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Abstract: Among the materials used for components subjected to abrasive wear, chromium cast
iron, hardfaced layers, martensitic steels and Hadfield steel should be singled out. Each of these
types of materials exhibits a different morphology of structure and strength properties. Hadfield
steel, characterized by an austenitic microstructure, shows the ability to strengthen the subsurface
layers by cold work, while maintaining a ductile core. Hardox steels belong to the group of low-alloy
martensitic boron steels. However, it should be noted that increasing hardness does not always
translate into low wear values due to a change in the nature of wear. In view of the above, the authors
decided to subject selected Hardox steels and Hadfield cast steels in the post-operational condition to
abrasive wear tests in the presence of loose abrasive. The study showed that Hardox Extreme steel
exhibits the highest resistance to abrasive wear (value of the coefficient k;, is equal to 1.39). In the
case of Hadlfield steel, the recorded values are slightly lower (k; = 1.32 and 1.33), while the above
ratios remain higher compared to Hardox 600 and Hardox 500 steels. The main wear mechanism of
high-manganese steels is microploughing, plastic deformation and breakouts of larger fragments of
material. In the case of Hardox 450 and Hardox 500 steels, the predominant wear mechanisms are
microploughing and breaking out of material fragments. As the hardness of the steel increases, the
proportion of wear by microcutting and scratching predominates.

Keywords: Hadfield cast steel; Hardox steel; martensitic boron steel; abrasive wear

1. Introduction

The group of materials used for components subjected to abrasive wear includes
martensitic steels, Hadfield steel, hard-faced materials and chromium cast iron. The
selection of a specific material for components subjected to abrasive wear should take
into account the analysis of complex operating conditions, and the fulfilment of specific
operating requirements is determined by a number of microstructural and mechanical
properties, which are defined by: the method of manufacture in the smelter or foundry,
the chemical composition, the type and parameters of heat treatment, the type and size of
the microstructure, hardness, tensile strength, yield strength, impact strength, elongation,
percent reduction of area, susceptibility to work hardening, the type of transferred loads
and the type of acting abrasive [1-4].

Hadfield steel is named after its discoverer, Robert Hadfield, who produced high-
manganese steel in 1882. Its commercial success was due to its different mechanical
properties compared to carbon steels, so the above date is considered the birth of alloy
steels. At that time, Hadfield steel became a common application for components that, in
addition to working under frictional conditions, are also exposed to significant surface
pressures. The favourable properties of Hadfield cast steels are the result of its austenitic
microstructure, which is made possible by the addition of carbon and manganese in a
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ratio of 1:10. Parts made of Hadfield cast steels are subjected to saturation treatments—
during heating to a temperature of about 1000 °C, dissolution of the cementite occurs, and
then, as a result of rapid cooling, a single-phase structure is obtained. This prevents the
precipitation of manganese cementite (Fe, Mn)3;C coexisting with ferrite. As a result of the
technological procedure carried out in this way, Hadfield cast steel is characterized by a
high rate of work hardening, which is a consequence of plastic deformation (TWIP effect)
or the decomposition of austenite into martensite (TRIP effect). Under the influence of
dynamic loads causing plastic deformation, the subsurface layers of the component become
mechanically strong (an increase in hardness level from about 210 to 500 HBW is observed),
while the core retains high plastic properties, i.e., impact strength and ductility. Since the
significant tendency to work hardening results in limited opportunities for subtractive
machining, the material is often cast. The commercial designation of Hadfield cast steel,
taking into account the basic manganese addition of 12%, is X120Mn12 (steel) or L120G12M
(casting). This material is used, among others, for railway switches, excavator baskets,
jaw crushers or tractor track parts [5,6]. Currently, numerous studies are focusing on
modifying the chemical composition of high-manganese steels by adding carbide-forming
elements that improve abrasive wear resistance and ensure the preservation of the austenitic
structure by blocking the precipitation of manganese cementite [7,8]. Moreover, Al addition
is also advised to increase yield strength [9,10]. According to [11,12], the addition of
vanadium at 8.1% and niobium at 4.5% can result in up to a threefold improvement in
wear resistance during Miller slurry abrasivity tests. In the case of high-manganese steels,
a separate problem is their tendency to become coarse-grained due to the lack of & ->y
transformation. The above issue can be resolved by heat treatment [13]. In this case,
the recrystallized structure was obtained by a two-stage heat treatment that included a
prolonged isothermal annealing at 510 °C to separate numerous pearlite grains, which,
in the next stage, provided nuclei for austenite nucleation during heating to 900 °C. In
this way, improved mechanical properties were obtained in comparison with single-stage
austenitized steels.

Hardox steel was first produced in 1970 by Sweden’s SSAB-Oxelosund. Today, the
Hardox family of steels includes 10 grades, of which 2 are designed for special applications,
involving elevated operating temperatures (Hardox HiTemp) and corrosive environments
(Hardox HiAce) [14]. Hardox 450 steel is recommended as a highly versatile structural steel,
showing high impact strength even at reduced temperatures. It is designed for components
of concrete mixers, snow cannons, containers, excavator and loader buckets, grapples,
shears, garbage trucks, dump trucks, drums, asphalt rollers, combines, recycling tools,
crushers and chutes. Hardox 500 and 550 steels are designed for applications where there is
heavy wear with limited material design requirements, such as lining plates of crushers and
feeders and hammers used in recycling. Hardox 550 offers improved durability, replacing
manganese steels. Hardox 600 is suitable for heavier duty, can be cut and welded and
retains satisfactory impact strength despite its high hardness. It is used, for example, in
moulds for brick making, for cladding and screed plates in mineral transportation and
processing, in concrete mixers and for blades and knives for recycling. Hardox Extreme
steel is described as the world’s hardest wear-resistant steel with a nominal hardness
of 60 HRC (650-700 HBW). Tests conducted in [15] showed that Hardox Extreme steel
exhibits an average strength Ry, = 2411 MPa and KCV =~ 12 J/cm?. It is designed for
applications with extremely high wear resistance requirements, such as cladding plates.
On the other hand, due to its low impact strength, some caution should be exercised when
selecting Hardox Extreme steel for structural components. The key to determining areas
of application for this steel is the Ry02/Ry, value of 0.64-0.74, which is only appropriate
for structures requiring a low safety factor. At the same time, it should be mentioned here
that the high R,02/Ry ratio is most often indicated by designers of primary machinery
of the lignite mining industry as the main factor—in addition to weldability—limiting
the use of high-strength, low-alloy steels for the construction of machines [3,16-18]. In
terms of weldability, a separate problem is the lowering of the mechanical properties of
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the above-mentioned steels, both in the weld material zone and the broad heat-affected
zone, which is due to their highest mechanical indices [19-22] among available steels and
the maximum strength of 1000 MPa of commercially sold welding alloys. According to
numerous contemporary papers [23-28], this problem can only be eliminated by using
high-quality welding consumables and by means of subsequent heat treatment.

According to available tribological studies of martensitic boron steels, the condition
for maintaining advantageous indices of abrasive wear resistance is to obtain a fine lath
microstructure [4,29,30]. Moreover, the abrasion wear resistance of Hardox 500 steel can
be more favourable compared to carburized 20MnCr5 steel [31]. Hardox 500 steel also
shows lower weight loss compared to S355]R, S355]2 and AISI304 steels during tribological
tests in the presence of garnet and carborundum [32]. On the other hand, in the available
scientific literature, no information can be found on the results of tests to compare the
abrasive wear resistance of high-manganese steels and martensitic steels. Since the selection
of material for individual components depends on the nature of the loads acting on them
and the type of excavated material (its hardness and volume), an individual approach to
material proposals requires verification, among other things, of the behavior of materials
under particular, well-defined abrasive wear conditions. For that purpose, a T-07 device
for testing wear resistance in the presence of loose abrasive (electrocorundum) was used.
It allowed for the determination of the coefficient of relative abrasion wear resistance
ky, which shows correlation as a preliminary test method with the results of field tests of
ploughshares [33] and it can be used as a method for the selection of material for dozers [34].
The establishment of the above research methodology was due to the utilitarian aspect—the
analyzed group of materials is used for parts of buckets for excavators and components
of agricultural machinery, which work under intensive wear conditions in the mining of
deposits and excavation of soil abrasive mass.

2. Materials and Methods

For abrasive wear testing of Hardox steel, 10-mm-thick steel sheets provided by the
authorized distributor, STAL-HURT company, were used. On the other hand, samples for
testing abrasive wear of Hadfield steel in the post-operational condition were taken from
the following assemblies of mine machinery and equipment structures:

- material of the jaw crusher (Sample 1)
- ball mill liner plate material (Sample 2).

The above components come from one of the melaphyre mines located in Lower Silesia
(Poland). Melaphyre belongs to magmatic rocks formed during the Palaeozoic period. In
terms of quality, it corresponds to tertiary basalts and is a raw material for the production
of various types of aggregates. These aggregates are produced in fractions from 2 to 63 mm.
Their applications are very wide and apply to wearing layers, binders and substructures in
road construction, aggregates for concrete, as well as aggregates for railroad ballast. After
mining, melaphyre is crumbled using crushers, with the fastest consumable elements being
their jaws. It is then ground into various fractions in ball mills (the critical elements are
the liner plates). Subsequently, the excavated material is deposited in stockpiles through a
system of conveyor belts and transfers (the critical elements of the transfers are the liner
plates as well).

Figures 1 and 2 show macroscopic photos of the tested components in their post-
operational state. As can be seen from the photographic documentation, the wear on the
working surfaces of samples 1 and 2 consists of abrasion of their surfaces and a change in
geometry—in the case of the jaw crusher, a reduction in the height of the protrusions on the
working surface, and in the case of the ball mill liner plate, a fairly uniform ploughing. In
both cases, no cracks of a macroscopic nature were found on the surfaces of these samples.
While the changes in the condition of the working surface of the jaw crusher indicate
the loss of the assumed properties, the condition of the surface of sample 2 suggests the
possibility of the continued operation of the liner plate.
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Figure 1. Sample 1. Macroscopic image of the condition of the working surface of the jaw crusher for
squashing rocks with a volume of 10-1000 mm. Operating time of about 350 h, throughput of about
80.00 tons.

Figure 2. Sample 2. Macroscopic image of the surface condition of the ball mill liner plate cover-
ing part of the contracture of the chute. Material volume of 100-1200 mm, throughput of about
200.000 tons.

The hardness was measured using a Zwick/Roel ZHU 187.5 universal hardness tester
(Zwick Roell Gruppe, Ulm, Germany) using the Brinell method, in accordance with PN-EN
ISO 6506-1:2014-12 [35]. A carbide ball with a diameter of 2.5 mm was used, with a load of
187.5 kgf (1838.7469 N) applied for 15 s.

Analyses of chemical composition were carried out using the spectral method via
a Leco GDS500A glow discharge emission analyser (LECO Corporation, St. Joseph, MI,
USA). During the analyses, the following parameters were used to allow ionization of the
inert gas: U =1250 V, I = 45 mA, 99.999% argon. The obtained results were the arithmetic
average of at least five measurements.

The results of chemical analyses of samples 1 and 2 confirm that the post-operational
samples represent high-manganese cast steels (Table 1). The chemical composition of sam-
ple 2 met the requirements of PN-88/H-83160 standard [36], showing an overestimated (by
0.3%) content of chromium, which stabilizes the microstructure by blocking the separation
of manganese cementite and increases wear resistance due to the presence of carbides. In
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sample 1, the manganese content (at 18%) was significantly higher than in in the case of
sample number 2, while the chromium content was 1.8%. The established chemical compo-
sition of this material allows it to be classified as steel grade GX120MnCr 17-2, captured
in the ISO 13521:1999 [37] standard. The differences in the chemical composition between
samples 1 and 2 also resulted in a different level of hardness (sample 1-299 HBW, sample
2-256 HBW). The chemical composition of Hardox steels allows them to be classified as
low-carbon (Hardox 450) and medium-carbon steels (Hardox 500, 600, Extreme). Increasing
the amount of carbon lowers the austenite stability temperature, with a similar effect also
exerted by non-carbide-forming elements, i.e., manganese, nickel and copper. The delay
in diffusion transformation (the shift of the curves on the CTP diagram to the right) is
the result of the use of both non-carbide- and carbide-forming elements, with manganese,
molybdenum, chromium, silicon and nickel having the strongest effect on hardenability,
respectively. The addition of boron in each of the analyzed steels occured in the maximum
permissible concentration—0.002%. Larger amounts can cause coagulation of Fe;B com-
pounds which favour nucleation of the ferritic phase. The content of nickel, also added to
lower the temperature of the ductile-brittle transition, was highest for Hardox 600 steel
(2.03%). Slight amounts of silicon, which are the residue of ferrosilicon, i.e., the compound
used during the deoxidation process, showed an effect on improving hardenability. Trace
amounts of titanium and aluminium could also be distinguished in all grades. Boron,
having a strong affinity for oxygen and hydrogen, reacts with these elements to form
boron nitrides or oxides. Titanium and aluminium additives bind the above gases into
non-metallic phases, so that an adequate amount of boron remains dissolved in the matrix,
guaranteeing the material’s hardenability. In addition, these compounds, forming barriers
to dislocation movement, slow down austenite grain growth. Vanadium micro additive can
also have a similar effect. The amount of harmful admixtures (phosphorus and sulphur) is
negligible, so that high strength and ductility indices are retained.

Table 1. Chemical composition of the analyzed high-manganese steels and Hardox steels with results
of hardness measurements.

Sample 1 1SO Sample 2 PN-88/H- Hardox
GX120MI;1Cr17-2 13521:1999 L120£13T 83160 Hardox 450 Hardox 500 Hardox 600 Extreme
C 1.23 1.20 1.10 1.00-1.40 0.17 0.29 0.44 0.45
Mn 18.00 17.50 12.50 12.00-14.00 1.00 0.74 053 1.00
Si 035 0.60 0.50 0.30-1.00 0.32 0.28 0.17 0.14
P 0.015 - 0.009 <0.100 0.010 0.007 0.006 0.006
S 0.009 - 0.008 <0.030 0.001 0.001 0.002 0.002
Cr 1.80 2.00 1.30 <1.00 045 0.61 031 0.07
Ni 035 - 0.50 <1.00 0.05 0.06 2.03 0.70
Mo - - - - 0.08 0.02 0.14 0.07
B § : . . 0.001 0.001 0.002 0.001
Al - - . - 0.032 0.054 0.039 0.040
Ti . - . . 0.016 0.003 0.006 0.003
v - y - - 0.005 0.012 0.006 0.008
hardness
HBW] 299 270-310 256 170-217 434 487 596 618

For microscopic studies, a Nikon Eclipse MA200 light microscope (Nikon Corpora-
tion, Tokyo, Japan) was used. Samples were examined after etching with a 3% HNOj3
solution (MilFe). Nikon DS-Fi2 digital cameras, coupled to the microscopes, and Nikon's
Photodocumentation NIS-Elements software (Nikon Corporation, Tokyo, Japan) were used
to record and analyze images. Images of surfaces subjected to wear testing were taken with
a Phenom XL electron microscope (Eindhoven, The Netherlands), using BSE imaging and a
15 keV accelerating voltage.

Examinations of abrasive wear resistance were performed using a T-07 tribotester
(Radom, Poland), with loose abrasive material acc. to GOST 23.208-79 [38], under constant
load F = 44 N (AF = 0.25 N). The T-07 tester was designed in the Institute for Sustainable
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Technologies—National Research Institute in Radom. The difference between the tester
T-07 and the tribotester described in the international standard ASTM G65 [39] consists
in the way that locating the examined material is performed. In T-07, the specimen is
placed horizontally, and in the tribotester described in ASTM, it is placed vertically. During
examination, specimens sized 30 x 30 x 3 mm, made up of the research and the reference
materials, were subjected to wear with abrasive particles introduced to the friction contact
zone in identical working conditions, i.e., speed and load. As abrasive material, aloxite no.
90 acc. to ISO 8486-2:2007 [40] was used, and the reference specimen was made of steel C45
in an as-normalized condition. The duration of the test was selected in correspondence
with the material hardness and was equal to 30 min (1800 revolutions of the roll). The
coefficient of relative abrasion resistance k;, calculated according to Formula (1), was used
as a measure of abrasion resistance. The view and layout of the tester is shown in Figure 3.

_ ZwwppNp

k
b ZyppwNw

)

where:

ky—coefficient of relative abrasion wear resistance [dimensionless],

Zyw—mass consumption of standard sample [g],

Z»—mass consumption of the tested sample [g],

Ny—the number of rotations of the rubber-rimmed steel wheel during the test of the
standard sample,

Np—the number of rotations of the rubber-rimmed steel wheel during the test of the
tested sample,

Pw, pp—material density of the standard sample and tested sample [g/cm?].

_scounterspecimen

__=» abrasive

2

T tested specimen
Tr

Figure 3. View and layout of the T-07 tribotester [41].

3. Results
3.1. Microstructural Analysis

Figure 4 shows the microstructures of the analyzed wear-resistant materials. Based on
these images, it can be seen that samples taken from the mining equipment components
show a coarse-grained austenitic microstructure, to which massive cast components were
subjected due to slow cooling. In addition, precipitations of intermetallic phases were
observed within the grains and at their boundaries. In an alloy containing elevated amounts
of manganese and chromium (sample 1), unevenly distributed precipitations of ledeburitic
carbides were also characteristic. It should be pointed out that the observed microstructural
features are unfavourable from the point of view of impact strength and can cause its
decrease even up to 25 J/ cm? [42].
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Sample 1 Sample 2
GX120MnCr17-2 L120G13T

-TOO um -100 pm

I 00 um

Figure 4. Microstructure of the analyzed wear-resistant materials. In the case of high-manganese
cast steels (a,b), a microstructure of coarse-grained austenite with precipitations of intermetallic
phases within and at grain boundaries is observed. The discontinuity of the structure—interdendritic
gaps—is also characteristic. In the case of Hardox (c—f) steels, a microstructure consisting of fine lath
tempering martensite with areas of hardening (fresh) martensite is observed. PAG—prior austenite
grain boundary, FM—fresh martensite. Light microscopy, etched with MilFe.
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The microstructure of all analyzed Hardox steels is composed of homogeneous, fine
lath tempering martensite. The observed structure is also characterized by a hierarchi-
cal partition, based on the division of prior austenite grains successively into packets,
blocks and laths. The block-forming laths of martensite are characterized by the same
crystallographic orientation and thus represent the same variant of the formed martensite
microstructure. Packets, on the other hand, form clusters of blocks with the same habitus
plane, corresponding to the {111} plane of primary austenite. For steels with lower carbon
content, areas composed of hardening martensite are also characteristic. This is determined
by the steel’s lower propensity for the spontaneous tempering processes.

3.2. Abrasive Wear Resistance Tests

Abrasive wear tests showed that high-manganese steels (both GX120MnCr17-2 and
L120G13T), despite their lower hardness, exhibit wear resistance comparable to Hardox
600 steel (Figure 5). The value of the coefficient k, is equal to 1.33 (£0.03) and 1.32 (£0.01),
respectively, for Hadfield steel (sample 2, designation L120G13T) and cast steel with higher
chromium content (sample 1, designation GX120MnCr17-2). However, for Hardox 600 steel,
the value of the coefficient k;, is 1.29 (£0.02). A slightly higher value was obtained for
Hardox Extreme steel (k, = 1.39 & 0.02). Moreover, among Hardox steels, the relationship
of hardness and wear resistance shows a linear correlation with the value of the coefficient
ky equal to 0.98 £ 0.03 and 1.14 =+ 0.03, respectively, for Hardox 450 and Hardox 500 steels.

150 700
I +standard deviation 618

T T 600

SUCT JE SO | WU ISSSSSSSSSSS———————— i SS——— 500
= =
CIER [ SR W E————— - — s00
x| <
RofE BT [ R ., S U UNN— 0 W— — et 300 8
¥ =
< oo}
100 4 S 7o N N el 200
090 [N ... [N .. N . DN .. DN ... ... et 100

2 5
[T O
0 &

-

Hardox 450
Hardox 500
Hardox 600

GX120MnCrl7-2
Hardox Extreme

Figure 5. The value of the coefficient k; and the results of hardness measurements of the analyzed
metallic materials. C45 (N)—C45 steel in as-normalized condition with a hardness of 220 HBW.

Analysis of the surfaces of the tested materials indicated the presence of different
wear mechanisms (Figure 6). In the case of high-manganese steels, the main observed
wear mechanism was microploughing. There were also visible traces of impacted abrasive
particles that result in occurrence of tear-outs of material in a direction disoriented from
the movement of abrasive (marked as cavities). Moreover, on their edges, ridges (gouges)
of plastically deformed material were present. In the case of martensitic steels, the severity
of the intense changes on the surface decreased as the hardness of the material increased.
The main wear mechanism of Hardox 450 and 500 steels was microploughing, plastic
deformation and the breaking off of larger fragments of material, resulting in the occurrence
of cavities. The formed plastic deformations were extensive and disoriented with respect
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to the direction of abrasive movement. The presence of pits and chips on the edges of
scratches, caused by the formation of microcracks and their propagation, was also visible.
Similar traces could be observed in Hardox 600 and Hardox Extreme steels, but the width
of the plastic deformations, grooves, breakouts and scratches were smaller. Moreover,
the proportion of wear by microploughing decreased, and the material was mainly worn
by microcutting.

Sample 1 JIsY 110 14 Sample2
GX120MnCr17-2 HEe b \ | f L120G13T

\ ) efonnat:lo n

i

Figure 6. Surfaces subjected to wear testing: (a) sample 1 (GX120MnCr17-2); (b) sample 2 (L120G13T);
(c) Hardox 450; (d) Hardox 500; (e) Hardox 600; (f) Hardox Extreme. Electron microscopy, unetched.

It should be noted that, according to the analysis of microstructural changes in the
subsurface layers of the samples subjected to wear tests (Figure 7), high-manganese steels
had the greatest change in profile height, which could be up to 9 um. Their surfaces were
smooth and only locally sharply defined pits could be observed. In the case of Hardox 450
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and Hardox 500 steels, the deformation of the microstructure under the influence of the
movement of abrasive grains under pressure was characteristic. Smoothly finished material
breakouts and grooves could also be observed. Deformation of martensitic microstructure
is also relevant to Hardox 600 steel. However, the presence of sharply ended breakouts
indicated an increased contribution of microcutting to the wear mechanisms taking place.
Moreover, the resulting pits were narrower and shallower compared to Hardox 450 and
500 steels. In the case of Hardox Extreme steels, the texture was less favoured and oriented
(directed). The resulting pits were shallower compared to the other steels. The smooth
surface was indicative of the uniform abrasion of the surface as a result of microcutting.

(a)
¢ w
Y  deep, sharp AT e _ r /
e : BE S : :
o Bey®ocavity - L 0 ; , 52
L \'/‘["' }{3‘(1 "B deep. sharp pit Slebn
ORiL. ity pZs Nl _ cavitiesiae =il 25 RN
' E,_ ../‘\ NG R o J."“E‘ ot
AR f}?? e f R
s :
ssrayme Sample 1 grain Sample 2
carbides 37 GX120MnCr17-2 boundary L120G13T

NI l ol Tl So v e e ""‘\ ‘(I sharp pit'ss
‘yzsharp pit§ QCSSDs SO0 1 smartensite’ s\ ==smooth cav II\' = “'martensite PN
By st B g2y itys il deformationy - TN . deformation?:
fresh martensite= SRSt G/ = B AN \ 2R 3 b s e A (L

/,"_ /e N \ o . (s Hal'dO\ 450 d t1csh martensite S Hardox 500 |

m

: K P martensitell ;7 e 2
isharp pitssiSn 255 “@deformationizz 7= 1

Hardox 600

Hardox Extreme ¥

Figure 7. Microstructure of the subsurface area of specimens subjected to wear tests in the direction
transverse to the abrasive movement: (a) sample 1 (GX120MnCr17-2); (b) sample 2 (L120G13T);
(c) Hardox 450; (d) Hardox 500; (e) Hardox 600; (f) Hardox Extreme. Electron microscopy, etched
with MilFe.
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4. Discussion

This paper presents the results of abrasive wear testing of Hardox steel and Hadfield
cast steel, which was taken from equipment components used in the mining industry.
According to the presented results, the abrasive wear of high-manganese steel is comparable
with the resistance of Hardox 600 steel. In martensitic steels, the relationship of hardness
and abrasive wear resistance shows a linear correlation. The comparable resistance of steels
with a hardness not exceeding 450 HBW and C45 steel in the as-normalized condition
(hardness of 220 HBW) is determined by the wear mechanism. C45 steel is composed of
50% ferrite, which undergoes plastic deformation, and the increase in resistance is only
pronounced for steel with a hardness of 500 HBW, as it was already noted in the [43].
Also, according to the results presented in [44,45], steel with ferritic-pearlitic-bainitic
microstructure may show an advantage over martensitic steel. In this case, the main
wear mechanism is microploughing, and mass loss occurs only as a result of repeated
plastic deformation of the material and thus its mechanical strengthening. Microploughing
alone—unlike microcutting—does not result in mass loss, and caution should be exercised
within ferrite-containing steels when evaluating abrasive wear resistance as a function of
mass loss. However, it is not always the case, and Hardox 450 steel is considered more
advantageous in terms of abrasive wear resistance in comparison to S355]2G3 steel [34].
The obtained correlation between hardness and abrasive wear resistance is consistent with
the results presented in [46]. In the aforementioned work, Bialobrzeska studied eight steels
with carbon contents in the range of 0.31-0.41 wt%, which were characterized by different
content of manganese, chromium, vanadium, as well as boron. All the materials were
hardened to a martensite microstructure, and in this state their wear intensity was related
to carbon content and hardness, and, in the course of later studies, to yield strength [47].
In the paper [48], five commercially available martensitic steels with hardnesses of 400,
500 (three types) and 600 HBW were tested. Each of the used test methods (crushing pin-
on-disc, high-speed slurry-pot and impeller-tumbler device) conditioned the generation
of high stresses that led to the crushing of the abrasive, plastic deformation of the tested
surface and the formation of adiabatic shear bands inside the material. Nevertheless, in
each case, the steel with a hardness of 400 HBW showed the least favourable wear rates,
while the steel with a hardness of 600 HBW exhibited the lowest mass consumption. In
the work [33], the material with the highest hardness of 49.9 HRC (the steel used for
ploughshares by Lemken) also showed the most advantageous wear resistance, both in
laboratory and field tests. However, in the work presented here, within the martensitic
microstructures, the relationship between hardness and abrasive wear resistance was not
observed. Hardox 500 steel (hardness of 47.1 HRC) showed higher wear rates compared
to B27 steel (hardened state with a hardness of 45.7 HRC and low-tempered state with a
hardness of 44.2 HRC), which was associated with a change in the nature of wear. The
problem of uneven behaviour of different steels with a hardness of 400 HBW, which is
caused by the strengthening of subsurface layers due to plastic deformation, is also pointed
out by the authors of the paper [49-51]. Nevertheless, in the above cases, the variation in
hardness between the analyzed grades does not exceed 50 Brinell units, and clarification of
these relationships requires further research related to the correlation of microstructural
and mechanical properties with chemical composition.

It should be noted that the relationship of hardness and wear resistance within marten-
sitic steels seems reasonable only for loose (dry) abrasive (Figure 8). According to the
results of the study presented in [52], Hardox 600 steel shows more favourable wear rates
compared to Hardox Extreme steel in the presence of soil abrasive mass. The authors
related the obtained results to the nature of the abrasive (its bonding and grain size) and the
plastic deformation of the material with martensitic microstructure. Comparing the above
results with those presented in the [53-56], it should be pointed out that the correlation
between hardness and wear resistance is not valid in the presence of an abrasive medium
that poses a higher friction resistance, taking into account the medium abrasive soil mass
(Figure 9). In this case, higher strength steels (Hardox Extreme, XAR 600, 38GSA) have
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lower wear resistance compared to Brinar 400, Brinar 500, B27 or Creusabro 4800 steels.
The medium soil, through its increased content of clay causing bonding of hard abrasive
particles, has significantly reduced degrees of freedom of sand grains and acts with greater
force on the tested surface [57,58]. Therefore, it can be concluded that wear resistance is
strongly dependent on the type of abrasive, and in the case of a dry and loose medium, it is
the hardness that shows a dominant influence on the obtained values.
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Figure 8. Coefficient of relative abrasion wear resistance k; and results of hardness measurements of

selected low-alloyed martensitic steels. HI-heat-treated. Based on the results presented in this paper
and [33,41,43].
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Based on [52-56].



Appl. Sci. 2024, 14, 11141

13 of 17

In the case of high-manganese steel, the values of the coefficient k; are similar to the
results obtained for Hardox 600. As in the case of Creusabro steel, which is characterized by
the presence of residual austenite [41], their high resistance is determined by the significant
plastic deformation of the material and the predominant wear mechanism by microplough-
ing. What is more, no significant differences in abrasive wear resistance were observed
between the cast steel of basic chemical composition and the one with added chromium.
It should be noted that, according to [59,60], the above relationship can only be verified
by increasing the clamping force of the countersample and extending the test time. In the
analyzed case, when the applied load was 500 N, no clear differences in weight loss were
observed between Mn12 and Mn12CrN steel. Only as the test time was extended beyond
60 min and the pressure was increased to 1000 N, did the chromium-nitrogen steel begin to
show more favourable wear rates due to a higher degree of strengthening of the subsurface
layers. As it was shown, a rapid hardening effect that affects higher wear resistance could
be obtained in the Mn12CrN steel only under higher applied wear load.

Hadfield steel is characterized by difficult weldability, and due to its tendency to
coarse-graining and the lack of « -> y transformation, it becomes practically impossible
to implement heat treatment procedures aimed at fragmenting the structure. In this
case, according to the results presented in the above paper, it is the high-strength boron
martensitic steels that can provide an alternative, with similar wear resistance indices of
Hadlfield steel and Hardox 600 steel. The results obtained in this manuscript are consistent
with the results of the work presented in [61], where the abrasive wear resistance of Hardox
450 steel was lower compared to MMA (medium-manganese austenitic) steel, during both
sliding tribocorrosion and impact tribocorrosion tests. Hardox 450 steel also showed higher
weight loss relative to Hadfield steel during tests reported in [62], where the abrasive
was light stony soil, but in this case, it was the resistance of B27 steel (which is supplied
in as-normalized state and intended for subsequent implementation of heat treatment
procedures to achieve mechanical properties similar to Hardox 500), that proved to be
the highest. However, the authors did not carry out material testing and the state of the
heat treatment was not reported. Hadfield steel, also in dry sliding and salt-water sliding
conditions [63] or during dry friction [64], shows an advantage over martensitic steel with
a hardness of 500 HBW. Nevertheless, as a result of the change in the properties of the
surface layers of Hadfield steel, contributing to an increase in the proportion of wear by
microcutting with an increase in the magnitude of the applied load from 10 N to 45 N
during tests conducted using “steel disc-abrasive-abraded material” friction pairs, Hadfield
steel alloyed with various additives (Ni, Cr, Mo, 5i, Cu, B and/or WC) showed similar wear
rates compared to Hardox 400 [65]. The above statement is also valid under the conditions
of tribological tests such as abrasive—erosive wear and surface fatigue wear [66].

On the basis of the conducted tests and comparison of the obtained results with the
available literature sources, it should be concluded that Hadfield cast steel under abrasive
wear conditions shows advantages over steel of 500 HBW hardness and can be used
interchangeably with steel of 600 HBW hardness. However, it is steel of 650 HBW hardness
that shows the most favourable indices. In this case, recommended applications include
components subjected to significant surface pressure, such as screed and liner plates or
belts used for handling crushed (ground) materials. Hadfield steel is more practical for
use in cast components, considering primarily crusher jaws, for which contouring the
surface to the required shapes is difficult due to material strengthening during machining.
Under dynamic loading conditions, Hardox 500 (KCV 59 =60]/ cm?) or Hardox 600 steel
(KCV,20 = 40T /cm?) may show more favourable properties due to the possible decrease
in impact strength of Hadfield steel up to 25 J/cm?, conditioned by the coarse-grained
structure and carbide separations at grain boundaries [42]. Such components include bucket
wheel chutes, excavator bucket components or transfers, but in this case, the next research
step should be bench tests conducted to fully evaluate the serviceability of the analyzed
materials. In addition, due to the nature of the conducted test, Hardox 500 and Hardox
600 steels are recommended for components designed for light soil abrasion (classified in a
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number of standards), including ploughshares and cultivator ridges. Light soils involve
soils with a higher content of dry and loose sand, while heavier soils have higher amounts
of flowable fractions (dust and silt, causing grains bonding). Due to the nature of the work,
Hardox steel is preferable to Hadfield steel in this case-, what is determined by its -uniform
mechanical properties across the material.

5. Conclusions
Based on the presented results of the study, the following conclusions can be drawn:

- The microstructure of the analyzed high-manganese steels, used for parts of the
components in the mining industry, is composed of coarse-grained austenite with
precipitations of intermetallic phases within the grains and at their boundaries. Locally,
uncrystallized interdendritic spaces can be seen. The hardness is 299 HBW (sample 1,
designation GX120MnCr17-2) and 256 HBW (sample 2, designation L120G13T).

- The microstructure of Hardox steels is composed of fine lath tempering martensite;
however, in the case of steels with lower carbon content, i.e., Hardox 450 and Hardox
500, some areas of hardening martensite are observed. Hardness is in the range of
434-618 HBW.

- Abrasive wear resistance tests performed in the presence of a loose abrasive (electro-
corundum) show a linear relationship with respect to hardness within the martensitic
microstructures. On the other hand, both tested high-manganese steels show similar
wear rates to Hardox 600, that is to a steel with a hardness of 600 HBW.

- The main wear mechanism of high-manganese steels is microploughing, plastic defor-
mation and breakouts of larger fragments of material. In the case of Hardox 450 and
Hardox 500 steels, the predominant wear mechanisms are microploughing and break-
ing out of material fragments. As the hardness of the steel increases, the proportion of
wear by microcutting and scratching predominates.

- The above observations are confirmed by images of cross sections of surfaces subjected
to wear tests. The greatest change in profile height, width of grooves and their depth
is characterized by high-manganese steel. For Hardox 450 and Hardox 500 steels, the
deformation of the microstructure under the influence of the movement of abrasive
grains under pressure is characteristic. For Hardox 600 and Hardox Extreme steels,
sharp edges are observed, the resulting pits are narrower and shallower, and the
texture is less favoured and oriented (directed).
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