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Abstract

The article presents the test results on the technology of surface hardening of castings from unalloyed and low-alloy nodular cast iron
using the method of surface heat treatment, i.e., induction surface hardening and methods of thermochemical treatment, i.e. gas nitriding,
nitrocarburizing, and nitrocarburizing with oxidation. The scope of research included macro- and microhardness measurements using
Rockwell and Vickers methods, respectively, as well as metallographic microscopic examinations using a light microscope. Furthermore,
abrasive wear resistance tests were performed using the pin-on-disk method in the friction pair of nodular cast iron — SiC abrasive paper
and the reciprocating method in the friction pair of nodular cast iron — unalloyed steel. Analysis of the test results shows that the size and
depth of surface layer hardening strongly depend on the chemical composition of the nodular cast iron, determining its hardenability and
its ability to create diffusion layers. Medium induction surface hardening made it possible to strengthen the surface layer of the tested
nodular cast irons to the level of 700 HV0.5 with a hardening depth of up to approximately 4000um, while various variants of
thermochemical treatment provided surface hardness of up to 750 HVO0.5 with a hardening depth of up to approximately 200um.
Furthermore, induction surface hardening increased the resistance to abrasive wear of nodular cast iron castings, depending on the test
method, by an average of 70 and 45%, while thermochemical treatment on average by 15 and 60%.
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1. Introduction the appropriate material is not as obvious ar}d unambiguous' as it
appears. Eventually, the selection of a specific material resistant
to tribological wear is determined by the dominant wear
mechanism that occurs in the tribological system under
consideration. The characteristics of the material developed as a
result of the tribological wear resistance tests can help choose the
right material. There is no single universal test method to
determine resistance to tribological wear, as there are many types
of tribological wear [1-9]. Each type of tribological wear often

Resistance to abrasion wear is one of the essential properties
of engineering materials used to manufacture the working parts of
many machines. The working parts of the machine operate in very
different tribological systems that determine the appropriate
selection of materials for these parts. Selection criteria depend on
the actual wear mechanism, which is most often the sum of
various individual wear mechanisms. In this case, the selection of
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requires the use of materials with specific properties, which
allows us to say that there is no universal material resistant to all
forms of tribological wear. For this reason, new test equipment for
measuring wear in various tribological systems is constantly being
developed, frequently characterized by one dominant wear
mechanism, which can be helpful when choosing a material when
we can define the dominant wear mechanism of the machine part
under design. To minimize the risk of choosing an improper
material, some machine parts manufacturers are equipped with
test benches with a replica of the real machine [10-12] (e.g.
pumps, crushers, mills, etc.), often smaller in size, using modern
tools [13].

Nodular cast iron belongs to the group of casting engineering
materials that exhibit very good mechanical properties [14-16].
For this reason, this material is willingly used for the manufacture
of working machine parts in various industries [17-19] (mining,
metallurgical, automotive, mechanical engineering, construction,
etc.). Unfortunately, nodular cast iron cannot be classified as a
material with high resistance to abrasive wear, especially in
situations where the micro-cutting mechanism dominates [20-21].

This article describes research on improving the resistance to
abrasive wear in specific tribological systems of selected nodular
cast iron grades after surface heat treatment and thermochemical
treatment.

2. Aim, methodology, and the scope of
testing

The aim of the investigation was to determine the effect of
selected processes of surface hardening of the surface layer of
castings made of low-alloy nodular cast iron (melt W1 and W2)
and unalloyed (melt W3 and W4) on wear resistance in various
tribological systems.

Surface heat treatment covered induction surface hardening
using various process parameters. This process made it possible to
change the structure of the surface layer (to a depth of a few
millimetres) of a sample made of the cast iron under test. Thermal
chemical treatment included three processes: nitriding,
nitrocarburizing, and nitrocarburizing with oxidation. These

Table 1.
Selected properties of the cast irons tested in the as-cast state

processes ensure a change in the structure of the subsurface layer
of the sample only to a depth of about tens of micrometres.

Table 1 shows the short characteristics of the nodular cast
irons under test. Detailed chemical compositions of nodular cast
irons are the know-how, being the secret of the foundry —
beneficiary of the project under which they were developed, and
hence they are not provided. The tests were carried out using four
types of cast iron, W1 and W3 were nodular cast irons with
increased elongation (patent pending P.443934), while W2 and
W4 were nodular cast irons with increased strength (patent
pending P.443935). However, the ranges of the element
concentrations in the studied nodular cast iron W1-W4 are given
below [22]:

Gray cast iron grade GJS-700-4 comprises 0.30 to 0.50 wt.%
Mn, 0.03 to 0.08 wt.% Mg, less than 0.05 wt.% Cr, and less than
0.01 wt.% V. Additionally, it contains 3.10 to 3.45 wt.% C, 2.35
to 2.75 wt.% Si, less than 1.10 wt.% Ni, less than 0.50 wt.% Mo,
and 0.40 to 0.70 wt.% Cu.

Gray cast iron grade GJS-750-2 contains 0.35 to 0.55 wt.%
Mn, 0.03 to 0.08 wt.% Mg, less than 0.05 wt.% Cr, and less than
0.01 wt.% V. It also includes 3.20 to 3.45 wt.% C, 2.35 to 2.65
wt.% Si, 0.7 to 1.50 wt.% Ni, 0.30 to 0.50 wt.% Mo, and 0.40 to
0.70 wt.% Cu.

Gray cast iron grade GJS-600-6 comprises 0.30 to 0.50 wt.%
Mn, 0.03 to 0.08 wt.% Mg, less than 0.05 wt.% Cr, less than 0.01
wt.% V, less than 0.05 wt.% Ni, and less than 0.01 wt.% Mo.
Additionally, it contains 3.10 to 3.45 wt.% C, 2.35 to 2.75 wt.%
Si, and 0.40 to 0.70 wt.% Cu.

Gray cast iron grade GJS-650-3 contains 0.35 to 0.55 wt.%
Mn, 0.03 to 0.08 wt.% Mg, less than 0.05 wt.% Cer, less than 0.01
wt.% V, less than 0.05 wt.% Ni, and less than 0.01 wt.% Mo.
Additionally, it includes 3.20 to 3.45 wt.% C, 2.35 to 2.65 wt.%
Si, and 0.40 to 0.70 wt.% Cu.

The surface hardening and thermochemical treatment test
samples were prepared from test inputs obtained after melting in a
crucible induction furnace with a capacity of 50 kg. The test
samples were of the shape of a rectangular prism with dimensions
of 30x25x65 mm (width x thickness x length). Figure 1 shows a
trial ingot with marked locations of test sample cutouts.

Melt  Grade Hardness in the as-cast state, HB UTS, MPa Elongation, %
W1 GJS-700-4 269 803 4
W2 GJS-750-2 283 777 2
W3 GJS-600-6 283 649 6
W4 GJS-650-3 292 717 3
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Fig. 1. Trial ingot and test sample

3. Hardening processes of the test
sample surface layer

All activities related to the modification of the nodular cast
iron surface layers aimed at increasing the hardness in the area
exposed to abrasive wear, which was verified by using various
experimental methods for the assessment of the resistance to
abrasive wear. This article describes the melts made of selected
nodular cast iron grades subjected to various heat treatment and
thermochemical treatment processes, the aim of which was to
significantly increase the hardness in the surface layer of the
casting under test. The selected surface hardening methods differ
in the thickness of the hardened layer that can be obtained, which
may affect the applicability of these methods in different
tribological systems.

3.1. Induction surface hardening

The induction surface hardening process was carried out for
nodular cast iron samples with dimensions 35x25x65 mm. The
hardening process was performed on opposite surfaces with the
following dimensions: 35x65 mm. In the tests, an Elkon-made HI-
10/50 induction surface hardening machine operated at an
inductor supply frequency of 40.5 kHz (Fig. 2) was used. The
nodular cast iron hardening process was carried out using the feed
method, during which the inductor covered a small part of the
heated sample zone, moving at speed V while heating subsequent
zones. After leaving the inductor operating zone, the surface is
heated to the austenitizing temperature of the nodular cast iron
and was cooled by spraying a cooling liquid: 15% solution of
Aqua Quench 260 polymer in water at a temperature of 25°C.

a) b)
Fig. 2. Induction surface hardening:
a) view of the HI-10/50 Elkon hardening machine,
b) view of the feed type sample hardening process (1-inductor,
2-sample, 3-sample holder, 4-cooling liquid)

As part of the test, the induction surface hardening of the
nodular cast iron samples W1, W2, W3, and W4 was carried out,
applying each time the power of 20 kW (I =336 A) and using the
hardening speeds V =2.0; 2.5 and 3.0 mm/s.

A visual assessment of the quality of the hardened sample
surfaces was performed and the hardness was measured with the
Rockwell method using the universal hardness tester SBRV-100D
by SUNPOC and an indenter in the form of a diamond cone with
an apex angle of 120°, loaded with force 1,471 N (Rockwell HRC
scale). Visual tests show that the surface of all cast iron samples
after induction hardening was covered with a thin, dark layer of
sediment from the polymer coolant component. The presence of
the layer does not affect the technological suitability (the castings
are dedicated for the specific, heavy duty conditions) of surface-
hardened nodular cast iron. The parameters of the applied surface
hardening process did not induce the presence of partial melting-
type defects or cracks in any of the samples under test. Figure 3
shows an example of a set of test samples after surface hardening.
Figure 4 shows the results of the surface hardness measurements
of the samples, comparing them with the hardness of the test
samples in the as-cast state.
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Fig. 3. Induction hardened surface of nodular cast iron W2 test
samples at P =20 kW and V =2.0 mm/s, 2.5 mm/s and 3.0 mm/s

The scope of the study also included metallographic
examinations of microsections after surface hardening of nodular
cast iron samples, made by a standard method by grinding with
abrasive papers with grit size ranging from 200 to 1000 and
polishing by using a felt wheel with an aqueous mixture of Al2O3
using etching with Nital reagent with the following chemical
composition: 10 ¢m? nitric acid + 100 cm® ethanol. To precisely
determine the depth of hardening, microhardness measurements
were carried out using the Vickers method with an FM 700
microhardness tester manufactured by FUTURE-TECH and an
indenter in the form of a diamond pyramid loaded with 4.9 N
operating 8 s (scale tHV0.5 with automatic conversion to HRC).

Figure 5 shows the microstructure of low-alloy nodular cast
iron W1, in the area of the hardened layer, the tempered layer, the
transition zone, and the un-hardened core, respectively.

For low-alloy nodular cast irons W1 and W2, regardless of the
hardening rate used, the hardened layer contains a microstructure
composed of nodular graphite in a martensitic matrix with a small
amount of retained austenite. This type of hardened layer
microstructure transitions directly into the microstructure of the
unhardened core, which consists of nodular graphite in a pearlitic
matrix with a small amount of ferrite. However, for unalloyed

hardened la; er

transition layer

nodular cast irons W3 and W4, regardless of the hardening rate
used, the hardened layer, similar to that of W1 and W2 cast irons,
also has a microstructure composed of nodular graphite in a
martensitic matrix with a small amount of retained austenite.
Unlike W1 and W2 cast irons, the amount of martensite deeper in
the hardened layer decreases, giving way to bainite and then to a
mixture of bainite, pearlite, and ferrite. In the area of the
unhardened core, no bainite was observed in the matrix of nodular
graphite, but only pearlite with a small amount of ferrite.

®=WL =EW2 W3 =W4
70
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; \ \ \
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£ 2 \ \ \
\ \ \
10 N\ \ N
as cast V=2,0 mm/s V=2,5 mm/s V=3,0 mm/s
Sample condition
melt as cast V=2.0 V=2.5 V=3.0
mm/s mm/s mm/s
WI1 29 60 61,3 61
W2 30,3 60 60 59
W3 25,3 56 57 57
W4 25,3 59,3 59,6 55,3

Fig. 4. Impact of the induction surface hardening process on the
surface layer (HRC) hardness of the test samples

unhardened core

Fig. 5. Microstructure of nodular cast iron W1
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Figure 6 shows the distribution of matrix microhardness
measurements on the cross section of nodular cast iron W1
samples during the test under the condition after induction surface
hardening at different speeds. The figure shows the lines defining
the hardness of cast iron in the as-cast state (CS) and lines
defining the adopted criteria for the minimum hardness of the
hardened layer (DISS and DI41) equal to 55 HRC and 41 HRC,
respectively. Considering the above, it is easy to determine the
thickness of the hardened layer that meets the adopted criteria.
Tables 2 and 3 contain the summarized measurement results.
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Fig. 6. Hardness distribution in the cross section of nodular cast
iron samples W1 after induction surface hardening
at different speeds

Table 2.

HRC hardness distribution in the cross section of nodular cast iron
samples W1 and W2 after induction surface hardening at different
speeds

W1 W2
V=20 V=25 V=3.0 V=20 V=25 V=3.0

X mm mm/s mm/s mm/s mm/s mm/s mm/s
0.25 63.1 62.4 63.4 63.3 62.4 62
0.5 60 61.8 62.3 63.6 60.7 58.7
0.75 62 62.4 61 63.5 60.9 61.2

1 62.9 63.4 61.1 63 61 60.6
1.5 62.3 61.9 58.7 62.7 58.5 52.5
2 62.2 61.7 57 59.8 57.4 52.2
2.5 62.9 61.5 29.5 62 60.3 36.9
3 62.8 57.8 31.5 60.2 34.2 29.8
3.5 62.5 37.8 29.9 47.6 31.8 33.5
4 54.3 32.5 30.9 34.8 30 33.6
4.5 34.9 30 353 322 33.7 30.8
5 37.3 33 32.1 31.6 34 31

DI5S 4.00 mm 3.10 mm 2.10 mm 3.25 mm 2.70 mm 1.50 mm
DI41 4.30 mm 3.40 mm 2.20 mm 3.75 mm 3.00 mm 2.40 mm

Table 3

HRC hardness distribution in the cross section of nodular cast iron
samples W3 and W4 after induction surface hardening at different
speeds

W3 W4
V=20 V=25 V=30 V=20 V=25 V=30
mm/s mm/s mm/s mm/s mm/s mm/s
0.25 62.2 61.5 60.3 63.7 59.4 58.7

0.5 63.5 63.6 53.9 62.8 60.8 51
0.75 63 63 50.9 61.9 58.6 50.3
1 63.4 60.5 45.6 61.1 59 50
1.5 61 60.4 36.7 61.9 52 47.7
2 59.5 47.9 21.6 54.6 48.8 38.8
2.5 50.3 34.7 24.7 57.6 29.2 333
3 46.7 32.1 27.8 33.7 30.7 27.8
3.5 25.5 29.5 22 32.8 28.1 30
4 273 28 253 28.2 27.5 26.3
4.5 26 30 26.6 31.9 26 26.8
5 223 27.7 24 38.7 25.8 17.1

DI5S 2.25 mm 1.75 mm 0.50 mm 2.60 mm 1.40 mm 0.40 mm
DI41 3.25 mm 2.25 mm 1.25 mm 2.80 mm 2.25 mm 1.80 mm

Based on the analysis of the results obtained, it was found that
for nodular cast iron W1 the hardened layer depth DI41 ranges
from approximately 2.0 to approximately 4.0 mm, for nodular cast
iron W2 DI ~ 2.0+3.5 mm, for nodular cast iron W3 DI ~ 1.0+3.0
mm while for nodular cast iron W4 DI =~ 1.5+2.5 mm. Therefore,
it can be concluded that with the same process parameters for
low-alloy nodular cast irons, i.e. W1 and W2, it is possible to
obtain a greater depth of hardening compared to unalloyed
nodular cast irons W3 and W4. Furthermore, despite the presence
in the microstructure of unalloyed nodular cast irons, unlike low
alloy nodular cast irons, a transition zone containing bainite,
pearlite and ferrite, no “smoother transition” from the hardness
characteristic of the hardened layer to the hardness specific to the
unhardened core was found. It was also found that the value DI
for all nodular cast iron samples under test strongly depends on
the hardening rate, i.e. its increase causes a decrease in the depth
of the hardened layer.

3.2 Nitriding, nitrocarburizing, and
nitrocarburizing with oxidation

A set of test samples taken from nodular cast iron melts W1 to
W4 was subjected to thermochemical treatment, under which
three types of processes were performed, i.e. gas nitriding,
nitrocarburizing and nitrocarburizing with oxidation, which were
carried out at 540, 570 and 550°C, respectively with a duration
25, 4.5 and 8 h in an atmosphere of ammonia, ammonia and
carbon dioxide, and ammonia and carbon dioxide with subsequent
steam oxidation.

Figure 7 shows examples of test sample surfaces after the
thermochemical treatment processes.
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Fig. 7. Surfaces of test samples from the W1 melt after
completing the thermochemical treatment processes

- - S L ) £
Fig. 8. Structure of the hardened layer after nitriding of nodular
cast iron — W1 melt

A representative sample was selected for the complete testing of
each set (both process and melt). The thickness measurements,
Vickers microhardness measurements, and metallographic tests
were performed for the layer obtained. Figure 8 shows the
structure of the layer obtained after nitriding the nodular cast iron
from melt W1, the layer thicknesses of the created compounds gz
and the diffusion layer g determined according to the
microhardness criterion of the core (HV0.2 of core + 50 HV0.2).
Figure 9 shows an example of the microhardness distribution in
the cross section of the melt sample W1. On the basis of the
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microhardness distribution, the parameters characterizing the
layers obtained after the thermochemical treatment processes of
the nodular cast irons under test were determined. They are listed
in Table 4.
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Fig. 9. Distribution of the microhardness of the nodular cast irons

under test after nitriding

Analysis of the results obtained made it possible to find that,
for low-alloy and unalloyed nodular cast irons, the highest degree
of casting surface hardening is provided by the variant of gas
nitrocarburizing with oxidation. Due to the presence of an
increased concentration of Mo (up to 0.5%) in the chemical
composition, the low-alloy nodular cast irons W1 and W2 after
this type of thermochemical treatment obtain a hardness of up to
approximately 750 HV, which is higher as compared to the value
available for the unalloyed nodular cast irons W3 and W4, i.e. to
approximately 700 HV. Furthermore, the hardening depth, which
is the same as the thickness of the diffusion layer obtained in the
thermochemical treatment process, ranges from approx. 100 to
approx. 200um, wherein regardless of the treatment variant, the
upper limit is reached more often for low alloy cast iron W1 and
W2, while the lower limit is reached for unalloyed cast irons W3
and W4.

4. Testing the abrasive wear of the
samples

The resistance to abrasion is one of the important performance
components of engineering materials. Abrasion can occur in many
tribological systems that can be found in machines. The surface
hardening of the nodular cast iron under test have provided very
different parameters (thickness and hardness) of the layers
obtained, which had to change the abrasion test results in the trials
performed. It is commonly known that the hardness of the
working part significantly affects the service life in the
tribological system under consideration. The article presents the
results of abrasion tests in two different tribological systems. In
the system composed of metal (sample of nodular cast iron) —
fixed abrasive grains (the countersample is an abrasive paper with
a specific ceramic grit size), there was a significant difference in
the hardness of these system components. The second system
under analysis involves a metal sample (nodular cast iron) and a
metal countersample (steel sheet). In this case, the tested sample
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of nodular cast iron had a higher hardness compared to the steel
sheet. For both abrasive wear tests, a sample with geometrical

dimensions shown in Figure 10 was used. This sample was cut
from the test sample after the surface hardening process.

Table 4.
Results of the hardened layer after thermochemical treatment of the nodular cast irons under test
Melt
Measured parameter Wi w2 w3 W4
Nitriding
Surface hardness HV1 614 + 652 631 + 669 572 <611 521 + 566
Surface microhardness HV0.2  684+741 705 + 743 645 + 695 608 + 640
Diffusion layer thickness g [um] 180 170 130 140
Thickness of compounds layer gz 4+8 4+10 4+8 4+7
Core microhardness HV0.2 364 376 336 340
Core microhardness criterion (core + S0HV0.2) CH 414 426 386 390
Nitrocarburizing
Surface hardness HV1 622 + 652 602 + 696 556 629 511 =571
Surface microhardness HVO0.2 756 + 855 780 + 977 744 + 828 765 + 875
Diffusion layer thickness g [um] 150 140 90 110
Thickness of compounds layer gz 6+10 9+13 612 7+14
Core microhardness HV0.2 347 340 341 333
Core microhardness criterion (core + SOHV0.2) CH 397 390 391 383
Nitrocarburizing with oxidation
Surface hardness HV1 678 +744 625 + 728 623 694 567 ~ 654
Surface microhardness HVO0.2 742 + 956 873 + 965 846 ~ 917 810 +~ 858
Diffusion layer thickness g [um] 140 180 140 120
Thickness of compounds layer gz 6+ 14 9+16 7+12 615
Core microhardness HVO0.2 353 376 326 326
Core microhardness criterion (core + SOHV0.2) CH 403 426 376 376

65 MM~
} 40 mm
‘ -
£ i |
£ v
o @
[ap]
Y Ag
IS
- 25 mm < - 2Bmme 5

Fig. 10. Abrasive wear test sample and the method of collecting it
from the test sample

4.1. Abrasion test in the system of metal-fixed
abrasive grains using the pin-on-disk method

A test stand, developed in the Department of Foundry
Engineering at the Silesian University of Technology, was
utilized to assess abrasive wear. This apparatus is largely based on
the pin-on-disk testing method, where a pin-shaped sample is
pressed against a rotating disk to induce abrasive wear. In the
Tribotester 3-POD, three samples are simultaneously pressed
against a rotating disk, and these samples are also rotated within a
specialized holder. Figure 11 illustrates both the operational
diagram and the general appearance of this machine. The device
tests three samples concurrently, with each sample mounted in a
rotating holder that allows for individual pressure adjustments on
the abrasive disk. The abrasive disk used is a sandpaper wheel

with a specific grit size and type of abrasive grain. A new
abrasive disk is employed for each set of samples. The direction
of the abrasive disk’s rotation is opposite to that of the sample
holder. The machine’s adjustable parameters include the rotations
of the abrasive disk, rotations of the holder, sample pressure, type
of abrasive disk, and the duration of the experiment [22].

The following operational parameters were used for the
Tribotester 3-POD in the conducted tests:

- Sample dimensions: rectangular prism 10x15 (abraded
surface) x 25 mm,

- Abrasive disk: abrasive paper 80, aluminum oxide,

—  Abrasive disk speed: 170 rpm,

- Sample clamp speed: 300 rpm

—  Load per sample: 230 G,

- Abrasion path per cycle: 800 m,

- Total abrasion path: 4800 m,

—  Dry abrasion,

- Room temperature [22].

Weight loss was measured after each of the six measurement
cycles (total distance travelled by the sample: 6x800 m = 4800 m)
using scales with an accuracy of 0.001 g.

In this study, the Tribotester 3-POD stand was used to
conduct abrasion tests on nodular cast iron in its as-cast state and
after various surface treatments. The reference material used was
a low-alloy steel resistant to abrasive wear, commercially known
as CREUSABRO®8000 (marked as C8), with a hardness of 45
HRC. This reference material was consistently used for all
abrasive wear tests performed on the Tribotester 3-POD
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measuring stand at the Department of Foundry Engineering,
Silesian University of Technology [22].

Fig. 11. Diagram of the machine opration and general view of
the Tribotester 3-POD

Figure 12 shows the diagrams of abrasive wear in the full test
cycle for nodular cast iron samples W1 and W3 in the as-cast state
and after surface induction hardening at different induction
hardening speeds. Figure 13 shows the summary of the total wear
of all the nodular cast iron samples and the reference sample.
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Fig. 12. Diagrams of abrasive wear as a function of the abrasion
distance of samples for cast iron samples W1 (above) and W3
(below) after induction surface hardening and C8 reference in the
metal-abrasive paper tribological system
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Fig. 13. Total wear of the tested samples of nodular cast iron W1—
W4 in the as-cast state, after induction surface hardening and C8
reference sample in the metal-abrasive paper tribological system

Figure 14 shows the diagrams of abrasive wear in the full test
cycle for nodular cast iron melts W1 and W3 in the as-cast state,
after nitriding, nitrocarburizing, nitrocarburizing with oxidation
and the C8 reference sample. Figure 15 shows the summary of
total abrasive wear for all nodular cast iron samples in the as-cast
state, after nitriding, nitrocarburizing, nitrocarburizing with
oxidation and the C8 reference sample. Table 5 summarizes the
measurement results of the total abrasive wear for the tested
samples and determines the decrease in abrasive wear as
compared to the as-cast state of the cast iron under test.
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Fig. 14. Diagrams of abrasive wear in the full test cycle in the as-
cast state, after nitriding, nitrocarburizing, nitrocarburizing with
oxidation of samples for cast iron samples W1 (above) and W3
(below)and the C8 reference sample in the metal-abrasive paper
tribological system
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Fig. 15. Total wear of the tested samples of nodular cast iron W1—
W4 in the as-cast state, after nitriding, nitrocarburizing,
nitrocarburizing with oxidation, and the C8 reference sample in

the metal-abrasive paper tribological system

Table S.

Results of the measurement of abrasive wear for samples in a
tribological system metal (sample) — fixed ceramic grains
(abrasive paper)

Surface hardening Diffusion hardening
Sample  Am, g Wear Sample Am, g Wear
reduction®, reduction*,
% %

W1 0.827 W1 0.827

W1 2 0.520 37% W1 N 0.665 20%
WI1 25 0260 69% W1 NC 0.792 4%
W1 3 0.267 68% W1 NCO  0.730 12%
w2 0.902 W2 0.902

W2 2 0.347 62% W2 N 0.647 28%
W2 25 0.189 79% W2 NC 0.784 13%
W2 3 0.221 75% W2 NCO 0.616 32%
w3 1.104 W3 1.104

W3 2 0.384 65% W3 N 0.869 21%
W3 25 0.223 80% W3 NC 1.078 2%
W3 3 0.331 76% W3 NCO  1.058 4%
W4 1.336 W4 1.336

W4 2 0.385 71% W4 N 0.980 27%
W4 25  0.265 80% W4 NC 1.187 11%
W4 3 0.326 76% W4 NCO  1.071 20%

*cast iron reduction compared to as-cast cast iron state

4.2 Reciprocating metal-to-metal abrasion test

A tribological machine was employed in the tests. This
machine features a drive section, which includes an electric
motor, belt transmission, gear transmission, and a crank
mechanism. The operational section comprises a jaw chuck that
executes a reciprocating (horizontal) motion and a vertically
movable table, where a static force is applied using a lever
system. Figure 16 presents the kinematic diagram and the general
appearance of the machine.

Fig. 16. Stand kinematic diagram and the general view of the
machine 1-load-bearing frame, 2-reducer, 3-slider with a chuck,
4-connecting rod, S-countersample, 6-set of countersample
guides, 7-lever loading system, 8-set of weights, 9-set of slide
guides, 10-sample

Samples with a cross-sectional area (abraded surface) of
10x15 mm and a height of 25 mm were examined. All samples
were consistently mounted in the holder of the tribological
machine. Each measurement cycle involved recording the weight
loss of the material after completing 1500 cycles of the system's
reciprocating motion, with each sample covering a distance of 150
m. A steel plate of grade S235 served as the countersample. The
applied load on each sample was 50 N. Prior to testing, all
samples were lapped to ensure full contact with the
countersample. Weight loss was measured after each complete
test cycle (150 m covered by the sample) using scales with an
accuracy of 0.001 g. The scales were calibrated with mass
standards before each test cycle to ensure accuracy, with a
measurement error of +0.001 g. During the tests, the air
temperature in the laboratory was maintained at 21°C +0.5°C
[22].

Table 6 summarizes the measurement results of the abrasive
wear for the tested samples and determines the decrease in the
abrasive wear compared to the as-cast state of the cast iron under
test. Figures 17 and 18 summarize the total wear of all samples of
nodular cast iron tested in the as-cast state, after induction surface
hardening, after nitriding, nitrocarburizing, and nitrocarburizing
with oxidation.
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Table 6.
Measurement results of abrasive wear for samples in a
tribological system metal (sample) — metal (counter sample — steel
plate grade S235).
Surface hardening

Diffusion hardening

Sample  Am, g Wear Sample Am, g Wear
reduction*, reduction*,
% %

Wi 0.014 W1 0.014

W1 2 0.009 36% W1 N 0.005 64%
W1 2.5  0.006 57% W1 NC 0.010 29%
W1 3 0.007 50% W1 NCO  0.006 57%
W2 0.012 W2 0.012

W2 2 0.009 25% W2 N 0.004 67%
W2 2.5  0.005 58% W2 NC 0.004 67%
W2 3 0.007 42% W2 NCO  0.008 33%
W3 0.021 W3 0.021

W3 2 0.011 48% W3 N 0.007 67%
W3 25  0.009 57% W3 NC 0.005 76%
W3 3 0.009 57% W3 NCO  0.010 52%
W4 0.019 W4 0.019

W4 2 0.012 37% W4 N 0.004 79%
W4 2.5  0.008 58% W4 NC 0.005 74%
W4 3 0.014 26% W4 NCO  0.010 47%

*cast iron reduction compared to as-cast cast iron state
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Fig. 17. Results of the test of the abrasion resistance of samples
after hardening at different speeds (2.0, 2.5, 3.0 mm/s) for the
sample reciprocating motion in the metal-to-metal tribological
system
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Fig. 18. Results of testing the abrasive wear of samples after
nitriding (_N), nitrocarburizing (_NC), and nitrocarburizing with
oxidation (_ NCO) for the sample reciprocating motion in the

metal-to-metal tribological system

5. Summary and conclusions

When analyzing the results of the abrasive wear test in the
tribological system of metal-fixed abrasive grains, it is evident
that surface hardening treatment significantly improves the
resistance to abrasive wear of the tested nodular cast iron. It is
also clear that there is an optimal hardening speed (2.5 mm/s),
which maximizes abrasion resistance. Based on the induction
surface hardening tests, a cast iron sample from the W2 melt can
be selected to achieve the best abrasion resistance regardless of
the surface hardening parameters, even though it was not the best
in its as-cast state. In some cases, an improvement in abrasion
resistance of up to 80% was observed compared to the as-cast
state of the tested cast iron (W2, W3, and W4 melts). The high
hardness of the hardened layer of nodular cast iron and the several
millimetre thickness of this layer subjected to the abrasion test
with ceramic grains play a significant role.

If the surface layer hardening of nodular cast iron was
performed using diffusion hardening methods, the abrasion
resistance increased by a maximum of about 20% compared to the
as-cast state, with the increase often being only a few percent.
Although the hardness of the layer achieved through diffusion
hardening was high, its thickness was around 100 pm. This
limited thickness likely contributed to the material's low abrasion
resistance in the analyzed tribological system. It should be noted
that the hardness of the surface layers obtained through both
induction surface hardening and diffusion hardening methods for
the tested nodular cast iron does not significantly enhance
abrasion resistance in the metal-ceramic grain combination (with
the ceramic grains used in the abrasion test having a Mohs
hardness of approximately 9.2). Instead, these methods merely
slow the rate of wear. In this context, the thickness of the
hardened layer plays a crucial role.

Abrasive wear tests in the metal-to-metal tribological system
for nodular cast iron, hardened by surface or diffusion methods,
showed similar abrasion resistance. The countersample used had a
hardness of about 200 HB, much lower than the analyzed layers,
leading to positive results. Frequently, wear reduction exceeded
50% compared to the untreated nodular cast iron (without heat or
thermochemical processing).

Based on the tests, the following conclusions were drawn:

1. The hardening treatment of the working part made of the
tested nodular cast irons is justified only if the tribological
system of the cooperating working parts is known.

2. If the tribological system includes a part with hardness
much higher than that of the layer generated in nodular cast
iron, the use of thin layers (diffusion hardening) becomes
unjustified. In such cases, the use of thicker layers (surface
hardening) will only reduce the rate of abrasive wear of the
analyzed part.

3. Induction surface hardening with properly selected process
parameters can significantly improve the resistance to
abrasive wear in the tested tribological systems, especially
for unalloyed nodular cast irons.

4.  Diffusion hardening significantly increases the resistance to
abrasive wear in the metal-to-metal tribological system if
the hardness of the second working part does not exceed the
hardness of the hardened layer. The layer of compounds
with high microhardness (> 800 HV0.2) can be fully

34 ARCHIVES of FOUNDRY ENGINEERING Volume 24, Issue 3/2024, 25-35



utilized in the hardened layer, but the thickness of this layer
is low (approximately 10 um).
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