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Abstract

The article presents the results of metallographic and tribological tests on GX120MnCr13 cast steel that was previously subjected to heat
treatment (including solution treatment from 1100°C and isothermal holding at 250, 400, and 600°C for 100 hours). The temperatures of the
isothermal holding process were selected in order to reflect the possible working conditions of the cast elements that can be made of this
cast steel. Wear tests were carried out under dry friction conditions using the ball-on-disc method using a ZrO: ball as a counter-sample. The
tests were carried out with a load of 5 N. The influence of the long-term isothermal holding process on the microstructure of the tested cast
steel was analysed by light and scanning microscopy; however, abrasion marks were also examined using a confocal microscope. Based on
the tests conducted, it was found that in the microstructures of the sample after solution treatment and samples that were held in isothermal
condition at 250 and 400°C, the grain boundary areas were enriched in Mn and Cr compared to the areas inside the grains. Pearlite appeared
in the sample that was heated (or held in isothermal holding) at 600°C; its share reached 41.6%. The presence of pearlite in the austenitic
matrix increased the hardness to 351.4 HV1o0. The hardness of the remaining tested samples was within a range of 221.8-229.1 HV1o.
Increasing the hardness of the tested cast steel directly resulted in a reduction in the degree of wear as well as the volume, area, and width
of the abrasion marks. A microscopic analysis of the wear marks showed that the dominant process of the abrasive wear of the tested friction
pair was the detachment and displacement of the tested material through the indentation as a result of the cyclical impact of the counter-
sample.
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1. Introduction appreciated in the mining and power industries (e.g. elements of
coal mills) [3, 4] as well as railways [5, 6]; i.e. where there are
difficult working conditions. This results primarily from the
complexity of the phenomena that occur during the wear and cause
the plastic deformation of the cooperating surfaces of cast

High-manganese cast steel that contains 1.0% C and about 13%
Mn (also called Hadfield cast steel) belongs to the group of wear-
resistant materials [1-3]. This is a material that is particularly
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elements. In [7], it was pointed out that, when testing the abrasive
wear of Hadfield steel that works in an aqueous abrasive
environment, even the pH value of the abrasive solution and the
size of the abrasive particles should be taken into account.

An inseparable phenomenon that occurs during the operation
of cast elements are changes in the structure of the material itself
that are related to temperature changes during the operation of
elements that are made of this cast steel, for example [2]. Such an
effect can be seen in impact crushers at high hammer speeds. As a
result of increasing the temperature of the material during the
operation of the hammers, the appearance of acicular precipitates
of manganese cementite and their accelerated cracking may occur
[8, 9]. At a temperature of about 550°C, pearlite may be formed
after one hour; this can reach up to 22% of the structure, reducing
the ductility and increasing the brittleness of Hadfield steel [10].
According to Martin et al., the beginning of the diffusion trans-
formation of the pearlite begins at temperatures of above 450°C
and depends on the time of the isothermal holding [10]. At first, the
pearlite begins to form on the grain boundaries and, later, in the
forms of islands inside them. At the same time, the austenitic matrix
is depleted of its C and Mn [11]. With a lamellar
structure/morphology, the manganese cementite (Fe, Mn)sC that is
present in the pearlite increases the hardness and brittleness of the
pearlite areas as compared to the austenitic matrix. In turn, this
reduces the properties of Hadfield steel. According to research
[11], a 20-30% share of pearlite in the Hadfield steel structure is
responsible for significant reductions in elongation, contraction,
and tensile strength. The cementite that can be observed in high-
manganese cast steels with the addition of Cr is additionally
enriched in Cr, which contributes to the increase in the hardness of
the cast steel [12].

Many publications [13, 14] have drawn attention to the role of
the chemical composition and modification of Hadfield steel and
cast steel on their properties. This has been the direction of the
research of many research centres, because the type and
morphology of the carbides that are produced in the matrix can
improve the wear resistance. The basic elements that are introduced
into high-manganese cast steel in order to produce primary carbides
are Ti [15-17], V [18], or Nb [19].

The wear rate of Hadfield steel at various loads within a range
of 2.5-15 N and the change in the content of C and Mn were the
subjects of research by Giirol et al. [20]. They pointed out the
decrease in the rate of wear with the increase in the contents of
these elements (but only at loads of up to 10 N). When the load was
increased to 15 N, there was a sharp increase in the wear rate due
to the additional presence of particles that formed during the test.
The authors of the paper [21] came to similar conclusions; they
noticed that increasing the Mn content to 18% and adding Cr
(2.3%) contributed to an increase in wear resistance under dry
friction conditions (with a load of 10 N) when compared to the
classic GX120Mn13 cast steel. It is well-known that the rate of
wear mainly depends on two factors: the microstructure, and the
hardness of the alloy [22, 23]. In the case of Hadfield cast steel,
changes in its microstructure and hardness are also caused by its
earlier hardening (which reduces the wear later) [24]. Interesting
results regarding wear resistance were presented by the authors of
[25]; they found that introducing Mg into Hadfield steel in its as-
cast state reduces the wear rate by up to 300% as compared to
conventional heat treated material. Their results confirmed that the
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amount of wear depends on the morphology of the phases that are
present in the alloy. However, the presented results did not show
the impact of the hardness on wear resistance.

The aim of the research that was conducted by the authors of
this paper was to demonstrate the influence of the microstructure
of GX120MnCrl13 cast steel castings that were obtained during
isothermal holdings at 250, 400, and 600°C for 100 hours on its
wear. The isothermal holding temperatures were selected in such a
way that they corresponded to the range of extreme operating
temperatures of castings that are made of this cast steel. In addition,
isothermal holding was carried out at a temperature of 600°C (at
which pearlite is present in the austenitic matrix according to
thermodynamic calculations). In the tests, a holding time of 100
hours was assumed to obtain the maximum possible amount of the
pearlitic phase in each instance. The authors assumed that the
presence of evenly distributed pearlite islands in the austenitic
matrix could increase the resistance to abrasive wear under a load
of 5N.

2. Materials and methods

High-manganese GX120MnCr13 cast steel that was melted in
a laboratory induction electric furnace was used for this study. The
charge for melting was composed of manganese and carbon cast
steel scrap and ferroalloys, which were used to supplement the
chemical composition. Al and Ca-Si were used for deoxidation;
then, the bath was modified with Fe-Ti. The analysis of the
chemical composition of the melted alloy was performed using the
Foundry-Master spark spectrometer by Oxford Instruments
Industrial Analysis. The chemical composition of the tested cast
steel is shown in Table 1. The cast Y-type test ingot (with
dimensions: 180x180x60 mm) was subjected to heat treatment
(which included solution treatment from 1100°C / water cooling
(sample designation H1). Samples with dimensions of 20x25x10
mm were cut from the surface located 10 mm from the bottom
surface of the ingot. Then, it was cut into parts using a Labotom-5
cutter from Struers. Parts of the ingot were subjected to isothermal
holding at temperatures of 250 (sample designation H2), 400
(sample designation H4), and 600°C (sample designation H6) for
100 hours / air cooling.

The thermodynamic modelling was performed using
ThermoCalc software (Version 2019a) with the TCFE7 database.

The samples for the metallographic tests were etched in a 3%
solution of HNOs acid and ethyl alcohol. Observations of the
microstructures of the samples in the states after solution treatment
and after isothermal holding were carried out using a Leica MEF
4M light microscope at magnifications of 100 and 500x along with
two scanning microscopes: a JEOL JSM 7100 F with an EDS
detector from Oxford Instruments, and a Mira Tescan with an
Ultim Max EDS detector from Oxford Instruments. The
microstructure observations on the scanning microscope were
carried out at magnifications within a range of 100-20,000x.

The surface fraction of pearlite in the microstructure of the cast
steel sample marked “H6” was determined using a LeicaQWin
automatic image analyser cooperating with the Leica MEF 4M
light microscope. Measurements were performed on the
microstructure images at a 200x magnification. The pearlite
dispersion was measured on randomly selected SEM images that
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were obtained at a 7,500x magnification. On each of the images,
five measuring segments with a length that corresponded to 5um in
reality were marked. The measurements were performed in
accordance with the methodology that is presented in the literature
[26]. Hardness tests were carried out via the Vickers method using
a Nexus 4000 hardness tester by Innovatest using loads of 10 and
0.1 N (HV10 and HVo.1) [28]. For each sample / phase, five hardness
measurements were made.

An abrasive wear resistance test was carried out at room
temperature (25 +1°C) under the conditions of technically dry
friction in the system sample (tested cast steel) — the counter-
sample (a ZrOz ball with a diameter of 3 mm). The tests were
carried out on an Elbit tribotester using the ball-on-disc method.
The following parameters were used during the test: load — 5 N;
distance — 1000 m; diameter of wear mark —5 mm; and test duration
—10,000 s [29]. Figure 1 shows the friction node.

Analyses of the wear areas were carried out after the ball-on-
disc tests using the microscopes that were previously used to
observe the microstructure along with a LEXT™ OLS5100 3D
laser confocal microscope by OLYMPUS, which was equipped
with specialised LEXT software for image analysis. The confocal
microscope made it possible to carry out measurements and record
images of the examined surfaces in two modes: microscopic, and
confocal (with the use of a 20x objective). This microscope used a
beam of light from the visible spectrum with a wavelength of A =
405 nm.

Fig. 1. Friction pair

3. Results and Discussion

3.1. Thermodynamic predictions of phases
equilibrium fractions

The influence of the chemical composition of the tested cast
steel on the phase-separation process was calculated via the

Table 1.
Chemical compositions of tested GX120MnCr13 cast steel
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ThermoCalc program using the equilibrium model. The obtained
results are shown in Figure 2. On their basis, it was found that
cementite and/or ferrite were present within a temperature range of
570-920°C. At the isothermal holding temperatures that were
adopted for the tests, pearlite may, thus, occur in the microstructure
of the tested cast steel only after an isothermal holding around or
under 600°C. According to [10, 11], the pearlitic reaction in high-
manganese steel proceeds relatively quickly and increasing the C
content from 0.80 to 1.00% accelerates the reaction six-fold. With
a C content of 1%, three phases coexist in the alloy: austenite,
cementite, and ferrite (stable within a range of 490-625°C). The
cementite that occurs within this temperature range is strongly
enriched in Mn [11].
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Fig. 2. Participation of phases during cooling of tested cast
steel within temperature range of 200-1100°C: FCC —
austenite; BCC — ferrite, cementite M23Cs and M7Cs3 carbides

3.2. Microstructure and hardness

The high contents of C (1.00%) and Mn (14.58%) in the tested
GX120MnCr13 cast steel caused that, after the solution treatment,
it was characterised by a microstructure of stable austenite with
non-metallic inclusions (Fig. 3). SEM-EDS studies showed that the
average Mn content in the grain boundary areas was 13.40-15.50%,
and the Cr content was 1.60-1.70% (Fig. 3b, c). The applied
solution treatment did not fully remove the element segregation
effect associated with the phenomenon of crystallization of cast
materials. After the isothermal holdings for 100 hours at a
temperature of 250°C, the presence of Mn and Cr segregation
between the grain boundaries and their interiors could also be found
in the microstructure. An example of the analysis of the chemical
composition of a microarea is shown in Figure 4.

Element content, wt. %

Data source

C Mn Si P S Cr Al Ti
Standard UN 1.05 11.00 0.30 1.50
1.3410 [27] 135 14.00 099 <0060  <0.045 250 -
Melt 1.00 1458 0.60 __ 0.059 0.003 167 0.002 0.05
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Fig. 3. Example of microstructure of tested cast steel after solution treatment (sample H1) — etching with Nital reagent: (a) light
microscope; (b) scanning microscope, analysis of chemical composition from grain boundaries (c) and inside of grain (d) along with X-ray
spectrum
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Fig. 4. Example of microstructure (a) and analysis of chemical composition from grain boundaries and inside of grain along with X-ray
spectrum (b, c) for cast steel after isothermal holding at 250°C for 100 hours (sample H2) — scanning microscope
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In the cast steel isothermal holding at 400°C (sample H4), the
segregation of Mn and Cr could also be found between the grain
boundary areas and their interiors. The Mn and Cr contents in these
areas were comparable to sample H2. The conducted
microstructure studies additionally showed the presence of fine
precipitates on the grain boundaries (Figs. 5 and 6). The chemical

austenite

grain boundary

a)

composition analysis revealed high contents of Mn (28.31-
30.04%) and Cr (9.81-11.63%) (Fig. 6). Due to the fact that Mn
and Cr are carbide-forming elements, these precipitates were likely
complex carbides (Fe, Mn, Cr)sC that nucleated at the grain
boundaries [30].

b) -

Fig. 5. Microstructure of cast steel after isothermal holding at 400°C for 100 hours (sample H4) — etching with Nital reagent: (a) light
microscope (100x magnification); (b) scanning microscope (3500x magnification)
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Fig. 6. Example of microstructure (a) and analysis of chemical composition from grain boundaries along with X-ray spectrum (b) for cast
steel after isothermal holding at 400°C for 100 hours (sample H4) — scanning microscope

After an isothermal holding at 600°C for 100 hours, the
investigated cast steel was characterised by a markedly different
microstructure (Figs. 7, 8). The tests showed the presence of
numerous islands of lamellar perlite in the microstructure (Fig. 8);
the share of this phase was about 41.62%. The obtained
microstructures are not directly confirmed in the thermodynamic
studies presented in Fig. 2. This is probably related to the research
on the cast material, which is characterized by heterogeneity of the
structure (segregation of elements) despite the heat treatment. In
addition, conducting isothermal holding for 100 hours may have
deepened this phenomenon.

The average pearlite dispersion in the tested cast steel was 0.2
pm (the results ranged from 0.148 to 0.297 um). According to the
literature [23], the perlite’s dispersion as well as its type [31] can
affect a casting’s hardness and abrasion resistance [32]. Based on
the microhardness tests, the average perlite hardness was 357.4
HVo.. The difference between the hardness of the pearlite and the
cast steel matrix reached 35 HVoi (Table 2); which may
significantly affect the wear processes of the tested cast steel. The
results of the hardness and microhardness measurements of the
tested steel are presented in Table 2.
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Fig. 7. Microstructure of cast steel after isothermal holding at 600°C for 100 hours (sample H6) — light microscope, etching with Nital
reagent: (a) 100x magnification; (b) 500x magnification

Fig. 8. Microstructure of cast steel after isothermal holding at 600°C for 100 hours (sample H6) — snnin microscope, etching with Nital
reagent: (a) 1500x magnification; (b) 20000x magnification

Table 2.

Values of Vickers hardness of tested cast steel (averages of five measurements)

samples Hardness Star)dz?rd Microhardness Standard deviation
HV1o deviation phases, HVo.1
H1 — after solution treatment 221.8 5.19 matrix: 267.16 4.67
H2 —250°C / 100 hours 224.2 3.25 matrix: 258.30 5.11
H4 — 400°C / 100 hours 229.1 3.65 matrix: 256.42 6.61
erlite: 357.40 24.2
H6 —600°C / 100 hours 351.4 6.41 pmatrix: 32260 8.46

3.3. Test ball on disc

Figure 9 shows the changes in the friction coefficient of the
tested materials during the ball-on-disc test, and Table 3
summarizes the results of the tribological tests of the
GX120MnCr13 cast steel samples. The initial lapping time for all
of the tested materials did not exceed 800s. The coefficient of
friction of all of the materials during the initial period of the test
had low values (below 0.15 for samples H1, H2, and H6, and 0.25
for sample H4) and then increased rapidly. The friction coefficients
that were obtained for the tested samples were unstable and
changed during the test; it was only after about 5000-7000s of the
test duration that the values of the coefficients stabilised and took
on values of approx. 0.4-0.5 (samples H1 and H4), approx. 0.4
(sample H6), and approx. 0.3-0.4 (sample H2). The conducted tests

showed that the coefficient of friction did not depend on the
isothermal holding temperature of the tested samples. The lowest
average coefficient of friction was obtained for the cast steel that
was isothermal holding at 250°C, and the highest could be found in
the cast steel that was isothermal holding at 400°C. The coefficients
of friction of the starting material and after isothermal holding at
600°C were 0.37 and 0.33, respectively. It should be noted that
quite clear fluctuations of the friction coefficient appeared after
5000s in the cases of the materials after isothermal holding at 250°
and 400°C (Fig. 9). This is probably due to their lower hardness
compared to H6 (austenite - pearlite) and the additional occurrence
of microsegregation in the microstructure in the areas of grain
boundaries and the presence of manganese cementite precipitates.
According to [33], such a phenomenon can be considered to be the
initiation of local deformation strengthening on the worn surface.
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According to [22, 34], such changes in the friction coefficient were,
in turn, caused by the initial formation of abrasive spalling (debris)
and their subsequent participation in the rubbing pair. According to
[22, 35], loose hard particles that accumulate on a sliding surface

contribute to a change in the coefficient of friction and a
0.6
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simultaneous decrease in mass loss. The reduction of mass losses
that was noted in [22] resulted from the fact that the counter sample
did not move directly over the material but rather over loose
particles that accumulated in the trace of the abrasion.
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Fig. 9. COF curves of cast steel with testing times

Table 3.
Results for wear rate, and friction coefficient of tested cast steel

Wear rate-10-14

Samples Ball Friction coefficient p

W, m%/N
H1 710, 7.85 0.37
H2 7.59 0.29
H4 1150HV 7.08 0.40
H6 4.28 0.33

Based on the research carried out in this article, the authors did
not note any significant changes in the masses of the tested
samples; this may have been due to the 5 N load that was used in
the test. Another factor that may have also affected the wear was
the segregation of Mn and Cr that was found by the authors within
the grain boundaries of the tested H2 and H4 cast steel samples and
the presence of pearlite in H6.

The calculated wear rate of the tested cast steel was controlled
by the initial hardness of the samples. The main mechanism of the
cast steel deterioration was abrasive wear. Sample H6 (which
contained perlite in its microstructure) was characterised by better
wear resistance (likely caused by its presence). The perlite clearly
decreased the rate of wear as compared to the other tested samples
(Fig. 10). The wear rate that was obtained for the cast steel with
pearlite was 4.28-10"1* m?/N; for all of the other variants of the
tested material, this exceeded a value of 7-10"14 m2/N.

In high-manganese cast steels, the wear race changes
depending on the applied load and/or changes in the content of the
main elements, i.e. C and Mn [20]. These elements significantly
increase the hardness of cast steel, contributing to the increase in
wear resistance. In our case, the tests were carried out with a
constant load of 5 N and a constant content of C and Mn, while
withstanding we influenced the change in the microstructure of the
tested cast steel. Based on the obtained test results, we can conclude
that the wear rate is also significantly influenced by the
microstructure.
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Fig. 10. Specific wear rate of tested cast steel

The analysis of the microstructure of abrasion marks confirmed
a lower degree of wear of the cast steel that was isothermal holding
at 600°C (Table 3, Figure 11). Figures 11 b, d, f, and h show
exemplary profiles of abrasion marks that reflect the degree of the
plastic deformation of the tested material. These profiles consisted
of distinctive areas: one below the reference line, and two above it.
The first one determined the wear depth of the wear mark, while
the other two characteristic bulges on either side corresponded to
the plastic deformation of the tested material. For sample H6, the
bulges at the edges of the wear mark became marginal as compared
to the other samples (Fig. 11h). The quantitative characteristics of
the abrasion trace profiles are presented in Table 4. The calculated
average sizes of the areas below the reference lines for samples H1,
H2 and H4 were similar (amounting to 12,558.4, 12,150.5, and
11,336.2 um?, respectively), while the sample H6 area was close to
half the size (amounting to 6850 um?). Similar changes also applied
to the volumes and widths of the obtained abrasion marks (Table
4). It was found that, in the middle part of the wear trace, the depths
and widths of the plastic deformation areas depended on the
hardness of the sample. Analysing the obtained results, one cannot
ignore the possibility of the formation of adhesive bonds between
the loss pair. Their breaking led to the tearing of the fragments of
one material of the friction pair by the other (which can be seen in
Figures 12-14, and 15a).
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Table 4.
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Quantitative characterisation of abrasion profiles that were obtained on tested materials

Volume, Surface area, Width of abrasion marks,
Samples 3 2
pm pm pwm
H1 16,646.6 12,558.4 374.4
H2 20,360.0 12,150.5 295.4
H4 17,645.4 11,336.2 336.6
H6 4,584.1 6,850.3 280.1

*volumes and surface areas — averages of 4 measurements; widths of abrasion marks — averages of 20 measurements (four places on

track times five measurements)

3.4. SEM microstructure of wear surface

The complexity of the processes that occur during dry friction
result from factors that are related to the abrasive material (e.g.
microstructure, hardness, thermal conductivity) as well as the test
conditions (e.g. type of counter-sample and load, temperature,
time). These make it difficult to unambiguously determine the
mechanism of the wear. The local increase in temperature as a
result of the dry friction of the tested materials cause that the
tribological wear is also accompanied by tribochemical reactions.
In the case of the tested material, these were primarily the oxidation
processes that occurred between the vapor and the loss. The

(a)

presence of oxides on the surfaces of the wipe marks that contained
Mn (8.2-9.94%), Cr (1.0-1.2%), and ball-derived Zr (6.2-8.6%)
(Fig. 12c, d) may have increased the intensity of the abrasion. This
occurred when the oxides did not adhere tightly to the surfaces of
the wipe marks; they cracked and detached due to the cyclic action
of the counter-specimen (Figs. 13, 14a, 15). The detached
fragments of the oxide layer could move freely in the spaces
between the ball and the tested cast steels. In addition, the matrix
of the tested material was exposed locally; this was confirmed by
the analyses of the chemical composition of SEM-EDS (Fig. 13d).
This was clearly visible on the wear trace of sample H2, while
fewer places could be observed on the traces of samples H4 and H6
(Figs. 13-15) [20].
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Spectrum Label/point Wt %
11 2714 040 1.06 9.94 5530 6.15
12 33.10 0.33 1.13 9.5 4835 7.94
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Average 32.7 1.1 89 492 78
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Fig. 12. Wear surfaces with analysis of chemical composition of areas on traces of abrasion (sample H2): (a) light microscope; (b)
scanning microscope; (c) spot analysis (scanning microscope); (d) X-ray spectrum from wipe trace (scanning microscope)
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Fig. 13. Wear surfaces with analysis of chemical composition of areas on traces of abrasion (sample H2): (a,b) scanning microscope; (c)
mean of point analysis (scanning microscope): (d) X-ray spectrum from wipe trace (scanning microscope)
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Fig. 14. Wear surfaces with spalling pattern — scanning microscope (500x magnification): (a) sample H4; (b) sample H6
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Fig. 15. Wear surfaces with spalling pattern (sample H6) — scanning microscope: (a) 2000x magnification; (b) 5000x magnification

4. Conclusions

The process of the isothermal holding of GX120MnCr13 cast
steel at 250 and 400°C for 100 hours not significantly affected its
microstructure. In both cases, enrichments of Mn and Cr in the
grain boundaries could be found when compared to their interiors.
And in the case of the sample that was held at 400°C, precipitates
that were enriched in Mn and Cr were additionally found on the
grain boundaries.

After heating the tested cast steel at 600°C, it was found that
the islands of lamellar pearlite were evenly distributed throughout
the microstructure (their share was 41.6%). The pearlite
microhardness was 357.4 HVo.1; this resulted in an increase from
221 HV1o (after solution treatment) to 351.4 HV 10 (after heating at
600°C) in the hardness of the tested cast steel.

An analysis of the results of the ball-on-disc test showed that
both the volume and the surfaces area that was obtained for the cast
steel that contained evenly distributed islands of pearlite in the
matrix were the smallest (4584.1 um?® 6850.3 um?, respectively)
when compared to the other samples. For the cast steel after
solution treatment, these values were 16,646.6 pm?® and 12,558.4
um?, respectively. For the cast steel with the pearlite in the matrix,
a reduction in the width of the wear trace could also be found.

The conducted observations of the abrasion marks showed that
the dominant phenomena that occurred between the tested rubbing
pair were the cracking, detachment, and displacement of the tested
material as a result of the cyclical impact of the counter-sample
(ZrO2 ball).
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