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Abstract: The types and volume fractions of the carbonaceous phases present in the microstructures
of cast irons strongly influence their properties. In the case of materials used commercially for tools,
an important parameter with regard to their use is the resistance to abrasion wear. Cementite is the
main reinforcing phase in cast irons and is present in significant quantities. In addition, cast irons
contain graphite precipitates, which also affect wear by interacting with the matrix of the alloys.
In this study, abrasive wear tests were carried out on a group of cast irons with different chemical
compositions and, consequently, different microstructural morphologies. Due to the wide scatter of
the results and the commercial rather than laboratory nature of the alloys studied, it was decided to
use analysis of variance (ANOVA) to determine whether there was a statistically significant difference
between the volume fractions of the carbonaceous phases. The volume fractions of graphite and
ledeburite were then related to the results of the tribological tests. Statistical analysis confirmed
significant differences in the results obtained for the alloys tested. A continuous increase in the
volume fractions of both graphite and ledeburitic cementite is unfavourable in terms of the wear
resistance and friction coefficient values. Optimum results can be obtained by balancing the volume
fractions of the two phases observed. In addition, the phase composition of the material matrix plays
an important role in wear, as the differences in the matrix of the tested alloys modify the nature of the
influence of cementite and graphite on the wear.

Keywords: tribology; friction coefficient; cast iron; microstructure

1. Introduction

Carbides play an important role in the microstructures of tool materials. Particularly
for materials such as cast iron, it is important to achieve an appropriate volume fraction
and morphology in terms of the carbide phases in the alloy. In particular, for materials
containing a significant volume fraction of carbide precipitates, their presence should be
associated with an increase in wear resistance [1–5].

An analysis of the effect of the carbon content on the wear of high-carbon tool iron
alloys shows that for materials containing less than 2.5 wt.% carbon, the wear resistance of
the material is largely determined by the matrix of the material being investigated. As the
carbon content increases, the importance of the carbides present in the matrix increases.
In the case of high-stress rolling–sliding contact, carbon contents close to 2.5% show the
best properties. Here, carbides, together with a martensitic matrix and thermodynamically
stable retained austenite, effectively increase tribological wear resistance. In contrast, a
significant increase in the proportion of the carbide phase in the material leads to cracking
of the carbides and their subsequent removal from the matrix, which intensifies the wear
processes [6–8]. A continuous increase in the volume fraction of carbide precipitates will
also create a fracture problem. An increase in the volume fraction of carbides can lead
to chipping and cracking, which intensify the wear process. The cracking of carbides
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precipitated in a complex morphology increases as the forces applied to the material during
the test increase. It has been observed that the fracture toughness of the material increases
as the heterogeneity of the distribution of the carbides in the microstructure and their size
increases [7,9–14].

In the case of cast irons containing graphite in the matrix, the main concern is the role
of the material matrix in wear. Graphite is considered to be a structural element that, by
reducing the carbon concentration, can alter the surrounding matrix and soften the material.
It can be observed that, in the case of spheroidal graphite, its effect on material wear is
negligible. The deformation of the graphite regions and the surrounding matrix as a result
of high stresses during the tribological testing could lead to a reduction in wear resistance.
In the case of an impact wear mechanism, graphite areas can provide easy nucleation sites
for fracture formation [2,15–18].

The complexity of the wear processes for high-carbon steels has led to the assumption
that it is reasonable to use statistical tools to evaluate the influence of individual material
structure elements on the final wear resistance of the material being tested. This approach
is already used in various aspects of materials testing. It is often used in the testing of
sintered materials, where the microstructure contains significant porosity, which can lead
to substantial variations in the results, particularly in terms of the mechanical properties.
Statistical analysis of variance (ANOVA) has been used to optimise the sintering process
and heat treatment of sintered Fe–Mn–Cr–Mo–C steels. Analysis of variance was used
to determine the relationship between the sintering temperature, sintering atmosphere
and heat treatment parameters. It was possible to identify the main variables influencing
the hardness results obtained [19–21]. In tribological studies, ANOVA was also used to
determine the effect of lubricants on the microstructure and surface quality of steel after
machining. The results of the statistical analysis indicate that the use of the correct amount
and type of oil has a significant influence on the tool wear and the condition of the material
surface after machining, both from an environmental and economic point of view [22].
ANOVA was also used to evaluate the results of tribological tests on aluminium matrix
composites, where the influence of manufacturing parameters on the tribological properties
of these alloys was analysed. The morphology and distribution of the reinforcing phases
were analysed and confirmed as the main parameters affecting the wear resistance and
friction coefficient values [23].

In order to describe the influence of the carbides and graphite present in high-carbon
materials, it was decided to use commercially available cast irons and to obtain test material
from decommissioned metallurgical rolls. All the alloys studied are designed for use
in severe abrasive wear conditions, so describing the influence of their microstructures
on tribological wear is an interesting issue. In addition, material obtained from tools
in industrial use allows the actual state of the microstructure to be studied, rather than
material produced in a laboratory under controlled conditions.

As the alloys studied are commercial alloys, it was important to confirm the sig-
nificance of the differences observed in the microstructures of the studied materials. In
addition, the chemical compositions of the materials tested are similar, so it is important to
confirm the statistical differences between them. The use of analysis of variance (ANOVA)
provides an indication of the extent to which a variable influences the outcome of the test.
ANOVA was used to indicate the statistical significance of the effect of the volume fractions
of ledeburitic cementite and graphite on the tribological test results.

2. Materials and Methods

The test materials included seven commercially used cast irons designed for use in
steel mill rolls. The materials tested were selected on the basis of their wide range of
chemical compositions, all being within the range of sub-eutectic cast irons containing both
ledeburitic cementite and graphite. The chemical compositions of the alloys studied are
given in Table 1.
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Table 1. Chemical compositions of investigated materials (The materials are sourced from M. Buczek
Steelworks, Sosnowiec, Poland).

ID Material
Chemical Composition (wt.%)

C Mn Si P S Cr Ni Mo

P1 EN-GJS-330 NiMoCr8-5 3.32 0.72 1.40 0.08 0.01 0.28 2.06 0.52

P2 EN-GJS-350 NiCr6-2 3.46 0.41 1.35 0.04 0.01 0.39 1.46 0.17

P3 EN-GJS-300 SiNiCr8-6-2 3.04 0.72 2.19 0.10 0.08 0.48 1.32 0.31

P4 EN-GJS-350 NiMoCr12-8-3 3.45 0.65 1.40 - - 0.7 3.07 0.86

P5 EN-GJS-320 NiSiCrMo14-8-3 3.22 0.51 2.16 0.06 0.01 0.71 3.45 0.62

P6 EN-GJL-350 NiCrMo13-4 3.45 0.53 0.65 - - 1.03 3.23 0.44

P7 EN-GJL-350 CrNiMo6-5-3 3.50 0.74 1.22 0.06 0.02 1.37 1.23 0.32

The carbon content of the tested materials varies around 3 wt.% (3.04–3.50%). Signifi-
cant differences can be observed in the contents of other alloying elements, such as nickel
(1.23–3.45%), chromium (0.28–1.37%), silicon (0.65–2.19%) and molybdenum (0.17–0.86%).
The high carbon, nickel and silicon contents result in the presence of graphite in the
microstructures of the alloys tested.

Tribological tests on the alloys studied were carried out using a T-05 tribometer in
a block-on-ring friction system (Institute for Sustainable Technologies, Radom, Poland)
with a friction distance of 1000 m. The tests were performed under a load of 100 N,
without lubricant. A counter sample of 100Cr6 bearing steel, heat-treated to a hardness
of 52 ± 2 HRC, was used in the friction node. The tribological tests involved recording
changes in the friction force values and measuring the amount of wear, expressed as the
mass loss of the specimen after the tribological tests. The specimens used for the tests were
4 × 4 × 20 mm. Six independent wear tests were carried out for each test material. Before
and after each test, each specimen was weighed on a laboratory balance (ABP 100-4M
balance, MERAZNET, Poznan, Poland).

The next stage of the research was to analyse the microstructure of the material
in the cross-section of the worn surface. The microstructure of the material was then
documented using a light microscope (AxioVERT 200MAT, Zeiss, Chrzanów, Poland).
Photographs of the microstructure were used to carry out a quantitative analysis of the
carbide precipitates present in the studied alloys, i.e., the volume fractions of graphite and
ledeburite carbides. The volume fraction of the carbide phases was estimated using the
SigmaSccan Pro software (SPPSS Inc., San Jose CA, USA, 4.0 Version). Ten independent
measurements were performed for each material tested. Each measurement was performed
on the new area of the material. Hardness tests were also carried out using a Vickers
indenter with a load of 294 N (SHV-5000M, PowerTech S.C., Grojec, Poland). The high load
during the test allowed macroscopic hardness analysis to be carried out, with no significant
scatter due to the strengthening phases present in the material. For each sample, three
measurements were taken on the surfaces subjected to friction after the tribological tests.

The results of the tribological tests, along with the hardness measurements and the
quantitative measurements from the microstructure analysis, were used for statistical
analysis. One-factor and two-factor analyses were carried out. The one-factor analysis was
carried out to confirm the statistical differences between the materials analysed. The results
of the ANOVA analysis, together with the post hoc Tukey test, allowed the grouping of
the tested materials according to the statistical differences in the tested parameters. The
two-factor analysis showed the influence of the material microstructure on the tribological
test results and the role of the material hardness in the wear process. A confidence level of
α = 0.05 was used to verify the statistical hypotheses. Statistical analysis was performed
using Minitab software (distributed by TQMSoft, Kraków, Poland) (https://www.minitab.
com/en-us/support/minitab/minitab-software-updates/).

https://www.minitab.com/en-us/support/minitab/minitab-software-updates/
https://www.minitab.com/en-us/support/minitab/minitab-software-updates/
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3. Results
3.1. Tribological Tests Results and Microstructure of the Investigated Material

The first stage of the research was to carry out tribological tests on the analysed
materials. The results of the tribological tests for all the alloys studied are presented in
Table 2. The table also includes the average hardness of each of the cast irons.

Table 2. Results of tribological tests and hardness measurements for the cast irons under investigation.

ID Average Mass Loss [mg] Average Coefficient of Friction Hardness [HV 30]

P1 0.175 ± 0.070 0.53 ± 0.11 315 ± 58

P2 0.225 ± 0.063 0.41 ± 0.06 263 ± 33

P3 0.400 ± 0.070 0.35 ± 0.05 303 ± 33

P4 0.150 ± 0.014 0.35 ± 0.07 484 ± 19

P5 0.165 ± 0.021 0.51 ± 0.10 389 ± 33

P6 0.775 ± 0.021 0.47 ± 0.04 269 ± 59

P7 0.440 ± 0.027 0.36 ± 0.03 355 ± 40

The tests carried out show noticeable differences in the tribological test results for
each of the cast irons. To better illustrate the differences between the alloys tested, the
measurement results are shown in Figure 1.
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Analysing the results obtained, it can be concluded that the materials tested show an
observable difference in terms of the mass loss, coefficient of friction and hardness. The
correlation between the parameters tested is not easy to establish. It can be observed that in
the case of the P4, P5 and P6 alloys, an increase in the mass loss is observed as the hardness
of the materials decreases. Simultaneously, the hardness similarity of alloys P1, P2, P3 and
P6 does not correspond to their wear resistance. As a result, the hardness of the materials
tested could not be considered the most important factor in determining the wear resistance
of the materials. Similarly, the friction coefficient averages obtained during testing do not
directly correlate with the observed bulk wear values of the alloys or their hardness. It
was decided to correlate the results of the tribological tests with the microstructures of
the materials. In order to characterise the microstructure, it was decided to carry out a
quantitative analysis of the precipitates present in the material, which are expected to play
an important role in the wear [24–27]. The first stage of this research was to document the
microstructures of the alloys studied. Images of the microstructure of each of the cast irons
are shown in Figure 2.
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The results of the microstructural documentation showed that all the materials tested
were characterised by the presence of both eutectic carbides and graphite precipitates
in their microstructure. The cementite and graphite precipitates were identified in the
representative microstructure photographs. The first cast iron is characterised by a pearlitic
matrix with precipitates of ledeburitic cementite and spheroidal graphite. The clear den-
dritic character of the material microstructure is observed. Clear bands of segregated
ledeburitic carbides are observed. A similar composition in terms of the material mi-
crostructure can be observed for the second alloy, although the graphite precipitates are
larger than for the first alloy. The volume fraction of ledeburitic cementite in the P2 alloy
microstructure is lower compared to alloy P1. Alloy P3 is characterised by a pearlitic matrix
with spheroidal graphite and ledeburitic cementite precipitates. The cementite precipitates
are smaller than in P1 and P2. In the case of the P4 cast iron, the matrix of the material is
bainite. The morphology of the precipitates in this alloy is similar to the P1 alloy. Alloy
P5 is characterised by a pearlitic–bainitic matrix, which is morphologically similar to the
microstructure of alloy P3. Compared to the third cast iron, the cementite precipitates in
the microstructure of alloy P5 are larger. In contrast, cast irons P6 and P7 are characterised
by the flake-like morphology of the graphite and bainitic matrix observed for alloy P6 and
pearlitic for alloy P7, respectively. In addition, the volume fraction of ledeburitic cementite
precipitates in the material matrix is higher in alloy P7 than in alloy P6.

Analysis of the microstructures of the alloys studied reveals significant differences
between them. The different phases observed in the matrix influence the hardness of the
alloys studied. It can be observed that the hardness of the materials increases with the
appearance of bainite in the microstructure (P4−Figure 2). However, this relationship does
not apply to all the materials. In the case of alloy P6, the hardness of the material is similar
to that of materials P1–P3, although the matrix of material P6 is bainite and that of P1–P3
is perlite.

3.2. Quantitative Analysis of Precipitate Volume Fractions in the Microstructures of Materials
under Investigation

The quantitative analysis of the microstructures of the alloys studied was focused on
when determining changes in the volume fractions of carbon-containing phases in the al-
loys studied. The main parameter was the volume fractions of cementite and graphite. The
studied parameter was determined from randomly taken photographs of the microstruc-
tures of the analysed materials. The results of the quantitative analysis of the changes in
the volume fractions of ledeburitic cementite and graphite are presented in Table 3.

Table 3. Volume fractions of the precipitates studied in the analysed alloys.

Cast iron under investigation

P1 P2 P3 P4 P5 P6 P7

Graphite by volume, %

10.91 ± 2.29 14.44 ± 3.12 10.23 ± 1.98 7.98 ± 1.40 12.24 ± 1.81 14.88 ± 1.28 8.05 ± 1.51

Volume fraction of ledeburitic cementite, %

28.59 ± 2.65 13.76 ± 2.75 16.24 ± 1.99 33.79 ± 2.80 24.31 ± 2.68 24.10 ± 2.24 43.83 ± 1.82

Analysis of the changes in the graphite content and ledeburite precipitates shows
some correlation between their volume fractions. When comparing the P1 and P2 alloys,
an increase in the graphite content can be observed. The graphite content then decreases
in the P3 and P4 cast irons compared to P2. Cast irons P5 and P6 have a higher graphite
content, reaching a value similar to that of cast iron P2. Sample P7 has a lower volumetric
graphite content than P6, comparable to material P4. An inverse relationship is observed
for the ledeburitic cementite content. Changes in the cementite volume fraction are the
inverse of changes in the graphite content, with the magnitude of the changes in the
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ledeburitic cementite volume fraction being greater than the changes in the graphite content.
Larger changes in the cementite content are associated with lower carbon concentrations in
cementite compared to graphite.

3.2.1. Analysis of Variance (ANOVA) for the Investigated Materials

The results of the microstructure and hardness tests were analysed by means of
ANOVA (both one-factor and two-factor) using Minitab statistical software. One-factor
ANOVA was used to evaluate the significance of the differences in the materials tested-
percentage of graphite and ledeburitic cementite and hardness. A two-factor ANOVA was
used to assess the dependence of the tribological parameters-mass loss and coefficient of
friction-on the microstructure (volume fractions of graphite and ledeburitic cementite) and
hardness of the cast irons tested.

The results of the one-factor analysis of variance, carried out using the Minitab statisti-
cal program, are presented in Table 4. The results of the analysis are limited to the F-statistic
(F-value), p-value for ANOVA, R2 and p-value for Leven’s test.

Table 4. Compilation of one-factor ANOVA results.

Outcome
Parameter F-Value ANOVA

p-Value R2,%
Adjusted

R2,%
p-Value

Levene Test

% graphite 19.27 0.00 64.73 61.37 0.437

% cementite 176.64 0.00 94.39 93.85 0.847

HV 27.82 0.00 77.31 74.53 0.532

The ANOVA performed for the graphite, ledeburitic cementite volume fraction and
hardness (Table 4) showed that, in all cases, the null hypothesis of the equality of the means
for individual cast irons should be rejected. A p-value of 0.00 at an assumed significance
level of 0.05 indicates that at least some of the cast irons tested differ significantly in terms of
the parameters analysed. Based on the results obtained, it can be observed that the factors
that most significantly influence the properties of the alloys studied are the cementite
content and hardness. The strength of the influence of the factors was assessed via the
value of the R2 coefficient. The weakest relationship is observed for the percentage of
graphite. The hardness of the alloys tested is influenced by the other factors analysed and
therefore further analysis was required. As the null hypothesis of the equality of the means
at all levels was rejected, Tukey’s post hoc tests were performed and the results are shown
in Table 5.

Table 5. Results of the Tukey post hoc tests for graphite %, ledeburitic cementite % and hardness of
the materials under investigation.

% graphite % led. cementite Hardness, HV

ID Mean Grouping ID Mean Grouping ID Mean Grouping

P6 14.87 A P7 43.83 A P4 483.9 A

P2 14.44 A P4 33.79 B P5 389.0 B

P5 12.24 A B P1 28.59 C P7 355.8 B C

P1 10.91 B P5 24.31 D P1 314.5 C D

P3 10.23 B C P6 24.11 D P3 302.9 C D

P7 8.05 C P3 16.23 E P6 269.4 D

P4 7.98 C P2 13.76 E P2 262.6 D

Based on the results of the Tukey tests, the cast irons were divided into five groups for
each phase (% graphite, % cementite, hardness). Each group is characterised by a different
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volume fraction of the examined phase or hardness. The differences between the groups
are statistically significant. For example, the volume fractions of graphite for the P6, P2 and
P5 cast irons are statistically the same but different from group B, which contains the P5, P1
and P3 alloys, although from the statistical point of view, the P5 cast iron is not statistically
different from the P2 and P1 alloys. However, there is a statistical difference between the
P1 and P2 alloys.

For the volume fraction of graphite, the greatest differences in the mean values are
between groups A (represented by samples P6 and P2) and C (represented by samples P7
and P4). In the case of the cementite percentage, samples P7, P4 and P1, labelled A, B and
C, respectively, are statistically different from the others, which significantly affects the
result of the analysis. In the case of hardness in the Tukey test, its value for cast iron P4 is
the only one that does not repeat throughout the test.

3.2.2. Two-Way ANOVA for the Investigated Materials

In order to evaluate the influence of carbide precipitates on the hardness and tribolog-
ical properties of the cast irons tested, a two-factor analysis of variance was carried out,
which required appropriate data preparation.

Based on the results of the Tukey test (Table 5), the cast irons were divided into groups
that differed (statistically) in the volume fractions of graphite (Table 6) and ledeburitic
cementite (Table 7).

Table 6. Graphite volume fraction groups based on Tukey post hoc test results for the cast
irons studied.

Structural Component Group Cast Iron

Graphite I (A) P2, P6

Graphite II (A, B) P5

Graphite III (B) P1

Graphite IV (B, C) P3

Graphite V (C) P7, P4

Table 7. Cementite volume fraction groups for the investigated cast irons based on the results of the
Tukey post hoc tests.

Structural Component Group Cast Iron

Cementite I (A) P7

Cementite II (B) P4

Cementite III (C) P1

Cementite IV (D) P5, P6

Cementite V (E) P3, P2

Based on the data presented in Tables 5 and 6 above, two-dimensional matrices were
constructed showing the average values of the hardness (Table 8), friction coefficient
(Table 9) and mass loss (Table 10) for each group of cast irons. To facilitate visual assessment
of the results, the lowest values have been highlighted in green and the highest in red
Intermediate colours between red and green indicate intermediate measurement values.
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Table 8. Matrix of hardness values for each cast iron, sorted to the corresponding volume fractions of
graphite and cementite.

Graphite

I (A) II (A, B) III (B) IV (B, C) V (C)

C
em

en
ti

te
I (A) 296 372 335 329 420
II (B) 339 436 399 393 420
III (C) 282 352 315 309 385
IV (D) 307 329 324 320 375
V (E) 278 318 293 283 351

Table 9. Matrix of friction coefficient values for each cast iron, sorted to the corresponding volume
fractions of graphite and cementite.

Graphite

I (A) II (A, B) III (B) IV (B, C) V (C)

C
em

en
ti

te

I (A) 0.41 0.44 0.45 0.36 0.36
II (B) 0.41 0.43 0.44 0.35 0.36
III (C) 0.47 0.52 0.53 0.44 0.41
IV (D) 0.46 0.49 0.50 0.44 0.42
V (E) 0.41 0.42 0.43 0.38 0.37

Table 10. Matrix of mass loss after the tribological tests for each cast iron, sorted to the corresponding
volume fractions of graphite and cementite.

Graphite

I (A) II (A, B) III (B) IV (B, C) V (C)

C
em

en
ti

te

I (A) 0.49 0.31 0.32 0.43 0.30
II (B) 0.39 0.16 0.17 0.28 0.30
III (C) 0.40 0.18 0.18 0.29 0.26
IV (D) 0.39 0.48 0.38 0.45 0.39
V (E) 0.47 0.27 0.27 0.32 0.31

The matrices prepared in this way (Tables 8–10) were used to perform a two-factor
ANOVA where the first factor was the graphite content of the cast irons and the second
factor was the volume fraction of cementite. The results of the analysis are shown in
Table 11.

Table 11. Compilation of two-factor ANOVA results.

Outcome
Parameter

ANOVA
p-Value R2, %

Friction coef. 0.00 96.74

Mass loss 0.00 79.89

Hardness, HV 0.00 93.08

The two-factor analysis of variance performed showed a relationship between the
volume fractions of ledeburitic cementite and graphite as well as the tribological properties
and hardness. The numerical values obtained from the analysis show that the carbide
phases have the strongest effect on the friction coefficient and hardness of the material.
The R2 coefficient for these variables is the highest. In contrast, the lowest value of the R2

coefficient was obtained for the mass loss.
On the basis of the results obtained from the two-factor analysis of variance and the

values obtained for the R2 coefficients of determination, it was decided to analyse the
relationship between the hardness of the materials tested and the values of the coefficient
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of friction and mass loss for the cast irons investigated. The linear regression plot for this
comparison, together with the marked confidence interval (green area) and prediction
interval (purple area) for a statistical probability value of 95%, are shown in Figure 3.
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(a) friction coefficient, and (b) mass loss.

Analysis of the results obtained shows that the coefficient of friction determined for
the materials tested does not depend on the hardness of the materials tested. The regression
results obtained show that the goodness of fit R2 is only 7%. Similarly, in the case of the
Pearson coefficient, the value is around 0.26. These values are small and there is a risk
that the hardness of the tested materials does not have a significant effect on the observed
friction coefficient values, which depend on other material parameters. As in the case
of the coefficient of friction, it is also observed that the mass loss of the test specimens
decreases with increasing hardness. However, the coefficient of determination R2 is only
26.6%, indicating that the observed relationship is also weak. Based on these analyses,
it can be concluded that material hardness is not the main parameter responsible for the
tribological properties of the tested alloys (Figure 3).

The next comparison was to relate the mass loss values and the friction coefficient to
the ledeburitic cementite volume fraction for the materials tested. The regression curve
with the prediction lines and confidence interval is shown in Figure 4.
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Similarly, when analysing the effect of hardness on the average friction coefficient
and mass loss of the samples, it can be observed that an increase in the volume fraction of
ledeburitic cementite in the materials studied does not show a simple linear correlation
with either the friction coefficient value or the mass loss of the samples. The correlation
coefficient R2 is approximately 2.7% for the average friction coefficient and 0.2% for the
mass loss of the samples. As in the case of hardness, the influence of the changes in the
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volume fraction of ledeburitic cementite on the results of the tribological tests cannot be
explained by a linear relationship.

The regression curve with the prediction ranges for the effect of the changes in the
volume fraction of graphite on the average coefficient of friction and mass loss of the
samples is shown in Figure 5.
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By analysing the correlations between the changes in the volume fraction of graphite
and the value of the friction coefficient and mass loss, it can be observed that both param-
eters from the tribological test increase as the volume fraction of graphite increases. The
value of the correlation coefficient R2 is 28.8% for the friction coefficient and 12.3% for the
mass loss, respectively. The strength of the correlation, as in the case of hardness and the
changes in the volume fraction of cementite, is very weak.

However, this is a comparison of the effect of one parameter on the studied variable. It
was therefore decided to compare the results of the tribological tests with the results of the
graphite and ledeburitic cementite volume fractions for each of the alloys analysed. The
results of the comparison of the effects of the ledeburitic cementite and graphite contents
on the mass loss and friction coefficient are shown in Figure 6. The value of the friction
coefficient is presented in the form of a colour map, as same as in Tables 8–10.
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If the results of the tribological tests are compared with the volume fractions of
cementite and graphite, it can be seen that the lowest mass loss values are observed for
alloys P1, P2, P4 and P5. These alloys are characterised by a practically linear relationship
of change between the cementite and graphite volume fractions. As the volume fraction
of graphite increases, a gradual decrease in the cementite content is observed. In contrast,



Lubricants 2023, 11, 498 12 of 15

in materials such as P6 and P7, where extreme values for the proportion of graphite and
ledeburite are observed, the values are higher (Figure 6a). The higher ledeburitic cementite
content has a greater influence on the increase in the wear resistance of the material.
Conversely, the highest volume fraction of graphite results in the lowest wear resistance.

Analysing the changes in the coefficient of friction, it can be seen that the highest value
of this parameter is observed for alloys P1 and P5. On the other hand, the lowest value is
observed for alloys P3, P4 and P7. Alloys P2 and P6 have intermediate values (Figure 6b).
No direct relationship is observed between the amount of graphite or ledeburitic cementite
and the change in the coefficient of friction during the test. It can also be observed that
the coefficient of friction is not related to the wear resistance of the material. For the
two lowest values of mass loss (P4 and P5 alloys), the values of the coefficient of friction
are extremely different.

4. Discussion

The research carried out shows the high complexity of the friction process of the
cast irons studied. The study of the materials used commercially in industry poses some
problems due to their considerable diversity. It is not possible, as in the case of materi-
als obtained under laboratory conditions, to specify a single parameter to be analysed.
Therefore, the use of statistical tools in the analysis of commercial materials is highly jus-
tified. The use of ANOVA made it possible to confirm the significance of the differences
observed in the materials. The results of the microstructure and hardness analyses differed
significantly for each of the cast irons tested. This was particularly significant in terms
of the significant scatter in the results resulting from the non-equilibrium nature of the
material crystallisation. It was subsequently demonstrated that the volume fraction of
carbon-rich phases has a statistically significant influence on the tribological properties
and hardness of the alloys tested. However, clear conclusions regarding the differences
observed cannot be drawn from the use of statistical tools. It has been shown that the
hardness of the material, which is usually considered to be a determinant of wear resistance,
does not show a strong correlation with the results obtained from the tribological tests.
For the volume fractions of cementite and graphite, similar results were obtained. The
relation between the changes in the volume fraction of the phases tested and the tribological
test results cannot be accurately described by a simple linear relationship. However, the
influence of the volume fractions of graphite and ledeburitic cementite on the tribological
test results was confirmed to be statistically significant. Therefore, the observed differences
in the tribological test results may be related to changes in the volume fractions of the two
microstructural components considered in terms of balancing their volume fractions in
the material. In particular, it can be observed that this is relevant for the mass loss of the
specimens after the tribological test. The lowest values of mass consumption are observed
for a linear relationship between the volume fractions of ledeburitic cementite and graphite.
When this dependence is close to linear, the lowest wear values are observed (Figure 6a).
At the same time, a significant decrease in the amount of cementite results in the more
intensive wear of the sample (alloy P2). When there are significantly more carbides in
the microstructure (alloy P7), the increase in the mass loss of the sample is related to the
presence of large areas of cementite that can fracture during the test. When the carbide
content is lower than the assumed linear relationship (alloy P3), they do not effectively
strengthen the alloy to improve its wear resistance. This is related to the morphology of
the carbide precipitates in the material. For materials containing a significant amount of
cementite, a smaller size of precipitates is conducive to improved wear resistance. On the
other hand, with a higher graphite content, the presence of larger cementite precipitates
effectively reduces the wear resistance of the material. It can be seen that at the highest
graphite content (around 14%), a reduction in the carbide content is more favourable in
terms of abrasive wear. In the case of the similar graphite content observed in the P2 and
P6 materials, the higher cementite content did not improve the wear resistance. The matrix
of the material tested is also important. It can be observed that, in the case of samples
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with a pearlitic matrix, the highest wear resistance is exhibited by material P1, which is
characterised by the highest content of ledeburitic cementite. On the other hand, where the
proportion of this structural component is comparable to that of the P2 and P3 alloys, the
size of the cementite precipitates is important, with larger precipitates leading to a greater
improvement in wear resistance. In the case of the bainitic specimens, their mass loss is at
a very low level, although a higher volume fraction of ledeburite reduces the mass loss,
albeit only slightly. As the ledeburitic cementite content increases, the wear resistance of
the material improves.

It is not possible to draw such far-reaching conclusions when analysing the changes in
the coefficient of friction values. It can be assumed that the tested materials can be divided
into three groups with regard to the value of the coefficient of friction. The first group
is characterised by a low coefficient of friction. The second group is characterised by an
average value of the coefficient of friction and the third group by the highest value of this
parameter. The presence of a large number of fine cementite precipitates is significant in
the first group. An increase in the graphite content does not cause any changes in the
coefficient of friction, as long as it is compensated for by a decrease in the proportion of
ledeburite of about the same size. In the second group, intermediate friction coefficient
values are observed for the alloys with the largest areas of ledeburitic cementite and high
graphite contents. The spherical morphology of graphite is conducive to lower friction
coefficient values, probably related to the more homogeneous strengthening of the material
(Figure 1c). In the third group, both a high graphite content and ledeburitic cementite
content are observed, which may be reflected in a high coefficient of friction value.

5. Conclusions

As a result of this research work, the following conclusions can be drawn:

1. The commercial cast irons studied, which are characterised by a sub-eutectic chemical
composition, show both statistically significant differences in the volume fractions of
ledeburitic cementite and graphite present in the microstructure. Differences are also
observed in the matrix of the alloys studied.

2. Using two-factor analysis of variance, it can be seen that the volume fraction of
ledeburitic cementite, the volume fraction of graphite and the hardness of the alloy
have a statistically significant effect on the mass loss of the test specimens and the
coefficient of friction value obtained during the test.

3. The relationship between the hardness of the tested material and the mass loss of the
specimens and the average value of the coefficient of friction shows a small R2 value.
Therefore, a simple relationship between the hardness of the tested alloys and the
results of the tribological test cannot be established. The influence of the hardness
of the tested alloy is related to the material strengthening via ledeburitic cementite
precipitation and the material matrix.

4. A comparison of the volume fractions of graphite and ledeburitic cementite with the
coefficient of friction and mass loss also shows no clear relationship. It can be observed
that the dependence of the mass loss of the samples and the friction coefficient on
the volume fraction of graphite shows a more linear character than for the volume
fraction of cementite. However, it is still a very weak correlation. An increase in the
volume fraction of graphite should be compensated for by a decrease in the proportion
of cementite. An increase in the cementite content will result in an increase in the
coefficient of friction. Spheroidal graphite precipitation will reduce the coefficient
of friction.

5. In the case of the sample mass loss, the main influencing factor is the morphology
of the cementite and the balanced volume fractions of graphite and cementite. It is
observed that, in the case of a high ledeburitic cementite content, its smaller precipi-
tates effectively improve the wear resistance of the material. On the other hand, when
there is a high amount of graphite in the microstructure, an alloy with a lower volume
fraction of ledeburitic cementite shows higher wear resistance. A higher amount of



Lubricants 2023, 11, 498 14 of 15

cementite results in higher material wear for a high volume fraction of graphite and
comparable alloy hardness., which may be related to the chipping of the ledeburitic
cementite particles during friction testing.
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