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The results obtained in the study help to explain the degradation process of
the nitrided steel compound layer. Compound layers with different properties
on gas-nitrided H10 tool steel blocks were tested for wear with ‘‘block on hot Al
cylinder’’. Degradation processes were observed on both compound layers with
different properties and at three contact pressures. In order to observe the
degradation processes in the compound layers, the wear tests were inter-
rupted at various fixed time intervals and the resulting changes were closely
monitored. The comprehensive analysis highlighted the complexity of the
degradation process in the compound layers and emphasized the existence of
complex relationships between the above-mentioned parameters. The reaction
of the nitrided steel surface with hot Al is more pronounced in areas with
lower contact pressure, while adhesive removal and furrow formation are
pronounced in areas with low and medium contact pressure. This process
begins with a sufficient density of the areas where islands of adhesive removal
are located, their enlargement during the test, the breaking up of the walls
between them, and finally the removal of the compound layer in the sliding
direction, which appears as furrowing in the final phase of wear.

INTRODUCTION

Extending the service life of tools for hot Al
extrusion is an important factor in improving the
economics of the production process. This can be
achieved by improving the die design, reducing the
contact pressure on the die-bearing surfaces, proper
selection of deformation parameters, improving the
properties of die materials (AISI H10, H11, H13),
etc., and increasing the wear resistance of the
bearing surfaces by gas, ion, and salt bath nitrid-
ing,1–5 as well as CVD and PVD treatments.6–13 The
gas nitriding process is also suitable for deep and
narrow gaps in the bearing surfaces of tools for the
extrusion of complex profiles. Due to the complexity
of the extruded profiles, most of the bearing surfaces
of extrusion dies form narrow and deep crevices
(gaps), so research on the wear progress of different

gas-nitrided surfaces is important.1–3 Several stud-
ies have been carried out on the degradation of the
compound layer under different loading condi-
tions,13–16 but the degradation pathways, particu-
larly with regard to the properties of the compound
layer and the contact pressure, have not yet been
fully clarified.

The tribological system in hot extrusion of alu-
minum is very demanding, as it takes place at
temperatures close to the melting point of the
extruded Al alloys (above 600�C). The contact
pressures on the bearing surface usually vary
around the circumference of the die-bearing surface
and decrease towards the exit edge, while the exit
speeds of the extruded products are in the range of
5–100 m/min. The contact pressure and distribution
on the die support surface are influenced by the
extrusion ratio, temperature, deformation rate, die
design, etc.1–3,6–9,17,18

During gas nitriding of die steels, in general, two
different microstructures can form on the die-bear-
ing surfaces: (1) the microstructure with a
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‘‘composite layer’’ on top of the surface with a
diffusion layer underneath, and (2) the diffusion
layer alone. The compound layer usually consists of
a brittle c¢-phase (c¢-Fe4N), an e-phase (e-Fe2-3N),
or a mixture (heterogeneous phase mixture)
(e + c¢).1–5,14–16,19–21 The phase structure of the
compound layer, i.e., its composition (two-phase or
single-phase, or its ratio), has a significant impact
on the brittleness and consequently on the perfor-
mance. For example, a single-phase compound
layer, Fe4N, is less brittle than a single-phase,
Fe2-3N, while a mixed-phase layer again has
increased brittleness. Furthermore, the quality of
the compound layer depends on the presence of
porosity and nitrides. The wear resistance should
therefore be considered as a function of the proper-
ties of the diffusion layer, i.e., its hardness profile,
diffusion depth, and microstructure, and as a func-
tion of temperature, and mechanical, chemical, and
tribological loading. Reduced quality can be the
result of an unsuitable initial microstructure of the
tool steel used, unsuitable prior preparation of the
bearing surface, and the use of unsuitable nitriding
parameters (nitriding potential, temperature, time,
etc.), and so on.1–5,14–16,22–28 The compound layer
usually improves corrosion, erosion, and thermal
fatigue resistance.1,29–39 and, in special cases (rela-
tively low contact pressures), wear resistance as its
desired properties which are related to tribological
loads. In two-body tribology systems, the contact,
i.e., the contact pressure, as well as the tempera-
ture, have a decisive influence on the prevailing
wear mechanisms and, consequently, on the wear
progress.38–41 It is assumed that complex wear
behavior also prevails in the tribological system
‘‘soft and heated Al against hard (nitrided) mating
body’’, since bonding takes place between both
elements. Although the wear behavior of nitrided
tools has not been fully elucidated in stud-
ies,1,17,21,35–39,42–47 further experimental results to
reveal the complexity are desirable. Degradation of
the compound layer was studied in several investi-
gations which were predominately focused on
specific load problems, e.g., contact rolling, sliding
wear, thermal fatigue behavior, etc., and in
relation to the characteristics of the nitrided
layer.1–5,13–16,24,35–39,47–61 Wear mechanisms, such
as adhesion, abrasion, chemical reactions, and
cracking, take place.

Wang et al.14 and Wang et al.46 considered that
characterizing the relationships between the
microstructural features of the nitrided layers, the
loads, and the wear behavior was crucial to ensure
stable operation of the nitrided components under
different conditions. The different service lives of Al
extrusion dies, even when extruding very similar or
the same profiles, can be attributed to both the
occurrence of different contact pressures along the
bearing surface and the variety of quality of
microstructures obtained on the nitride layers, i.e.,
their different local properties. Thus, the

characteristics of the microstructure of the nitrided
layer on the bearing surface, the prevailing contact
pressure, and the temperature are relevant param-
eters in the operation time of dies for Al hot
extrusion, but the complexity of their relationship
has not been sufficiently explained, which could be
due to the approximation to the real conditions
prevailing in the real Al hot extrusion process.

Therefore, further explanations of the relation-
ships between the following parameters in the
tribological system during Al hot extrusion, i.e.,
the degradation processes, the contact pressures,
and the properties of the compound layer, are
essential for further improving the applicability of
nitrided dies (in this case made of AISI H10). This
can be shown by the results for tracking the
degradation process of selected nitrided layers with
their different properties. For this purpose, the
laboratory wear test ‘‘block on hot Al cylinder’’ was
used to investigate the above-mentioned relation-
ships. Different degradation paths depending on the
contact pressures and the properties of the nitrided
layers were found, and explanations for this behav-
ior have been given. The obtained results serve as a
contribution to the explanation of the degradation
progress of the compound layer.

EXPERIMENTAL

Materials and Nitriding

In order to show the degradation processes of
compound layers on the tested nitrided samples, the
test stand ‘‘block on hot Al cylinder’’ (Fig. 1a) was used
forwear tests with the test conditions given inTable I.
A rotating cylinder with dimensions A146 mm 9 35
mm was made of AA6063 (0.5%Mg, 0.5%Si, 0.19%Fe,
0.05%Mn, balance Al) and represents an extruded Al
profile from a tribological point of view. Four nitrided
blocks with dimensions 30 mm 9 30 mm 9 20 mm3

were made of H10 tool steel and tested for wear. The
chemical composition of theH10 tool steel usedwas (in
wt.%): 0.33%C, 0.30%Si, 0.38%Mn, 3.0%Cr, 2.80%Mo,
0.45%V, and balance Fe.

Blocks were gas-nitrided and the microstructures
as well as the nitriding depths were similar to gas-
nitrided industrial extrusion dies. After gas nitrid-
ing, the blocks were also subjected to an oxidation
treatment. Gas nitriding and oxidation were carried
out in industrial conditions where reliable process
parameters could not be recorded.

Wear Testing and Test Conditions

The wear test involves a steel block with a
nitrided surface being pressed against a rotating
cylinder. The Al cylinder, firmly inserted between
two copper and steel discs, was inductively heated
to the prescribed surface temperature of over 600�C
at the outer surface of cylinder. That temperature is
close to the melting point of Al, which makes it
possible to establish the tribological conditions that
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prevail on the die-bearing surface during the indus-
trial Al hot extrusion process. The temperature was
measured and controlled by a point pyrometer
pointed at the Cu disc. A normal force of 1920 N
and a relative sliding speed of 0.5 m/s between the
Al cylinder and the tested blocks were used. The
wear tests were carried out at two different contact
lengths (13 mm and 10 mm). The production of

different contact lengths between the heated Al
cylinder and the nitrided blocks was achieved by
different temperature gradients as a consequence of
changing the ratio of the heat supply in the radial
direction to the Al cylinder; (1) from the outside by
heating via a heating coil, and (2) from the inside by
heating via steel discs, whereby two different diam-
eters were used depending on the contact length

Fig. 1. (a) ‘‘Block on hot Al cylinder’’ wear test rig and (b) sketch showing the different areas in the low contact pressure test with a established
length of 13 mm (conditional division of the contact length into two areas), (c) typical appearance of the initial surface of the tested nitrided blocks,
and (d) the appearance of the furrows on the bearing surface of the industrial dies.

Table I. Wear test conditions

Block 1 Block 2 Block 3 Block 4

Assessed contact temp. (�C) > 600 > 600 > 600 > 600
Established cont. length (mm) 13 10 13 10
Test contact pressure LR, L M LR, L M
Time of interrupt. ([min) 30, 60,120 30, 60,120 30, 60,120 30, 60,120
Time of wear observation (min) (LR) 120

(L) 30, 60, 120
(M) 30, 60, 120 (LR) 120

(L) 30, 60,120
(M) 30, 60, 120

Sliding velocity (m/s) 0.5 0.5 0.5 0.5

LR lower contact pressure, L low contact pressure, M medium contact pressure.
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(Fig. 1a). Different intensities of inductive heating
of the Al cylinder led to different temperature
gradients in the radial depth of the cylinder, which
consequently influenced the contact lengths that
occurred in the contact (Fig. 1b) and enabled tests
with different contact pressures at approximately
the same external temperature of the cylinder. It
should be noted that the frictional work between the
Al cylinder and the tested blocks, as well as the
different intensity of the water flow in the internally
cooled shaft, also influenced the radial temperature
gradients in the Al cylinder. In this way, the contact
lengths of 13 mm and 10 mm were established,
whereby the determined contact length of approx-
imately 13 mm (Fig. 1b) was considered as a test at
low (L) contact pressure, while the established
contact length of approximately 10 mm was consid-
ered as a test at medium (M) contact pressure.
Furthermore, a difference in the wear behavior
along the contact length was observed at the
determined contact length of 13 mm. The difference
in wear pattern was attributed to the distribution of
contact pressure along the contact length which was
not uniform (continuous changes in contact pres-
sure). Consequently, the contact length was condi-
tionally divided into two additional areas, although
it is difficult to make a clear distinction between
them, as similar wear behavior was observed on
both sides near the fixed limit.

Thus, the first area, i.e., the area in the contact
length range of 1–6.5 mm, was conditionally con-
sidered a lower contact pressure test (LR), while the
second area, i.e., the area in the length range of 6.5–
12 mm, was conditionally considered a low contact
pressure test (L) (see Fig. 1b). After 2 h of testing,
the first tribologically stressed area mentioned
above (length range 1–6.5 mm) was also observed.
In general, with a fixed contact length of 13 mm,
this allowed testing with an average contact pres-
sure value of about 5 MPa. With regard to the
continuous change of contact pressures in Fig. 1b,
testing at low (L) contact pressure therefore took
place above approximately 5 MPa, while testing at
lower (LR) contact pressure took place below
approximately 5 MPa.

At the established contact length of 10 mm, the
average value of the contact pressure was approx-
imately 6.5 MPa, which is considered as testing at
medium (M) contact pressure, while the results
were observed within the length of 6 mm, i.e., in the
range of 2–8 mm of the established contact length
(10 mm). The test conditions are shown in Table I.
Blocks 1 and 3 were tested at lower (LR) and low (L)
contact pressures (see Fig. 1b), while blocks 2 and 4
were tested at medium (M) contact pressures.
Figure 1c shows a typical appearance of the initial
surface of the tested blocks, with the average
roughness Ra being 0.21 lm.

To prevent oxidation of the Al, an inert atmo-
sphere was created in the test chamber by a flow of
argon gas. The wear tests were interrupted after

30 min, 60 min, and 120 min in the inert atmo-
sphere and the progress of degradation on the tested
surface was analyzed. The Al adhering to the tested
blocks was removed in NaOH solution in order to be
able to observe the wear progress on the tribolog-
ically loaded surfaces after each test sequence.
Progress of the wear on the nitrided blocks was
focused on the areas of the tested surface where the
sequence of degradation processes could be
observed. For the description of the degradation
progress, the times of occurrence of the degradation
stages typical for the compound and diffusion layers
are relevant, i.e., the temporal occurrence of partial
adhesion detachment (islands), crack formation,
fragmentary detachment, detachment due to reac-
tions with hot Al, detachment oriented in the sliding
direction, as well as furrow formation in the sliding
direction, etc. It is worth mentioning that the onset
of furrow formation on the bearing surface of the
extrusion tools, which leads to a rapid decrease in
the surface quality of extruded profiles and usually
requires repeated grinding of the surface and a
nitriding cycle of the tool used, is of particular
importance (see Fig. 1d). In this way, a better
understanding of the relationships between selected
features of the microstructure of the nitrided sam-
ples, the test contact pressure used, and the wear
processes can be made possible.

At this point, it should be emphasized that the
observation of degradation was not carried out at
the same points of the tested blocks, i.e., the time of
observation was fixed, and relevant processes
related to progress could be lost in this way, as
they may occur earlier or later in relation to the
fixed time of observation. Therefore, in order to
track the relevant progress of the degradation,
different locations on the tested surface were
selected for observation, through the images of
which the continuation of the progress can be
revealed.

Characterization of Microstructure and Wear
Progress

The following equipment was used to characterize
the nitrided layer on the tested blocks. Vickers
microhardness measurements were carried out with
a Fischerscope H100C using a 100-g weight, the
microstructures were imaged with an OLYMPUS
BX60M light microscope (nital etchant was used)
and X-ray diffraction (XRD) studies of the com-
pound layer were carried out with a Siemens
Analytical D5000 diffractometer with a Cu anode
where 2h was between 15� and 90�. The degradation
progress of the nitrided layers was identified by
scanning electron microscopy (SEM) and backscat-
ter electron microscopy (BSE) using JEOL JSM
5610 and ZEISS CrossBeam 550 microscopes,
respectively. The working distances were
9–12 mm, and the accelerating voltages were
15 kV and 20 kV.
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RESULTS AND DISCUSSION

Initial Microstructures and XRD of Tested
Blocks

The microstructure of the base material consists
of a tempered martensitic matrix, with carboni-
trides (chromium and molybdenum). The hardness
of the base material was measured to be 516 HV.
The nitrided surfaces of all four tested blocks
consisted of a compound layer covered by a thin
oxide layer. XRD revealed predominately the pres-
ence of the e phase in all the tested compound layers
of blocks. The main characteristics of the nitrided
layer are given in Table II. The microstructures of
the compound layer of the nitrided blocks are shown
in Fig. 2a, b, c, and d for blocks 1 and 2 and in
Fig. 2e and f for blocks 3 and 4. Figure 2a, b, and e
indicate that the formation of the hexagonal e iron
nitride layer progresses along crystal slip planes.
Interestingly, molybdenum carbonitrides are still
present in the e compound layer, seen as white
particles in the BSE SEM images in Fig. 2a, b, and
e. These carbonitrides present a discontinuity in the
e layer. Furthermore, energy-dispersive X-ray spec-
troscopy (EDS) linear analysis of the carbonitrides
was carried out (see Table III), and the microhard-
ness profiles are given in Fig. 3 for all the tested
blocks. Carbonitrides are based on Mo (see Fig. 2c),
V, and Cr (see Table III). Figure 2a and b shows that
the compound layer thickness on blocks 1 and 2
ranged from 6 lm to 8 lm, while the weak oxidation
depth was ca 1.5 lm (see Fig. 2c). Almost no nitrides
on the grain boundaries of the diffusion layer were
observed. The nitriding depth was approximately
110 lm (see Fig. 3), and the microhardness reached
a maximum value of 1060 HV0.1.

The compound layer of nitrided blocks 3 and 4
was slightly thinner and ranged from 5 lm to 7 lm,
including Mo, V, and Cr carbonitrides (see Fig. 2e
and f) with a clear presence of an oxide layer about
1.5 lm thick (see Fig. 2f). The EDS analysis of the
oxide layer was inconclusive, showing only a slight
variation in O content for blocks 1 and 2 (measured
at 2 wt.%) and for blocks 3 and 4 (measured at about
2.5 wt.%). However, EDS elemental mapping
showed a more pronounced difference in oxygen

distribution between the oxide and the nitride layer
for blocks 3 and 4, such that the oxide layer was
more pronounced and had a clearer border (Fig. 2d,
e, and f).

The nitriding depth of blocks 3 and 4 was about
90 lm (see Fig. 3), and the compound layer and the
presence of the nitrides were visible at the grain
boundaries, as shown in Fig. 2e. The maximum
value for microhardness was also lower for blocks 3
and 4 compared to blocks 1 and 2 and was about 940
HV0.1. A slightly increased presence of porosity can
be seen in the compound layer of blocks 3 and 4
(Fig. 2e) compared to blocks 1 and 2 (Fig. 2a and b),
which may indicate a possibly lower quality of the
compound layer in blocks 3 and 4. EDS analysis of
the carbonitrides at the marked location in Fig. 2b
and e was carried out. The chemical composition of
the carbonitrides in blocks 3 and 4 was found to be
similar to that of blocks 1 and 2, i.e., the carboni-
trides are based on molybdenum with measured
content in the range of about 15–28 wt%.

Wear Progress at Low (L) Contact Pressure

Wear at low contact pressure was tested on blocks
1 and 3 and the progress of degradation is described
below. It should be emphasized here that the
figures presented and discussed describe the pro-
gress of the degradation process to reconstruct the
degradation process and not necessarily the most
severe wear.

Block 1

The compound layer in blocks 1 and 2 has less
porosity, diffusion depth is deeper from the surface,
and measured hardness profile harder compared to
blocks 3 and 4. This indicates potentially better
wear properties or higher degradation resistance.
The main wear features that can be observed after
30 min of testing in block 1 are two initial modes
(types) of wear of the compound layer. The first is
due to the occurrence of small initial cracks in the
compound layer and the second mode refers to very
small adhesive removal (formation of small islands),
without visible initial cracks [see Fig. 4a (SEM) and
b (BSE)]. Note that Fig. 4a (SEM) and b (BSE) show

Table II. Main characteristics of tested nitrided blocks

Blocks 1, 2 3, 4

Max. microhardness HV0.1 1060 940
Nitriding depth (l) 110 90
CL thickness (lm) 6–8 5–7
Presence of oxide layer on top of CL (thickness in lm) Weak (1) Emphasized (1,5)
Presence of carbonitrides and porosity in CL Yes Yes

CL compound layer.
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the same spot on the tested surface, confirming the
coexistence of both wear modes of the compound
layer at this stage of surface degradation progress.

As will be seen more clearly later, both types are
related to the presence of a lower density of
carbonitrides and porosity in the compound layer.

Fig. 2. (a–d) Main features of the compound layers; blocks 1 and 2, and (e, f) blocks 3 and 4; (a, b) microstructure of the compound layer, (c)
distribution of Mo in carbonitrides, (d) distribution of oxygen, (e) microstructure of the compound layer of blocks 3 and 4, and (f) distribution of
oxygen.
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Indeed, carbonitrides and porosity were observed in
some locations where the compound layer had
previously been partially removed, observed as very
shallow islets (Fig. 4c with the location for detail A
shown in Fig. 4d). The presence of carbonitrides and
porosity thus affects the removal of the compound
layer, as shear strength decreases and brittleness
increases at these locations. In addition, the
increased roughness at the sites where the com-
pound layer was initially removed only slightly (at
the bottom of the islands) contributes to the
increase in adhesion. This leads to a potentially
accelerated removal of the fragments at these sites
and consequently to a deepening of the islands as
the next stage of the compound layer degradation.
On the other hand, it is evident from Fig. 4a that the
removal or adhesion of the compound layer occurs
even without observed porosity at the sites of its
partial erosion. This second type of adhesive
removal without highlighted initial surface cracking
of the compound layer can also be attributed to the
strong adhesion between the hot Al and the com-
pound layer. The degradation mode (cracking or
adhesion removal) depends on the local density of
porosity and carbonitrides, their distribution, and
their relation to tribologically loaded surfaces.
Cracking occurs when the porosity and carbonitride
density are high in the normal direction. With
increased density in the direction of frictional stress
and at a short distance from the surface, slightly
increased adhesive removal may occur. Smaller

adhesive erosion can take place without the pres-
ence of porosity and carbonitrides at the erosion
site.

EDS analyses were carried out at selected loca-
tions, as shown in Fig. 4a. The analyses showed no
clear evidence of a chemical reactions between Al
and the surface of the bonding layer in the non-
removed areas (point 3 in Fig. 4a), no peak for Al
(Fig. 4e), and only a small peak for Mg (Al cylinders
also contain Mg, cf. Table I). However, on the partly
removed area of the compound layer (point 2 in
Fig. 4a), hardly visible peaks for Al and Mg can be
seen (Fig. 4f), which also indicates a possible
reaction of the nitrided surface of the tested block
with the hot Al. In addition, highlighted peaks for Al
and Mg were obtained at point 1 (i.e., in the
microcrack; Fig. 4a), which can be attributed to
undissolved Al in the crack. Thus, from these
analytical results, it can be inferred that the
undamaged surface of the composite layer is prob-
ably more wear-resistant to hot Al than the new
surface formed by adhesion at the bottom of the
islets, which is also rougher. As already mentioned,
this accelerates further adhesion in such places,
seen as the formation of deeper islands, as described
in Fig. 5, can take place. The surface of the
compound layer has a lower roughness and a higher
nitrogen content.

After 60 min of testing block 1, the degradation
process continued and led to an increased crack
density in the compound layer as well as an
increased number of locations where the adhesive
layer detaches down to the diffusion layer (see
Fig. 5a) with the location for detail B shown in
Fig. 5b for detachment), with the formation of small
and deeper islets. A typical image from the lower
end of the complete removal of the compound layer
is shown in Fig. 5c, where the onset of cracking in
the diffusion layer can be observed. As expected,
Fig. 5a also shows an increased number of locations
where the compound layer was only partially
removed, with the visible presence of carbonitrides
and porosity at the locations of removal, as well as
surface cracking.

Due to the mentioned presence of carbonitrides
and porosity in the compound layer, several differ-
ent types of initial adhesion removal were observed
on the tested surface. The first type of removal,
called crack propagation in the compound layer,

Table III. Quantitative EDS analysis of blocks 1 and 2 at spots 1 and 2 (Fig. 2b) and blocks 3 and 4 at spots 1
and 2 (Fig. 2e)

C N O Al Si V Cr Mn Fe Ni Mo

Spot 1, Fig. 2b 21.1 18.7 5.0 0.1 0.7 1.0 1.8 0.1 32.7 0.1 18.8
Spot 2, Fig. 2b 21.3 19.3 6.0 0.2 1.1 1.2 1.8 0.1 21.3 0.0 27.7
Spot 1, Fig. 2e 20.1 20.9 4.4 0.2 0.9 1.3 1.9 0.1 23.9 0.1 27.0
Spot 2, Fig, 2e 17.3 19.1 5.1 0.1 0.7 1.0 1.9 0.1 38.8 0.1 15.9

Fig. 3. Microhardness profiles of tested blocks.
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starts at locations where there is a sufficiently high
density of carbonitrides and pores locally in the
plane from the surface to the diffusion layer.
Moreover, carbonitrides are locally distributed near
the surface throughout the thickness of the com-
pound layer. Due to the high normal and frictional
stresses that occur during Al sliding, the cracks
(fracture surface) grow from the surface towards the
diffusion layer (in Fig. 5d with an angle of about
45�). The remaining fragments adhere to the top of
the second fracture surface of the tested surface
indicating that the fragment broke away from their
original location just before the 60-min test was
interrupted. This provides additional confirmation
that this type of detachment is a result of the high
frictional stresses that cause the ‘‘crumbs’’ to break
away from the compound layer.

The second type of initial detachment of the
compound layer can be observed in places (patches)

where there is locally a sufficiently high carboni-
tride and pore density, closer to the surface of the
compound layer and in a predominantly horizontal
direction. The appearance of a newly formed surface
(see Fig. 5e) indicates that the gradual removal of
the compound layer is a consequence of the adhe-
sion between the hot Al and the compound layer. As
can be seen from the comparison of Fig. 5d and e,
the depth of removal of the compound layer is less in
Fig. 5e, but the density of the removed areas is
higher. In addition, the slope angle of the newly
formed surface is also usually much lower than in
the previous case, due to the gradual adhesion
removal as a result of the presence of carbonitrides
and porosity (compare Fig. 5e with d).

The third type of the compound layer intensive
adhesive removal occurs at the crack sites, e.g.,
three-point cracking shown in Fig. 5f. Due to
increased brittleness and lower strength at sites

Fig. 4. Main wear characteristics of the compound layer of block 1 after 30 min of testing; areas showing the first and second phase of wear
progression: (a) initial surface microcracks (BSE) with locations marked for EDS analysis, (b) initial surface microcracks (SEM), (c) removal of the
compound layer around initial cracks (BSE), and (d) detail box A in (c) of removal of the compound layer around cracks with visible porosity
(BSE). (e) EDS analysis at location 1 in (a), (f) EDS analysis at location 2 in (a), (g) EDS analysis at location 3 in (a); low contact pressure, sliding
direction ‹, block 1.
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with increased density of carbonitrides and porosity,
and in relation to the normal and frictional contact
pressure (see Fig. 5f), surface cracking occurs in the
compound layer. Furthermore, in Fig. 5f (right crack
on the right side), the degradation of the compound
layer can be observed due to the widening of the
crack gaps seen as edge crumbling. Figure 5g and h
clearly shows that the presence of carbonitrides and
porosity is also responsible for the occurrence of
cracks in the compound layer.

The different rates of adhesive removal of the
compound layer can be attributed to the above-
mentioned local variability of properties as well as
contact pressures. A comparison of the surfaces of
the specimens after 30 min and 60 min of testing
(see Figs. 4 and 5) shows that a greater number of
cracks in the compound layer occur in the latter,
which contributes to degradation in the next stage
of the wear process. Figure 5a shows that the initial
surface damage, exhibited as increased roughness
due to hand grinding, has no significant effect on
the degradation of the compound layer.

After 2 h of testing of block 1, the following
degradation processes of the compound layer were
observed (Fig. 6a (SEM) and b (BSE) showing the

same area): (1) continuation of cracking in the
compound layer and (2) its detachment by adhesion.
Detachment by adhesion occurs both in places due to
the presence of carbonitrides and porosity and in
places without their visible presence. In addition,
patches with signs of reactions with the hot Al were
also observed. There are almost no undamaged areas
on the tested surface. To show the degradation
processes in more detail, areas with less damaged
surfaces are shown in the following figures. Fig-
ure 6a (SEM) (see also denoted spots for details C1 in
Fig. 6c and d and C2 (in Fig. 6e and b (BSE)) shows
the same location on the tested surface. Detail C1 is
shown in Fig. 6c and d for SEM and BSE, respec-
tively; the removal process has progressed to the
point where the beginning of fragmentary removal
(tearing off) of the diffusion layer is visible. In
addition to the cracking of the compound layer,
which has a considerable impact on wear (detail C1
in Fig. 6c and d), visible signs of the reaction with hot
Al are shown in these images (detail C2 in Fig. 6e).
The cracking can be attributed to the high adhesion
between the tested surface and the Al cylinder.
Indeed, hot aluminum in contact with the diffusion
layer tends to adhere to it, but rotation of the Al

Fig. 4. continued
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cylinder interrupts this adhesion. Repeating this
process causes the surface to crack and the com-
pound and diffusion layers to tear off. This is
considered the next stage of degradation. The frag-
mentary tearing off indicates a sharp-edged appear-
ance of the surface, while the spots (see Fig. 6c and d)
with decreased sharpness of edges indicate a chem-
ical reaction with hot Al. Figure 6e (detail C2) shows
the next stage of the degradation process in relation
to Fig. 6c and d, where clear signs of chemical attack
(rounded edges on the surface) are observed in
addition to cracks. The appearance of a surface with
rounded edges (Fig. 6e) additionally confirms that
removal of the nitrided surface is also due to
reactions with hot Al. It is worth noting that at
these locations (Fig. 6e), the removal of the nitrided
layer also occurs based on chemical reactions as an
individual wear mechanism. As is generally known,
chemical reactions can also be active during bonding
between the compound layer and hot Al, and conse-
quently contribute to adhesion. However, this leads

to the tearing of small fragments from the nitrided
surface and, consequently, also to the formation of
sharp edges at the ablation (removal) sites (see
Fig. 6c and d). From these results, it can be deduced
that, in the first phase of wear progression, the
predominant wear mechanism is adhesive ablation
(tearing off) and not so much based on chemical
reactions (i.e., chemical reactions with hot Al as an
individual wear mechanism). However, these are
active in bonding between hot Al and nitrided
surfaced and they can contribute to bonding, i.e.,
adhesion.

Note that there are also areas on the same tested
block (see Fig. 6f, see also the marked location for
detail C3) where the extent of the compound layer
ablation, as well as its cracking, is both more
intense and less intense than in the case shown in
Fig. 6a and b. Detail C3 in Fig. 6g shows that the
extent of cracking is greater in areas where the
compound layer has been partially removed rela-
tively early. In the same figure (the area on the

Fig. 5. Main wear characteristic of the compound layer of block 1 after 60 min of testing: (a) overall micrograph with the main damage (BSE) with
marked location for detail B,(b) detail B of the formed island (BSE) marked in (a), (c) typical cracks on the underside of the islands (BSE), (d)
break-off of the compound layer with visible porosity underneath (BSE), (e) shallow formed islets with porosity at the points of partial removal
(BSE), (f) three-point cracks with visible porosity and widening of the crack spacing, (g) partially removed compound layer with cracks at its
removal (BSE, (h) detail of initial cracking as a result of porosity (BSE); low contact pressure, sliding direction ‹, block 1.
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lower right), the crack gap begins to widen due to
both the removal of edge fragments and reactions
with hot Al. In addition, the edges in the transition
areas from the removed to the partially removed
compound layer have lower stiffness, which leads to
accelerated cracking in the compound layer at these
locations. Here, the cracks are oriented perpendic-
ular to the sliding direction of the Al (see Fig. 6h).

Block 3

As already explained, blocks 3 and 4 exhibited a
higher porosity density of the compound layer, a
lower diffusion depth, and a lower hardness profile
compared to blocks 1 and 2 indicating a potentially
poorer resistance to degradation. Examination of
the microstructure (nitriding depth, compound
layer thickness, presence of carbonitrides and
porosity, etc.) of blocks 3 and 4 revealed that the
compound layer may have different properties
(slightly worse) compared to blocks 1 and 2, which
may influence the progress of degradation. Similar
degradation progress was also observed, for exam-
ple, in block 3, which was tested with the same

contact pressure as block 1, but at a higher rate. The
typical appearance of the tested surface after
30 min of testing is shown in Fig. 7a (SEM, see
also the highlighted point for detail D1). Detail D1
can be seen in Fig. 7b (SEM), where the adhesion
removal due to carbonitrides (see remains of the
bottom of islet) and porosity is again visible (similar
to Figs. 5 and 6). The increased adhesive removal on
block 3 after 60 min of testing results in the typical
surface appearance shown in Fig. 7c (SEM, see the
location shown in Fig. 7d for detail D2), where the
formation of craters with a size of 30–40 lm is
visible. In some places, the first signs of directional
erosion (in sliding direction-oriented removal) were
also observed (see Fig. 7d). The EDS analysis (see
marked locations in Fig. 7c) was carried out at site
1, where the compound layer is almost undamaged,
and at site 2, where the compound layer has been
completely removed. EDS again showed the pres-
ence of Al and Mg at site 2, indicating a chemical
reaction with hot Al, while no Al and Mg were
detected at site 1. After 2 h of testing, increased
evidence of furrow formation was observed, due to
the connection of several distant islands in the

Fig. 5. continued
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sliding direction, as shown in Fig. 7e (SEM) with the
location for detail D3 shown in Fig. 7f. This stage is
related to the initial furrow formation normally
observed on the bearing surface of extrusion dies
when they are to be adjusted to a new grinding–
nitriding cycle (the final stage of furrow formation
at the die-bearing surface is shown in Fig. 1d).

Wear Progress at Medium (M) Contact
Pressures

The wear process at medium contact pressure was
tested on blocks 2 and 4 and the progress of
degradation is described below.

Block 2

As shown above in the low contact pressure tests,
block 1 generally has better compound layer prop-
erties (see Figs. 2 and 3) compared to block 3, as it

has a lower rate of degradation. This is also true for
block 2 compared to block 4 in medium contact
pressure tests. Adhesion detachment after 30 min
and 60 min (see Fig. 8a (SEM) with the location
shown in Fig. 8b (SEM) for detail E1) is predomi-
nant, but with a higher density compared to block 1
(see Figs. 4 and 5 for low contact pressures) and only
small surface cracks were observed. Figure 8b
shows that the islands removed by adhesion are
increased at sites with higher carbonitride density
and porosity compared to sites where this is not as
pronounced.

In testing up to 120 min, the islets (areas)
removed by adhesion increase and the first signs
of oriented removal in the sliding direction are
observed, as can be seen in Fig. 8c (SEM), where the
location for detail E2 shown in Fig. 8d (SEM) can
also be seen. It should also be emphasized here that,
due to the increase in area and depth of the removed

Fig. 6. Main wear characteristic of the tested nitrided surface layer of block 1 after 120 min of testing: (a) appearance of the tested surface (SEM)
with marked locations for details C1 and C2, (b) appearance of tested surface (BSE), (c) detail C1 of fragmentary removal of less damaged tested
surface (SEM), (d), detail C1 of fragmentary ablation of less damaged tested surface (BSE), (e) detail B of fragmentary ablation with chemical
attack of more damaged tested surface (BSE), (f) less damaged area of the tested surface with marked location for detail C3 (BSE), (g) detail C3
of the extension of the cracks from the area of the diffusion layer to the area with the remaining compound layer and widening of the crack (BSE,
right side), (h), partial removal of the compound layer with the appearance of a crack oriented perpendicular to the sliding direction (BSE); low
contact pressure, sliding direction ‹, block 1.
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islets during the test, there is a weakening of the
wall thickness between the removed islets, which
leads to a deformation or tear-off of the walls
between them in the sliding direction. This is the
first step in the formation of furrows.

The main difference in the surface appearance
testing at low and medium contact pressures is the
increased density of the adhesion sites. This means
that the formation of furrows generally takes place
earlier at testing with medium contact pressure. On
the other hand, less cracking as well as sites with
hot Al reaction were seen. However, this does not
mean that the mentioned processes do not take
place. This can be attributed to increased adhesion
leading to earlier detachment of the adhesion at
weak points, although small cracks or chemical
reactions have occurred before.

Block 4

The typical appearance of the tested surface of
block 4 after 30 min of testing is shown in Fig. 9a
(SEM), where the area of detail F1 is marked. The
degradation of the compound layer for block 4 is

more intense in spots of increased carbonitride
density and porosity, where adhesive removal is
more pronounced (see detail F1 in Fig. 9b). Adhe-
sion erosion was also observed at locations where
almost no carbonitrides and porosity were observed
at the adhesion sites (see denoted area F2 in Fig. 9b)
which is attributed to a higher amount of oxygen on
the top of the compound layer (see Fig. 2). When
tested for up to 60 min, the wear process continues
and can be observed as an increased density of islets
of the removed compound layer with relatively thick
walls between the islets, as shown in Fig. 9c (see
also highlighted area for detail F3). The increased
density of the removed islets is a result of the
occurrence of increased frictional stresses as well as
the previously increased microcracks. Figure 9d
(SEM) shows a detail F3 where a larger adhesive
removal (ablation) area of about 50 lm is visible.
Other small areas removed by adhesion (i.e., islets
with decreased depth and size) are visible nearby
where there is less presence of carbonitrides and
porosity. Figure 9e (SEM) shows several locations
where the areas previously removed by adhesion are

Fig. 6. continued
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Fig. 7. Main wear characteristics of the tested nitrided surface layer of block 3, after 30-min test (SEM) with location marked for detail D1: (a)
adhesion removal at locations with porosity present, (b) detail D1, presence of porosity at locations removed (SEM), (c) after 60-min test with
location marked for detail D2, (c) increasing size and density of islands removed by adhesion, (d) detail D2, (e), after 120-min test with site
indicated for detail D3, (e) first signs of removal in sliding direction (SEM), (f) in detail D3; low contact pressure, sliding direction ‹, block 3.
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combined with presence of carbonitrides and poros-
ity. The figure also shows the location for detail F4
in Fig. 9f, where the joining of three areas of
increased carbonitrides and porosity can be seen.
Figure 9e also shows an area (labeled F5) where the
increased density of the removed areas can be seen
where carbonitrides and porosity are not present.

As mentioned earlier, areas of varying degrees of
wear progress were observed. Figure 10a (SEM), for
example, shows a more damaged area with signif-
icant furrowing in the direction of sliding. Such
areas of wear progression most likely relate to the
previous stage of damaged areas, as shown in
Fig. 9e and f (medium contact pressure test and
60 min of testing). In addition, after 120 min of
testing, areas with an increased density of islets of
the removed compound layer with relatively thick
walls between the islets were observed, as shown in
Fig. 10b (BSE). The increased density of removed
islets is a result of the occurrence of increased

frictional stresses. Typical G1 and G2 details can be
seen in Fig. 10c (SEM) and d (SEM), with almost no
carbonitrides and porosity, but clearly visible cracks
on the underside of the islets. This may be the result
of increased adhesive (fragmentary) removal, even
in areas where the density of carbonitrides and
porosity is lower. In addition, areas where adhesion
was not as intense were also observed, as detach-
ment is not so much due to the presence of
carbonitrides and porosity (as also shown in
Fig. 9b), which means that adhesion detachment
occurs is predominantly small sized. This is illus-
trated in Fig. 10e (SEM), where a larger area of
such adhesion detachment can be seen. Detail G3 of
the typical appearance at the ablation site is shown
in Fig. 10f (SEM), where a limited area of porosity is
shown in conjunction with an area of almost no
carbonitrides and porosity. This variation in wear
progression can be attributed to both variation in
the properties of the nitrided layer and the

Fig. 8. Main wear characteristics of tested surface of block 2: (a) after 60-min test with marked location for detail E1, (b) detail E1 shows
adhesion erosion at locations of increased carbonitride density and porosity (BSE), (c) after 120-min test with marked location for detail E2, (d),
detail E2 shows deformation of wall between removed islands (BSE); tested at medium contact pressure, direction of sliding ‹, block 2.
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Fig. 9. (a, b) Main characteristics of wear on the tested surface of block 4 after 30 min and (c–f) 60 min of testing: (a) adhesion wear on the base
of the compound layer due to the presence of carbonitrides and porosity with marked location for detail F1, (b) detail F1 shows areas of low
adhesion wear and increased adhesion wear on the location with presence of carbonitrides and porosity and low adhesion wear on location F2,
(c) increased density and size of areas of adhesion erosion with marked location for detail F3, (d) detail F3 with areas of low adhesion erosion and
increased adhesion erosion at a location with dense carbonitrides and porosity, (e) linkage of multiple areas of adhesion erosion at locations with
dense carbonitrides and porosity with marked location for detail F4 and area F5, (f) detail F4 with linkage (SEM); medium contact pressure,
sliding direction ‹, block 4.
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Fig. 10. (a) Main wear characteristic of the tested surface of block 4 after 120 min of testing; formation of furrows oriented in the direction of
sliding (SEM), (b) increased density of adhesive abrasion (BSE), and (c, d) typical detail G1 and detail G2 of the ablated islets with cracking at the
sites of adhesive abrasion (SEM), (e) adhesive abrasion in the area with reduced occurrence of carbonitrides and porosity (SEM), (f) with typical
detail G3; medium contact pressure, sliding direction ‹, block 4.
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prevailing contact pressures. As mentioned, the
contact pressures are not the same along the entire
contact length, i.e. even in the area with higher
contact pressures, as shown schematically in
Fig. 1b. It is assumed that there is a slight decrease
towards the area with lower contact pressure.

Wear Progress at Lower (LR) Contact
Pressures

In the area of the surface tribologically stressed
by lower contact pressures (see Fig. 1b), blocks 1
and 3 were only analyzed after 120 min of testing.
Despite significantly lower contact pressures in the
surface compared to the surface with higher contact
pressures, differences in wear progress were also
observed on the surface.

Block 1

The main features for the tested area with lower
(LR) contact pressure after 120 min of testing on
block 1 are thus predominantly surface cracks as

well as small adhesive removal of the compound
layer, as shown in Fig. 11a and in detail H1 in
Fig. 11b, where the extent of wear progress is
significantly lower compared to the area with low
(L) contact pressure. The two aforementioned sites
of surface damage are also potential sites for
chemical reactions, which can be seen at a more
pronounced stage depicted in Fig. 11c. The fig-
ure clearly shows the onset of chemical reactions at
the sites of compound layer removal. Variations in
the extent of chemical reaction were also observed
in this area (i.e., at lower (LR) contact pressure), but
on the left side of the area (see Fig. 1b), where there
is presumably the lowest contact pressure, the least
progress in degradation was also observed (Fig. 11a
and b).

Thus, in the area where lower contact pressure
prevails, the adhesion removal is also lower, allow-
ing the wear to progress based on the chemical
reaction as individual wear mechanism. The wear
rate in this case is lower than in the cases where
adhesive removal predominates.

Fig. 11. Appearance of the surface in the area of the lower contact pressures (see Fig. 1b) after 120 min of testing on block 1 (BSE): (a) small
cracks and adhesion detachment, (b) detail H1, (c) chemical reaction with hot Al; lower contact pressures, sliding direction ‹, block 1.
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Fig. 12. Appearance of the surface with lower contact pressure after 120 min of testing on block 3; (a) area of adhesion removal with chemical
reactions on the surface (SEM), (b) detail I1 showing removal of particle grains on the surface at the sites of adhesion removal due to diffusion of
Al in the grain boundaries (SEM), (c) location of chemical reactions with hot Al starting at the site of previous adhesion removal and designated
site for detail I2 (BSE), (d) detail I2 showing the adhesion removal of the chemically attacked area as well as the progress of chemical reactions in
the surrounding area (BSE), (e) very shallow adhesion removal in the area of the very low contact pressures (SEM), (f) showing detail I3 (SEM);
lower contact pressures, sliding direction ‹, block 3.
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Block 3

The density of adhesive removal was low and
almost no cracking was observed. Figure 12a (SEM)
shows the area with adhesive removal of the
compound layer, with a typical detail I shown in
Fig. 12b (SEM). In the last figure, the appearance of
cracks in the diffusion layer can be seen, partly due
to the diffusion of Al in the grain boundaries, as well
as cracking in the surface area of the grains due to
fatigue (sticking and separation) and frictional
loading of the surface. Further on, the figure shows
both patches with partially removed surface grains
and patches with completely removed parts of
surface grains of the diffusion layer. In Fig. 12c
(BSE, see also the location for detail I2), there are
patches of adhesive removal as well as an area
where reactions with hot Al took place. The reaction
with hot Al started at the site of the previous
adhesion removal. The state of the chemical reac-
tions in progress is shown in detail I2 in Fig. 12d
(BSE), where the removal of the surface layer at the
site of the previous chemical reactions and the
progress of the chemical activity in the vicinity are
clearly visible. Due to the increase in volume after
the chemical reaction, cracking and adhesive
removal are also visible. As mentioned earlier,
hardly any cracks were visible in the compound
layer in the area. In Fig. 12e (SEM), which refers to
the left part of the area (i.e., the very low (VL)
contact pressures (cf. Fig. 1b), only minor adhesion
removal is visible in detail I3 shown in Fig. 12f
(SEM).

The reactions with the hot Al as individual wear
mechanisms were observed predominantly at lower
contact pressures in both microstructures, i.e.,
blocks 1 and 3. Thus, in tests with lower contact
pressure, this was observed in block 1, where
adhesion removal was less pronounced, while in
block 3, with increased adhesion removal, this
extent was slightly higher. Adhesion sites also serve
as triggers for reactions with the hot Al. At low
contact pressure, the reactions were more pro-
nounced at block 1, despite their limited low extent,
because the adhesive removal was lower compared
to block 3, so the adhesive removal of chemically
attacked areas could also be detected at some
smaller locations. This was not observed at medium
contact pressure (i.e., blocks 2 and 4) with increased
adhesive removal.

This does not mean that the reaction with hot Al
as an individual wear mechanism is not also active
in such cases, i.e. under conditions of increased
adhesion removal. Under conditions of strong adhe-
sion, such areas that have been subjected to chem-
ical reactions are removed at an early stage of the
process of chemical reactions and therefore this
behavior is hardly noticeable at the previously
selected times of test interruption. Reactions are of
course also active in the bonding between the hot Al
and the nitrided surface layer resulting in adhesive

removal and in such cases reactions cannot be
considered as an individual wear mechanism.

CONCLUSION

A laboratory wear test rig ‘‘block on hot Al
cylinder’’ was used to investigate the degradation
processes of two different qualities of the nitrided
layer of H10 tool steel, taking into account the
occurrence of contact pressures between the tested
block and the hot Al, i.e., their distribution along
the specified contact length. Considering the wear
behavior, the established contact length (zone)
between the hot Al cylinder and the tested block
was conditionally and roughly divided into two
areas during the test with low contact pressures,
i.e., an area with low and an area with lower contact
pressures. Four blocks were gas nitrided and sur-
face oxidation followed gas nitriding. Two different
properties of the compound layers were obtained,
which were tested for their wear behavior. Consid-
ering the wear progress on the tested blocks, the
tests were performed at lower, low, and medium
contact pressure. The following conclusions can be
drawn regarding the tested properties of the com-
pound layers with respect to the contact pressure
used and wear behavior of the compound and
diffusion layers:

1. In the gas nitriding process, compound layers
were obtained consisting predominantly of the
e-phase. The presence of carbonitrides and
porosity was observed in the compound layer.
Two different characteristics in terms of oxi-
dation, thickness, and the presence of carboni-
trides and porosity were tested for wear
behavior.

2. In blocks 1 and 2, the presence of oxygen in the
surface layer of the compound layer was weak,
while it was more pronounced in blocks 3 and
4. The presence of carbonitrides and porosity
was observed in both compound layers, which
were not uniformly distributed. A random
distribution of their increased density was
observed at sites of adhesive removal.

3. Adhesive erosion (removal), cracking, and
chemical reactions with hot Al are the main
wear mechanisms. Their contribution to the
wear processes depends on the density of the
presence of carbonitrides, porosity, and oxygen
and is related to the contact pressures. The
wear rate increases with increasing contact
pressure and with increasing presence of car-
bonitrides and porosity in the compound layer.
Differences in wear rate were found depending
on the properties of the compound layer and
the contact pressure.

4. Chemical reactions as an individual wear
mechanism are more pronounced at lower
contact pressures, with less adhesive erosion
compared to low and medium contact pres-
sures.
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5. The diffusion layer is more susceptible to
earlier reactions with hot Al due to its lower
N content compared to the compound layer.

6. Locations of adhesive removal and gap be-
tween cracks can serve to initiate reactions
with hot Al. Adhesive removal at these sites
was also observed, as the brittleness was
increased, facilitating crack formation and
consequently adhesion removal.

7. Adhesion was more pronounced with less
cracking in the compound layer.

8. Thickness of the compound layer, nitriding
depth, hardness profile, properties of the com-
pound layer, and contact pressure should be
considered as an integral part of the wear
processes. Wear behavior is very complex. The
applied contact pressure and the integral
properties of the nitriding play a decisive role
in determining the degradation paths and the
wear rate, i.e., for the time of occurrence of the
typical degradation phase, adhesive removal
and cratering, cracking in the compound layer,
cracking in the diffusion layer, and adhesive
removal in the sliding direction.

9. The formation of furrows observed as removal
of the nitrided layer in the sliding direction is
the final stage of the degradation process. It
depends on the contact pressure applied, the
quality of the tested surface layer, and the rate
of adhesive removal. Furrows appear earlier
when test pressure is increased.

10. It is possible to increase the die life by
improving the properties of the nitrided layer
and by reducing the contact pressures on the
bearing surface through improved die design.
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