry-pots, it is common to use a
propeller at the bottom of the pot to circulate the slurry
in the pot. In the pin mill type slurry pot, the pin-like
samples act as propellers and mix and pump the slurry.
In the new high speed slurry-pot erosion wear tester the
challenges with non-uniform flow of the slurry were
solved by a sample rotation method.1 By rotating the
samples evenly through all sample levels, the overall
deviations between the samples are minimised and the
tests are highly reproducible. With this method, as many
as eight materials can be tested simultaneously.

In the present work, the effects of various test
parameters, such as sample speed, particle size and
slurry concentration, were studied with the novel high
speed slurry-pot erosion wear tester. The effect of test
duration was also examined. The aim was to obtain a
better understanding of the testing conditions and to
acquire more knowledge about large particle testing for
further development of the method.
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Materials and methods
A new pin mill type high speed slurry-pot was used to
cover various testing conditions in slurry erosion wear
with round stainless steel samples. Figure 1 presents the
cross-section of the slurry-pot.1 The fins on the inner
surface of the pot control the slurry flow and prevent
concentration of the abrasives on the walls.

Figure 2 presents the equipment at the Tampere Wear
Center.1 The main shaft is bearing mounted on the lid,
which seals the pot. The main shaft and the lid are
connected to the motor, which enables easy access to the
samples by lifting the shaft out from the pot. Table 1
presents the main characteristics of the equipment.1

Due to the slurry flow patterns, in the pin mill slurry-
pot the samples on different levels are exposed to
different slurry concentrations. Therefore, the samples
are rotated vertically in the different sample levels.1

Table 2 presents the rotation of the samples in a
465 min test. One test is composed of four parts to
have a complete rotation of the samples. The abrasive is
changed and the samples are weighted every five
minutes, i.e. during the sample level changes. The length
of the run time was selected based on the erosion rate
and abrasive comminution tests.

The samples can be either full-length going through
the sample holder and the shaft, or half-length so that
two separate samples can be used on each level.
Therefore, the tests can be done either with four full-
length samples or eight half-length samples. Figure 3
presents the dimensions of both sample lengths.

In the current tests, both full- and half-length AISI
316 stainless steel samples were used. Hardness of the
samples was about 200 HV, and in general the minimum
yield strength of the material is 240 MPa and the tensile
strength 510–770 MPa. This steel was also used in the
initial development of the tester and the testing method.
The steel was selected firstly because it is rather soft so
that the mass loss changes due to the varied testing
parameters are easily and reliably detectable, and second
because of its corrosion resistance so that the corrosion
effect is minimised, although in large particle slurry
erosion corrosion is in a minor role for all metals.

Granite gravel from Sorila quarry in Finland was used
as the abrasive. The used particle size distributions were
4/6?3 mm, 6?3/8 mm and 8/10 mm. The maximum
abrasive size that can be used with the current sample
assembly is limited by the 10 mm space between the
samples and the fins shown in Fig. 1.

In the tests, the amount of gravel was varied from one
to three kilograms. Thus, the slurry concentration varied
from 9 to 23 wt-%, when 10 L of water was added.
Moreover, the rotation speed of the main shaft was
varied from 1000 to 2000 rev min21. In terms of the
sample tip speed, the rotation speed varied from 10 to
20 m s21. At the highest slurry concentration the

1 Construction of pin mill type slurry-pot unit with round
samples

2 High speed slurry-pot equipment

Table 1 Main characteristics of slurry-pot equipment

Pot
Diameter 273 mm
Height 300 mm

Main shaft
Diameter 60 mm

Motor
Power 7.5 kW

Sample levels (from bottom of the pot)
4 145 mm
3 110 mm
2 75 mm
1 40 mm
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rotation speed had to be reduced by 50 rev min21, or
0?5 m s21, due to the power limitations of the motor
running the slurry-pot. Due to the pin mill sample
configuration the peripheral speed along the sample
length varies.1 At 2000 rev min21 the sample speed is 6–
20 m s21 along the sample length. Table 3 presents the
test program. The wear was determined by sample mass
loss and the wear surfaces were characterised by optical
and scanning electron microscopy (SEM).

Results and discussion
To determine the best run time for the sample rotation
test method, tests with full-length AISI 316 samples,
2000 rev min21 speed and 9 wt-% 8/10 mm granite
gravel slurry were performed without sample rotation
for different run times. Figure 4 presents the average
results for these tests. Decrease in the wear rate with
longer run times is evident.

The reason for the decrease in the erosion rate is the
comminution of the abrasive particles during testing.1

Figure 5 presents the abrasive size fractions for different
run times. The five minute run time was selected to
ensure the presence of a sufficient portion of large
abrasive particles till the end of the test. Moreover, when
the test is repeated four times, the steel samples show a
measurable mass loss.

Sample speed tests
According to the test program, three different speeds
ranging from 10 to 20 m s21 were used with large 8/
10 mm granite particles. The same eight half-length
samples were used in all three tests. Before the first test
the samples were pretested at 2000 rev min21 for
reaching the steady state wear condition. The pretest
with fresh samples showed almost 8% lower mass loss
than the following actual tests with the same sample
speed.

Figure 6 presents the average results for eight samples
tested at different speeds. The standard deviations of the
final results varied from 2 to 4%. The number of main
shaft rotations also varied with sample speed as the test
time was the same in all tests. Figure 7 shows the results
as mass loss per the number of main shaft rotations.

Although the kinetic energy of particles increases with
speed, saturation of the mass loss per shaft rotations
towards higher speeds can be noticed. This can be
explained by abrasive comminution, as at higher sample
speeds the abrasives are crushed faster to a smaller size

Table 2 Sample rotation scheme and run durations used
in tests

Sample levels

Time/min One or two samples on each level

0–5 L1 L2 L3 L4
5–10 L4 L1 L2 L3
10–15 L3 L4 L1 L2
15–20 L2 L3 L4 L1

3 Dimensions of round full-length (upper) and half-length (lower) samples. 4 mm wide notches in samples are for �xing
them to sample holder with set screw

Table 3 Testing parameters*

Test ID

Speed Abrasive

Slurry concentration/wt-% Sample lengthMain shaft/rev min21 Sample tip/m s21 Size/mm Weight/kg

Speed1 1000 10 8/10 1 9 Half
Speed2 1500 15 8/10 1 9 Half
Speed3 2000 20 8/10 1 9 Half
Size1 2000 20 4/6.3 1 9 Full
Size2 2000 20 6.3/8 1 9 Full
Size3 2000 20 8/10 1 9 Full
Weight1 2000 20 8/10 1 9 Half
Weight2 2000 20 8/10 2 16 Half
Weight3 1950 20 8/10 3 23 Half

*Test ‘Weight1’ is the same as ‘Speed3’.
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and the particles kinetic energy is reduced. In addition,
the edges of the granite particles become more rounded
at higher speeds, which also decrease the wear rate.6 It
seems therefore evident that the results are affected by
the competition between the kinetic energy and commi-
nution of the abrasives.

Particle size tests
The particle size tests were done with three different
particle sizes ranging from 4 to 10 mm. The running-in
of the full length samples was done with 8/10 mm
particle size at the same speed as the actual tests.

Figure 8 presents the average results after full
20 min testing in the abrasive size order. The standard
deviations within each three-sample sets varied between
0?2 and 0?9%. In the results, a slight upward trend with

4 Average mass loss for different run times

5 Size fractions of abrasive particles after different run
times

6 Test results of sample speed tests for different sample
tip speeds

7 Mass loss per number of main shaft rotations for
tested speeds

8 Test results for three different initial particle sizes

9 Cumulative mass loss in sample rotation test with 4/
6?3 mm particle size

Ojala et al. Effect of test parameters on large particle high speed slurry erosion testing

Tribology 2014 VOL 8 NO 2 101



increasing particle size can be noticed. This is quite
expected, as smaller particles with lower impact energy
tend to cause less erosion wear in the sample.7 When
comparing the particle size test results with the results of
the speed and concentration tests, the results have to be
divided by two because of the longer sample length.
Figure 9 shows an example how the mass losses develop
during a sample rotation test. From the graph it is
evident that the wear rate decreases clearly on sample
level 3 (L3).

Although in these tests the particle size was the varied
parameter, it was not the only changing parameter. With
an increase in the particle size, the number of particles
decreases when the slurry mass concentration is kept
unchanged, i.e. the total weight of the particles stays the
same. When this is taken into account and the total mass
loss is divided by an estimate of the initial particle count,
a strong trend is clearly visible in Fig. 10, which presents
the results as mass loss per particle count.

Slurry concentration tests
For the slurry concentration tests two tests (‘Weight2’
and ‘Weight3’) were made. The results of test ‘Speed3’
were used as test ‘Weight1’, as denoted in Table 3. The
same half-length samples were used as in the speed tests,
so no running-in was needed. To study the wear surfaces
after the higher concentration tests, i.e. tests with 16 and
23 wt-% concentrations, two fresh and untested samples
per each test were used and studied with a stereo
microscope and SEM after the tests.

Figure 11 presents the average results during the tests.
The standard deviations of the final results ranged from
2?6 to 3?8%. The results are quite expected, i.e. higher
concentration means more particles in the slurry, which
again means more mass loss in the sample.

Figure 12 presents the final mass loss results as a
function of abrasive concentration. The dashed trend
line is set to start at the origin of the plot. Although it is
not directly evident from the results, it could be expected
that with increasing concentration the wear rate
stabilises at a certain level when the particles start to
collide more with each other than with the samples.8

10 Mass loss per initial particle count for tested particle
sizes

11 Results of slurry concentration tests

12 Mass losses at different slurry concentrations

13 Sample tips after tests with 23 wt-% (left) and 16 wt-%
(right) slurry concentrations

14 Wear surface after test with slurry concentration of
23 wt-%
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Also embedding of the surfaces with abrasive particles is
increased when more particles are present, which can
decrease the mass loss as the embedded particles start to
shield the surface.

Wear surfaces
During testing the sample tips were rounded heavily.
Figure 13 presents stereo microscope images of the
sample tips after tests with 16 and 23 wt-% slurry
concentrations. A clear difference in the material
removal at the sample tips can be noticed, as higher
slurry concentration causes more severe tip rounding. A
similar effect was notable in all tests.

Figure 14 shows a general view of a wear surface tested
with a high slurry concentration. Superficially the wear
surfaces looked essentially the same after each test, but
the smaller details of slurry erosion wear, such as the
depth and number of impact craters, length of the
abrasive scars, or amount of embedded abrasive particles
varied. Tests with high slurry concentrations left much
more embedded particles on the specimen surfaces than
the tests with lower concentrations. The abrasive wear

scars on the surfaces were also short and scarce. Clearly
more scars were found in specimens tested with lower
concentrations. Figure 15 presents a more detailed view of
the wear surface produced with a high slurry concentra-
tion, showing that the surface is more deformed and
rougher due to the higher amount of impacts caused by
the higher amount of abrasive particles in the slurry.

Figure 16 present scars on the samples tested with
16 wt-% slurry. In the slurry erosion of ductile steels,
abrasion is the major mechanism causing mass losses.
Other wear processes such as impacts are mostly deform-
ing the surface, and because of that the abrasion scars are
scarce and mostly short. The longer the test time or the
higher the concentration, the less the scars are visible.

Conclusion
1. The high-speed slurry erosion wear tester can be

used to simulate various applications involving mineral
handling and processing.

2. Problems with the non-constant test environment
inside the slurry-pot are solved by the test method.

15 Images (SEM) of wear surface after test with 23 wt-% slurry concentration. Both images are from same location: a
secondary electron image showing surface pro�le; b back-scatter electron image showing embedded abrasive parti-
cles as dark regions.

16 Images (SEM) of wear surface after test with 16 wt-% slurry concentration: a long wear scar and embedded abrasive
particle in middle of it; b multiple short wear scars.
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3. Slurry erosion with large particle sizes was studied
with three different sample speeds, particle sizes and
slurry concentrations.

4. At high sample speeds the mass loss is in general
higher than at low speeds. However, the wear rate starts
to stabilise at higher sample speeds when all other
parameters are kept unchanged. The kinetic energy
competes with the comminution of the abrasive parti-
cles. At higher speeds the kinetic energy of abrasive
particles is higher, but because of increasing comminu-
tion the energy per particle (impact) decreases faster.

5. The mass loss increases exponentially with particle
size. Larger particles have more kinetic energy and they
withstand comminution longer than smaller particles.

6. With increasing slurry concentration the sample
mass losses become higher. At very high concentrations,
however, collisions of particles with each other and the
amount of embedded particles increase, decreasing the
wear rate.
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a b s t r a c t

Wear resistant steels are commonly categorized by their hardness, and in the case of quenched
wear resistant steels, their Brinell hardness grades are widely considered almost as standards. In
this study, the abrasive wear performance of 15 commercially available 400 HB grade quenched
wear resistant steels from all over the world were tested with granite gravel in high stress
conditions. The aim was to evaluate the real wear performance of nominally similar steels. Also
properties such as hardness, hardness pro�les, microstructures and chemical compositions of the
steels were studied and reasons for the differences in their wear performance further discussed. In
terms of mass loss, over 50% differences were recorded in the abrasive wear performance of the
studied steels. Variations in the chemical compositions were linked to the auto-tempered
microstructures of the steels, and the microstructural characteristics were further linked to their
ultimate wear behavior.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The commercial quenched wear resistant steels are commonly
categorized by their Brinell hardness, e.g., as a 400 HB grade or a
500 HB grade steel. The hardness grades are considered almost as
standards and as a guarantee of their wear performance. There is,
however, a huge range of steels offered in each of the hardness
categories, which makes a comparative study of nominally similar
products worthwhile.

There are only few published studies related to the comparison
of the actual wear performance of steels within the different
hardness categories. Studies of the material properties, i.e. mainly
hardness, which are affecting the wear performance of the steels,
have been widely published [1,2]. Also studies related to the
product development concerning the optimization of the manu-
facturing process or the composition have been published [3,4].
From the experience it is, however, evident that steels belonging
to the same hardness category are not as similar regarding
their wear resistance as they generally are thought to be. Results

suggesting this have been published even before, and for example
Moore [5] suggested already in 1974 that the microstructure
of ferritic steels would have a greater in�uence than the bulk
hardness when the wear resistance is considered. Rendón and
Olsson [1] also found such indications in their study with three
different microstructures.

The total cost of abrasive wear in industrial applications is
estimated to be up to 4% of the gross national product in the
industrialized countries. In particular, the industrial applications
handling loose soil, rocks or different minerals have to deal with
the wear problems caused by abrasion [6]. Moreover, with the
general progress of technology, also the capacities and production
volumes are constantly growing, which means that the wear-
related problems are not to diminish.

In this work, the abrasive wear properties of commercial 400
HB grade quenched wear resistant steels were tested to obtain a
better understanding of the consistency of their wear perfor-
mance. In total 15 different trade names from manufacturers all
over the world were included in the study. The testing method
simulated heavy abrasive wear in rock crushing and mineral
processing, which are typical applications for the quenched wear
resistant steels. Properties such as hardness, hardness pro�les,
microstructures and chemical compositions of commercial 400 HB
grade quenched wear steels were studied and reasons for the
differences in their wear performance are further discussed.
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2. Materials and methods

Fifteen 400 HB grade quenched wear resistant steels were
tested with the crushing pin-on-disk high stress abrasion wear
tester [7] at the Tampere Wear Center. Fig. 1 illustrates the device,
in which the gravel is cyclically pressed between a rotating disk
and a sample pin. Table 1 presents the size distribution of the
granite gravel, which was used as an abrasive.

The test method is based on the pin-on-disk principle but
without a direct pin-to-disk contact. The pin with a 36 mm
diameter crushes the abrasive against the rotating disk. Each test
in this study included a 15 min pretest to reach steady-state wear,
while the actual test duration was 30 min. The disk rotation speed
was 20 rpm, and the pin was cyclically pressed down for 5 s and
then lifted up for 2.5 s. In the current tests, 1.1 bar pin pressure
was used, which gives a 235 N nominal crushing force. The disk
material was S355 structural steel with a hardness of 200 HV. Three
samples of each test material were tested. The wear rates were
determined by weighing the samples �ve times during the tests.

Five of the �fteen wear tested steels were selected for a closer
examination. The selection was based on the overall performance
and initial surface hardness of the materials. Thus, steels with the
lowest and highest mass losses and hardness values were selected.

The tested steels had a nominally similar alloying and the same
microstructure and hardness, i.e., they were all quenched marten-
sitic steels from the low-alloyed carbon steel group. Sheet thick-
ness was 10 mm for steels A, B, C and E, and 12 mm for steel D.
Table 2 presents the chemical compositions of the selected steels
analyzed by optical emission spectrometer at Metso Minerals.

Before the tests, one millimeter was machined off from the
sample surfaces to get rid of the decarburized layer. The surface
hardness was measured from six points over the test surface.
The hardness measurements were done in Vickers scale, where
420 HV corresponds to 400 HB. Moreover, the hardness pro�les of
the cross-sections were measured from the untested and tested
samples. The microstructures of the steels, the wear surfaces and
the wear surface cross-sections were characterized by optical and
scanning electron microscopy (SEM). Nital was used for etching.

3. Results

Between the nominally similar 400 HB steels some substantial
wear performance differences were observed. For example, the
variation in the initial surface hardness values was more than 25%,
and in the wear tests the differences in the mass losses were as
high as 53%. On the other hand, the mass loss of the hardest steel
was not the lowest, and the steel with the lowest hardness did not
have the worst abrasive wear performance.

Fig. 2 presents the wear test results and the surface hardness
values as averages of three tested samples. The standard devia-
tions of the measured hardness values were small, 5–10 HV only.
The results clearly indicate that the surface hardness differences
do not explain the variations in the mass losses.

3.1. Wear surfaces

After the wear tests, the wear surfaces were studied with optical
and scanning electron microscopy. Fig. 3 presents the wear surfaces
of steels A and E. In general, the steels with higher wear rates
contained more scratches, which also were longer and deeper. The
only exception was steel D, which did not have any deep cutting
marks and was also less scratched than steel C. The selected test
setup with a rather soft steel disc compared to the tested steel pins
promotes two-body abrasion, as the abrasive particles tend to stick
to the softer counter body and scratch the actual sample (pin) [8].
However, as also all pins had plenty of embedded granite on the
surface, the overall wear mode appeared to be mixed two- and three-
body abrasion.

10 mm 

Fig. 1. Crushing pin-on-disk wear test device and a wear test sample with granite abrasives.

Table 1
Size distribution of the granite gravel used in the tests.

Abrasive size [mm] Mass fraction [g]

8 / 10 50
6.3 / 8 150
4 / 6.3 250
2 / 4 50
Total 500

Table 2
Chemical compositions of the studied steels.

Steel A B C D E

Chemical composition (wt%)
C 0.16 0.15 0.15 0.18 0.14
Si 0.4 0.28 0.22 0.2 0.38
Mn 1.38 0.96 1.35 1.38 1.41
P 0.015 0.012 0.007 0.015 0.014
S 0.002 0.003 0.002 0.003 0.001
Cu 0.01 0.02 0.05 0.06 0.03
Cr 0.14 0.37 0.41 0.18 0.46
Ni 0.04 0.07 0.09 0.06 0.04
Mo 0.15 0.1 0.01 0.19 0
Al 0.034 0.031 0.1 0.04 0.025
N 0.005 0.006 0.005 0.009 0.007
V 0.01 0.01 0.004 0.01 0.01
B 0.003 0.001 0.002 0.001 0.002
Ti 0.042 0.021 0.005 0.022 0.014
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For steel B, which showed the biggest scatter in the mass loss, all
three wear surfaces were a little bit different in terms of surface
scratching. In the most worn sample, long scratches were found all
around the surface, while in the least worn sample only about a
quarter of the wear surface contained such clearly visible scratches.

The SEM study showed that the scratches in steel A were fairly
shallow, whereas in steel E the scratches were generally more
distinct and deeper. Fig. 4 shows an example of a two-body
abrasion wear scar with tear marks at the bottom of the scratch.
These tear marks are formed by the tensile stress when the tip of
the abrasive particle has slid over the surface.

Fig. 5 shows a typical lip formation in steel E. No notable lip
formation was observed in steels A and B. The lips were mainly
formed over the embedded abrasive particles or hard surface
layers by the subsequent plastic deformation over the same area.
These kinds of lips are prone to become loose as they normally are
not well attached to the surface beneath. High formation fre-
quency of such lips may result in a higher wear rate.

The roughness of the wear surfaces were analyzed with an
optical pro�lometer. Both Ra and Rq values were determined
because they are different measures of the surface pro�le. The Ra
value, i.e., the average of the absolute values, is the most commonly
used, but it may not describe the wear surfaces in the best possible
manner. Instead, the Rq value, i.e., the root mean square value of the
surface pro�le, is more sensitive to the high peaks and low valleys
typical to a wear surface.

Fig. 6 presents the measured Ra and Rq values in an ascending
order together with the initial surface hardness values for all

studied steels. Both the Ra and Rq values arrange in an increasing
order with the decreasing average surface hardness values mea-
sured before the wear test. Thus, softer surface results in higher
surface roughness, as could be expected.

3.2. Hardness pro� les

The hardness pro�les of the steels shown in Fig. 7 were
measured from untested samples. The hardness pro�les after
removal of the decarburized layer were fairly stable, especially
close to the surface where the variations were around 10 HV for all
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Fig. 2. Wear test results with standard deviation and initial surface hardness values. Average mass loss for steel A was 0.142 g.

Fig. 3. Stereo microscope images of two wear surfaces.

Fig. 4. SEM image of a steel B wear surface showing tear marks at the bottom of a
scratch.
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samples. It was, however, observed that after an initially stable
start the hardness pro�le of steel D was �uctuating between 375
and 460 HV. For checking, also the through plate hardness pro�le
of steel D was measured and found to vary throughout the
thickness, which may indicate problems in the manufacturing
process, either the rolling or heat treatment, of this steel.

3.3. Chemical compositions

The chemical compositions presented in Table 2 were used to
calculate the total amount of alloying elements, the martensite start
(Ms) temperatures and carbon equivalent (Ceq) values for the studied
materials. These values are important as the outcome of the quenching
process can be predicted and analyzed based on them. For example,
the higher the Ms temperature, the more time and energy there is for
auto-tempering to happen [9]. Also, the lower the CE value, the more
ductile the forming microstructure will be [10].

The results of the calculations are shown in Table 3. The Ms

temperatures were calculated using two different formulas. The
�rst one was published by Ishida [11], and the second one is the
widely used formula published by Steven and Hayes [12]. Both
formulas show small but clear differences between the studied
steels, giving the highest value for steel B and the lowest value for
steel D.

Also the carbon equivalent values were calculated using two
different formulas. The �rst one, denoted as “Ceq”, is the widely
used IIW-formula, and the other one, denoted as “Pcm”, is the so-
called critical metal parameter formula developed by The Japanese
Welding Engineering Society for weld cracking [13]. Again the
differences are small, steel B showing the best (smallest) and steel
D the worst (highest) value.

3.4. Microstructures

Fig. 8 presents optical micrographs of the steels taken from the
cross sections of untested samples. The micrographs show that all
steels have a tempered martensite microstructure, the lath struc-
ture of which was well visible in the optical microscope. The
unetched white grains seen in the micrographs are untempered
white martensite, which is a hard and brittle phase. The grain sizes
and fractions of the white martensite shown in Table 4 were
manually measured with image analysis software.

Although it is dif�cult to delineate the parent austenite from
the Nital etched microstructures, steels B, D and E evidently have
the largest parent austenite grain sizes. General differences,
however, can be easily seen between the steels, for example that
steel A has the most homogenous microstructure and that steel B
contains the �nest white martensite structure. The steels with the
highest hardness values, i.e., A and C, have the shortest martensite
laths, which also appear rather thick.

Fig. 5. SEM image of a steel E wear surface showing the end of a wide scratch mark
and a lip formed over an embedded granite particle.

0
50
100
150
200
250
300
350
400
450
500

0
2
4
6
8

10
12
14
16
18

C A E B D

S
ur

fa
ce

 h
ar

dn
es

s 
[H

V
5]

S
ur

fa
ce

 r
ou

gh
ne

ss
 [µ

m
]

Ra [µm] Rq [µm] Hardness [HV5]
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3.5. Wear surface cross-sections

The surface deformations, changes in the microstructures, and
microhardness values were determined from the wear surface
cross-sections. For all steels, the surface layers were heavily
deformed and the martensite laths were mechanically �bered.
The thickness of the visibly deformed layer varied from some
micrometers to about 60 mm. To further evaluate the extent of
work hardening, microhardness pro�les were measured using a
load of 50 g. After 60 to 100 mm, the hardness pro�les start to
stabilize. On average, steel B showed clearly strongest work
hardening, while the rest of the steels arranged in the order of
the wear test results. Steel C still remained the hardest.

The clearest difference in the deformation behavior of the
studied steels was in their ability to deform plastically and in the
average thickness of the deformed layer. Fig. 9 presents the wear
surface cross-sections of the steels. Steels A and B were more
evenly deformed than the others, and they also showed the
highest overall plastic �ow. Moreover, the deformation zone was
clearly visible with a smooth transition to the base material. The
other steels contained mostly very thin surface layers with a sharp
interface with the base material. Those layers had very �ne
microstructures and high hardness. The hardest layer in steel B
was 605 HV0.05, while in steel C it was 820 HV0.05. Steels C, D,
and E had much thinner deformation zones than A and B, and they
also showed plenty of rather brittle chip formation. Cracked or
partially detached surface layers were observed almost in all
plastically deformed areas on the surfaces of steels C, D and E.

In addition to the optical micrographs presented in Fig. 9, the
SEM image in Fig. 10 shows in more detail the thin and brittle
surface deformation zone in steel C. This tribolayer has formed
from crushed granite and steel, and in most cases it was cracked or
already partially detached. The average thickness of the layer was
only a few micrometers, but as seen in Fig. 10, there were also
thicker sections. These may have formed during the embedment of
larger abrasive particles. In general, a thicker layer is more brittle
and more prone to crack formation and eventual spalling.

Fig. 11 presents a SEM image of the wear surface of steel B,
revealing the evidently more ductile behavior of this steel compared to
steel C. The brittle tribolayer formed on the surface of steel C was not
observed on the surface of steel B, which also had the clear and
smooth deformation zone already noticed in the optical micrographs.

4. Discussion

This study has revealed signi�cant differences in the heavy
abrasive wear performance of nominally similar 400 HB grade

quenched wear resistant steels. The wear rate of steel A, which had
a 430 HV (�410 HB) surface hardness, was 31% lower than that of
the 450 HV steel C, and even 53% lower than that of the 400 HV

Table 3
Total amounts of the alloying elements with calculated Ms temperatures and
carbon equivalents.

Steel A B C D E

Total amount of alloying elements (wt%)
2.42 2.05 2.46 2.36 2.54

Martensite start temperature (1C)
Ms

a 454 465 455 448 456
Ms

b 433 449 437 422 440
Carbon equivalent
Ceq

c 0.45 0.41 0.47 0.49 0.47
Pcmd 0.28 0.24 0.26 0.29 0.26

a Ms (1C, wt%)…545�330Cþ2AIþ7Co�14Cr�13Cu�23Mn�5Mo�4Nb�13Ni�
7Siþ3Tiþ4Vþ0W.

b Ms (1C, wt%)…561�474C�17Cr�33Mn�21Mo�17Ni.
c Ceq…CþMn/6þ(CrþMoþV)/5þ(CuþNi)/15.
d Pcm…CþSi/30þ(MnþCuþCr)/20þNi/60þMo/15þV/10þ5B.

20 µm 

Fig. 8. Optical micrographs of the studied steels.
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