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Abstract:  This study presents a comprehensive evaluation of the tribological performance of hot-work tool steel Orvar 2M in its
uncoated state and after surface modification with a hard physical vapor deposition (PVD) AIWIN XC coating, intended for
hot forging applications. The research followed a sequential experimental approach, combining preliminary laboratory
tests, advanced high-temperature tribological tests, and industrial verification. Preliminary dry-abrasive wear tests at
room temperature were performed for both uncoated and coated variants. These tests provided an initial comparative
assessment of abrasive wear resistance and allowed identification of dominant surface degradation mechanisms. The
uncoated steel exhibited localized abrasive wear, including microcracks and scratches, while the AIWIN XC coating
significantly reduced material loss and stabilized the wear process. For a more representative analysis, ball-on-disc tests
were conducted at 200°C, corresponding to the operational temperature of forging tools. The AIWIN XC coating demon-
strated a stable coefficient of friction and low wear rate. Scanning electron microscopy observations and energy dispersive
X-ray spectroscopy analyses enabled correlation of microstructural and chemical changes with the main degradation
mechanisms. Industrial-scale forging trials confirmed that coated tools achieved more than a twofold increase in lifespan
compared to uncoated steel. The results demonstrate the reliability and relevance of the applied tribological testing
methodology as a predictive tool for tool durability. These findings also support the further development and optimization

of PVD-coated forging tools for enhanced service life under industrial conditions.
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1. Introduction

Wear studies of tool materials intended for hot die forging
have been an important area of interest for both academia
and industry for many years, due to the direct impact of
wear resistance on tool life, process stability, and produc-
tion costs. The literature emphasizes that the working
conditions of forging tools are exceptionally complex,
involving the simultaneous action of high temperatures,
cyclic mechanical loads, intense friction, and contact with
hot, often oxidizing charges [1-3]. For this reason, wear
resistance studies employ tribological tests over a wide
temperature range — from ambient conditions through inter-
mediate temperatures to high-temperature tests — which
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allow partial replication of the actual operating conditions
of tools in forging processes [4-6]. Tests conducted at room
temperature are commonly used for preliminary character-
ization of tool materials, enabling evaluation of their resis-
tance to micro-abrasion, susceptibility to adhesive wear,
and friction coefficient behavior under controlled sliding
contact conditions [2,7]. Although these tests do not directly
replicate hot forging conditions, they provide a valuable
reference point for comparative analyses and allow identi-
fication of differences arising from microstructure, che-
mical composition, and the heat treatment state of the
material.

Wear studies conducted at elevated and high tempera-
tures, typically in the range of 200-600°C and above, are
far more relevant for analyzing materials used in die for-
ging, as additional degradation mechanisms characteristic
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of forging tool operation are activated [5,8,9]. The litera-
ture indicates that tribological tests at intermediate
temperatures (200-400°C) enable analysis of friction coef-
ficient stability, initial oxidation processes, and the influ-
ence of martensitic structure tempering on wear intensity
[6,10]. High-temperature tests, performed using methods
such as ball-on-disc, pin-on-disc, or block-on-ring, allow
identification of complex wear mechanisms occurring
under conditions approaching hot forging, including abra-
sion, adhesion, tribo-oxidation, and thermomechanical
fatigue [8,11,12]. Numerous studies have shown that at
elevated temperatures, the wear behavior changes signifi-
cantly — from micro-abrasion dominance at low tempera-
tures to complex processes involving formation and
destruction of oxide layers, local material softening, and
initiation of microcracks in the surface layer [9,13,14]. Con-
sequently, it is emphasized that studies should be con-
ducted over various temperature ranges and include
both quantitative analyses (volumetric wear, friction coef-
ficient) and qualitative assessments (wear track mor-
phology, microstructural analysis), which together enable
a more reliable evaluation of the wear resistance of tool
materials [11,15].

In parallel with experimental studies, comparative
analyses are developed to evaluate the tribological beha-
vior of different hot work tool steels, such as H11, H13,
WLV, or modern alloy-modified steels, with respect to tem-
perature, load, and contact duration [9,16]. Authors con-
sistently note that interpreting and comparing wear test
results require particular caution, as test parameters —
such as normal load, sliding speed, test temperature, coun-
terbody geometry, or atmosphere - significantly influence
the activation of specific wear mechanisms [7,17]. There-
fore, the need for standardization of test procedures and
referencing results to tribological standards, such as ASTM
G99 or ISO 7148, is increasingly emphasized, as this
enables more objective comparisons of materials intended
for high-temperature operation [17,18]. A key element of
modern studies is also the correlation of tribological
results with material microstructure, including the ana-
lysis of tempering state, carbide morphology, and changes
in the surface layer under thermomechanical loads
[11,19,20]. This approach improves understanding the
sources of differences in wear resistance between mate-
rials and provides a basis for more reliable prediction of
tool behavior under actual forging conditions.

The service life of forging tools is directly related to the
resistance of the core material and protective coatings to
wear mechanisms occurring in hot die forging processes,
such as micro-abrasion, adhesive wear, or high-tempera-
ture oxidation [21]. Laboratory tribological tests, including

ball-on-disc tests, allow quantitative evaluation of these
mechanisms and enable prediction of tool service life, as
wear tracks formed during laboratory tests often reflect
degradation processes occurring under real operating con-
ditions [22,23]. Wear tests simulating forging process
conditions are particularly reliable at low and moderate
temperatures, where micro-abrasion - common at the
initial stages of die degradation — dominates. Theoretical
and experimental studies reported by Holmberg and Mat-
thews [20], Stachowiak and Batchelor [21], and Pawlak et al.
[22] indicate correlations between micro-abrasion, adhe-
sion, and the formation of tribochemical layers in metal—-
coating and metal-metal contacts. In previous studies
[24,25], authors applied ball-on-disc tests to evaluate the
wear of commercial cutting tools, whereas Sadeghi et al.
[26] demonstrated the effectiveness of selected coatings in
reducing micro-abrasion and adhesion under laboratory
conditions. The application of physical vapor deposition
(PVD) coatings, such as AICrN, AITiN, or AICrSiN, signifi-
cantly enhances the service life of forging tools by redu-
cing surface wear and stabilizing the friction coefficient at
elevated temperatures [27]. The literature shows that tools
coated with modern coatings exhibit prolonged life, fewer
surface defects, and better reproducibility of forging pro-
cess parameters compared to uncoated tools [28]. On the
other hand, tribological studies and coating investigations
(e.g., hybrid PVD layers combined with thermochemical
treatment) indicate that appropriately selected coatings or
protective layers can substantially increase tool resistance
to both abrasive and adhesive wear, as well as delay oxida-
tion and surface cracking [29]. Contemporary research on the
durability of dies and tools for hot die forging demonstrates
that tool wear primarily results from a combination of
mechanisms such as abrasion, adhesion, thermal oxidation,
and thermomechanical fatigue. Analyses conducted on actual
dies have shown that tools made of tool steels often achieve a
service life ranging from several hundred to tens of thou-
sands of forgings, with surface degradation — scratches,
cracks, adhesion of the charge, and plastic deformation —
being the main cause of failure [30,31]. Therefore, laboratory
tribological tests constitute a justified and reliable means for
preliminary assessment of the wear resistance of tool mate-
rials and surface modifications, enabling identification of
dominant degradation mechanisms at a relatively low
cost [32-34].

The aim of this study is a comparative evaluation of
the tribological resistance and identification of wear
mechanisms of Orvar 2M tool steel in the uncoated state
and surface-modified with PVD AIWIN XC, intended for
hot forging tools, using sequential laboratory tests and
their verification under industrial conditions.
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2. Materials and methods

The study was conducted to provide a preliminary ana-

lysis of wear mechanisms and a comparative evaluation of

the tribological resistance of materials used for hot forging
tools. The following material variants were analyzed:

* Orvar 2M - hot work tool steel in the uncoated state,

* Orvar 2M + AIWIN XC - Orvar 2M steel surface mod-
ified with a hard PVD coating.

The research program included the sequential application
of laboratory methods followed by industrial verification:

* Dry abrasive test conducted at room temperature, ser-
ving as a preliminary assessment of abrasive wear resis-
tance and identification of the dominant degradation
mechanisms for both material variants.

+ Ball-on-disc tribological tests performed at 200°C, enabling
evaluation of the tribological behavior of the material and
coating under elevated temperature conditions.

The applied laboratory tests, particularly the dry abra-
sive tests performed at room temperature, do not fully
replicate the actual conditions of hot forging processes,
where higher temperatures and different wear mechan-
isms occur. Nevertheless, they serve as preliminary stu-
dies and allow a comparative assessment of the abrasive
wear resistance of the analyzed material variants, pro-
viding a reference point for interpreting results obtained
under industrial conditions.

2.1 Dry abrasive test

A preliminary evaluation of the abrasive wear resistance
of the tested materials was conducted using the dry abra-
sive test method. The tests were carried out on the T-07
Tester (MCNEMIT) test setup, shown in Figure 1.

The dry abrasive test serves as a reference method for
assessing the wear of tool materials operating under

conditions of intensive interaction with abrasive particles,
characteristic, among others, of ceramic forming pro-
cesses. In the experiments, corundum No. 90 with a hard-
ness of 9 on the Mohs scale was continuously supplied to
the contact zone between the tested sample and a rotating
rubber disc with a diameter of d = 50 mm. The sample was
pressed against the disc surface with a constant normal
force, while the disc’s rotational speed and the test dura-
tion (corresponding to a specified number of revolutions)
remained constant for all measurement series. The cri-
terion for evaluating abrasive wear resistance was the
sample’s mass loss, determined as the difference in mass
before and after testing. Based on the obtained results, the
relative abrasive wear resistance K, was determined as
follows:
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where Z, is the mass loss of the reference sample (g); Zy,
is the mass loss of the tested material (g); py is the density
of the reference material; py, is the density of the tested
material; N, is the number of revolutions of the sliding
path of the reference sample; and Ny, is the number of
revolutions of the sliding path of the tested sample.

The duration of the dry abrasive test was selected
depending on the resistance of the tested materials to abra-
sive wear, so as to obtain a measurable mass loss of the
sample. For most materials, a testing time corresponding to
1,800 revolutions of the rubber roller was applied, whereas
for samples with increased wear resistance, the test duration
was extended. The reference material was C45 steel, for
which - according to the test methodology — a shortened
test time corresponding to 600 roller revolutions was applied.
The mass loss of the reference sample served as the basis for
determining the relative abrasive wear resistance coefficient
K;, for the other materials.

rubber roller, and 3 - electrocorundum.




Tribological performance of Orvar 2M tool steel with
ALWIN XC coating

2.2 Wear resistance testing using the ball-
on-disc method

Wear resistance tests were conducted using the ball-on-

disc method with a DUCOM tribometer (ball-disc config-

uration) under technically dry friction conditions. The
analyzed pairing included:

¢ a Si3Ny ball,

* a disc made of Orvar 2M steel coated with PVD AIWIN XC.

The tests were carried out at an elevated temperature
of 200°C, achieved by induction heating of the disc (Figure

2). For each sample, a single wear test was performed,

recording the friction force, which allowed the determina-

tion of the coefficient of friction. The test parameters and

the wear track geometry are presented in Table 2.

After completing the tests, a microscopic analysis of
the wear tracks was conducted:

— optical microscopy and scanning electron microscopy
(SEM) (magnifications of 50-100%) to identify the mor-
phology of the wear traces,

— scanning of the wear track topography in three areas
distributed approximately every 120° using a Talysurf
CCI interferometric microscope, and

— analysis of 2D profiles and 3D topography in
MountainsMap Universal software, enabling the determi-
nation of maximum wear depths and volumetric wear.

Based on the topographical data, the volumetric wear

Zoy; and the wear index, which accounts for the load and

sliding distance, were calculated. The calculations of volu-

metric wear and the wear index W, for the tested samples

were performed using equations (2) and (3).

Zopj | md
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where W, is the wear index, Z; is the volumetric wear
determined for the entire abrasive wear track, F is the

load, and S is the sliding distance.

Zopj = Ppgr - Obw[m?], 3

where Z,,; is determined for the entire abrasive wear
track, Pag is the average value of the cross-sectional areas
of the track measured in three regions, and Obw is the
circumference of the abrasive wear track.

Additionally, a chemical composition analysis of the
wear tracks was performed using SEM/energy dispersive
X-ray spectroscopy (EDS), enabling qualitative identifica-
tion of elements in the tribological contact area.

3. Results and discussion

3.1 Dry abrasive

Based on the conducted measurements, the results are
presented in Table 1. The table summarizes the values of
average mass loss, material density, the number of revolu-
tions applied in the test, and the calculated relative abra-
sive wear resistance coefficient Kj, for all investigated
material variants.

Analysis of the results indicates that C45 steel, used as
the reference sample, exhibited a mass loss of 0.062 g after
600 roller revolutions, serving as the baseline for deter-
mining the Kj, value of 1.000. These results are presented
graphically in Figure 3, showing a comparison of the rela-
tive abrasive wear resistance Kj, for all tested material
variants. In the case of Orvar 2M steel in the uncoated
condition, after 1,800 revolutions, an average mass loss
of 0.155 g was recorded, corresponding to a relative resis-
tance K;, of 1.188, indicating a slight improvement com-
pared to the reference steel despite the longer friction
time. The application of a PVD AIWIN XC coating on the
Orvar 2M steel surface significantly enhanced the mate-
rial’s resistance to abrasive wear.

For the same test duration as for the uncoated material
(30 min, 1,800 revolutions), an almost negligible mass loss
(0.001g) was recorded, within the measurement error,
resulting in an extremely high K, value of 184.107.
Extending the test duration to 60 min (3,600 revolutions)
led to the appearance of noticeable wear (0.02 g), with a

b)

Wear trace

T
Place of scanning ’

Figure 2. View of (a) DUCOM tribotester and (b) schematic of wear tracks on the disc and ball indicating the analyzed locations.
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Material Wear — average value (g) Density (g/em®) Rotations Coefficient Kj,
C45 (reference sample) 0.062 7.86 600 1.000
Orvar 2M 0.155 7.78 1,800 1.188
Orvar 2M + AIWIN 30 min 0.001 7.78 1,800 184.107
Orvar 2M + AIWIN 60 min 0.02 7.78 3,600 18.411

Table 1. Dry abrasive test results for the tested materials.

Conditions/test no. | Disc temperature T (°C)  Test duration t (s) Sliding distance Load F (N) Rotational speed v Wear track radius
s (m) (m/s) r (m)
Test 1 200 5,000 500 10 0.1 0.006

Table 2. Tribological test parameters.

corresponding K, value of 18.411, which still represents a
significant improvement compared to the uncoated steel.

Additionally, a detailed surface analysis of the samples
was conducted, allowing identification of the dominant
wear mechanisms. Representative surface profiles are
shown in Figures 4 and 5.

By analyzing the depth of the indentation on the wear
profile after the tests, an average depth of 0.27 mm was
obtained for the Orvar 2M samples. For the Orvar 2M +
AIWIN XC samples, an average depth of 0.052 mm was
measured after 1,800 revolutions (30 min) and 0.004 mm
after 60 min (3,600 revolutions). A preliminary analysis of
wear and wear mechanisms was also conducted on the
samples after testing (Figure 6).

Observations and analyses based on the above profiles
and macroscopic images revealed that:

— Orvar 2M sample (uncoated) — the main degradation
mechanism was mechanical abrasion and surface
scratching. Wear traces were unevenly distributed along
the contact path between the sample and the roller. The
surface profile indicates the formation of micro-cracks,
grooves, and fine scratches resulting from the aggressive
action of electrocorundum, typical of “grooving” type
abrasive wear. Wear was concentrated locally in areas
of highest contact, which could lead to accelerated tool
degradation in industrial practice (Figure 6c).

Orvar 2M + AIWIN XC sample — after 30 min of testing
(Figure 6b; sample no. 3), the surface remained practically
intact. Microscopic observations revealed no grooves or
microcracks, confirming the high hardness of the coating
and its effective protection of the substrate against abrasion
by electrocorundum. After extending the test duration to

184.107

18.411

200.000
180.000
160.000
m C45 (reference sample)
140.000
= Orvar 2M
§ 120.000
c Orvar 2M + Alwin 30 min
% 100.000
S = Orvar 2M + Alwin 60 min
o 80.000
X
60.000
40.000
20.000
1.000 1.188
0.000

Materials variants

Figure 3. Comparison of dry abrasive test results — relative abrasive wear resistance K.
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Figure 4. Surface profile of the Orvar 2M sample after 30 min

60 min, limited and localized coating damage was observed
in the form of initial microcracks and local spallation of the
PVD layer (Figure 6d). With increasing exposure time, these
defects gradually developed into larger grooves and loca-
lized coating detachment. The character and distribution of
the wear traces indicate that the AIWIN XC coating effec-
tively disperses contact stresses and homogenizes surface
loading, thereby delaying intensive degradation and lim-
iting damage transfer to the substrate. The relatively uni-
form distribution of wear marks further suggests reduced
susceptibility to local surface overloads. Analysis of wear
profiles and surface traces shows that the dominant degra-
dation mechanism for the uncoated material was localized
sliding abrasion accompanied by surface scratching. In con-
trast, for the coated samples, the prevailing mechanism was
the initiation of microcracking within the coating, which
only under prolonged testing led to minor volumetric wear.
Preliminary room-temperature tests showed that
uncoated Orvar 2M steel undergoes pronounced localized

Figure 5. Surface profile of the Orvar 2M + AIWIN sample after:

of testing

in the dry abrasive test for two selected specimens.

abrasive wear, including microcracks, grooves, and fine
scratches, dominated by mechanical abrasion and surface
scratching. In contrast, the PVD AIWIN XC coating markedly
improved wear resistance: after 30 min, wear was nearly
negligible, while after 60 min, only limited, evenly distrib-
uted coating damage in the form of microcracks and local
PVD layer detachment was observed, without significant
substrate involvement. These findings indicate effective
stress dispersion by the coating and justify further ball-on-
disc investigations at approximately 200°C, corresponding to
forging tool operating conditions, to assess coating durability
and wear mechanisms under conditions closer to service.

3.2 Ball-on-disc - microscopic analysis of
wear tracks on balls and discs
Microscopic analysis of the wear tracks on SisN, balls and

Orvar 2M steel discs coated with ALWIN XC, conducted

b)

B

(a)

30 min of testing in a dry abrasive and (b) 60 min of tests.
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Figure 6. Surface morphology of the samples after tribological testing: (a) Orvar 2M steel (sample nos 1-4), (b) Orvar 2M steel with
ALWIN XC coating (sample nos 1-4), (c) detailed view of sample no. 4 (noncoated-only Orvar 2M), (d) detailed view of sample
no. 4 (Orvar 2M + AIWIN_XC); numbers 1-4 denote individual test samples; scale bars are indicated in the detailed images.

after ball-on-disc tests at 200°C, enabled assessment of the
nature and uniformity of the wear processes in the exam-
ined tribological system (Figure 7). The main test para-
meters are shown in Table 2.

Regular, circular wear tracks with homogeneous mor-
phology, typical of stable sliding friction conditions, were
observed on the surfaces of the SizN, balls. The measured
diameters of the wear tracks for three repetitions of the test
at 200°C were 1.174, 0.903, and 0.816 mm, respectively, indi-
cating a moderate scatter of results due to local variations in
contact conditions and surface microgeometry. Analysis of
the disc surfaces revealed continuous and uniform wear
tracks along the entire circumference of the wear path,
without cracks, deep scratches, or local material loss. The

test 1
Si3N4 ball

observed track areas exhibited similar morphology, indi-
cating a uniform wear process and stable performance of
the ALWIN XC coating under the tested temperature condi-
tions. The dominant wear mechanisms were microscopic
abrasive processes, with localized contributions from adhe-
sive interactions. The absence of signs of severe surface
degradation indicates effective protection of the steel sub-
strate by the coating and moderate intensity of tribological
interactions at 200°C. Subsequently, 3D scanning of the wear
paths was performed. Measurement sheets of the wear
tracks, including three-dimensional surface scans, cross-sec-
tional profiles, and geometric parameters of the wear tracks,
are presented for three selected areas of the disc surfaces
(Figure 8).

Wear track

Wear track

Figure 7. Microscopic observations of wear tracks on the ball and disc after the ball-on-disc test at 200°C.
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Analysis of the three-dimensional topography of the
wear tracks in three selected areas allowed assessment
of wear uniformity and identification of the actual tribo-
logical contact zone. The cross-sectional profiles exhibited
regular and repeatable patterns, without local topography
disturbances, indicating a stable friction process and no
local wear-through of the ALWIN XC coating to the steel
substrate. The determined maximum track depths and
cross-sectional areas formed the basis for calculating volu-
metric material loss and for further determination of the
wear indicators Z,y,; and W,.

3.2.1 Results of abrasive wear tests of the AIWIN XC
coating

The tribological tests enabled a quantitative assessment of
the abrasive wear intensity of the AIWIN XC coating as a
function of test temperature. The main scope of the pre-
sent study focuses on tests conducted at 200°C, for which a

Tribotesty - ball-on-disc
ALWIN XC - Test 1

\ezes tarcia:
dysk: ALWIN XC (dxh=25,4x6mm) - obszarl
ball: SI3N4 (d=6mm)

Parametry testu;
F=20N
V=0,1mfs
d=12mm
§=500m
T=200°C

Tl utwoeace 2 cemonos

on a2 24 05

Paramutry
Macsymans pezowit
208 Ctm s

Kt Ndawa
N pm

1907 povt

detailed microscopic analysis of the wear tracks and their
geometric parameterization was performed (Table 3). The
obtained values of the Z,,; and W, indicators indicate
wear of the coating under stable abrasive conditions,
without complete removal of the protective layer. Addi-
tional tests performed at 400 and 600°C constitute a
separate research stage and are presented here solely
for comparative purposes, providing a better illustration
of the effect of temperature on wear intensity. For these
higher temperatures, wear track images and detailed ana-
lyses of surface degradation mechanisms are not pre-
sented and will be addressed in further, in-depth studies
and subsequent publications.

The data in Table 3 show a clear increase in the abra-
sive wear intensity of the AIWIN XC coating with
increasing tribological test temperature. Despite the
shorter sliding distance at 400 and 600°C (150 m) com-
pared to 200°C (500 m), a significant increase was observed
in both volumetric wear and the wear index. The W, value

Tribotesty - ball-on-disc
ALWIN XC - Test 1

Vieze! targia:
dysk: ALWIN XC {dxh=25,4x6mm) - obszar2
ball: Si3N4 (d=6mm)

Paramelry testu:
F=20N

Ve, 1m/s
d=12mm
§=500m
T=200°C

vl Ldetia
&7 m
1940

Parumutry
s ekt
Falz stwor

Tribotesty - ball-on-disc
ALWIN XC - Test L

Wezel larcia:
dysk: ALWIN XC (dxh=25,4x6mm) - obszar3
ball: Si3Ng (d=6mm)

Parametry testu:
F=20N
V=0,1m/s
d=12mm
s=500m
T=200°C

Wenod  ledwa
X
3853

Parametry
Makzncins glasekeds

Pow swons e

16 mm

Figure 8. Measurement sheets from 3D scanning of selected areas of the sample after the ball-on-disc test at 200°C for three zones.
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Test no. Temperature T (°C) Sliding distance S (m) Volumetric wear Zqy; (m®) Wear index W, (m%N*m)
Test 1 200 500 9.51x 107 951 x 107
Test 2 400 150 1.06 x 1071° 353 x 107
Test 3 600 150 167 x 107 557 x 107

Table 3. Summary of abrasive wear results from the tribological tests.

increased from 9.51 x 107 m*/(N/m) at 200°C to 3.53 x 10
m®%(N/m) at 400°C and 5.57 x 107 m*/(N/m) at 600°C, cor-
responding to nearly fourfold and sixfold increases,
respectively. A similar trend is observed for Z.,;, which
rises from 9.51 x 107 m® to 1.06 x 10™° m® and 1.67 x 107™%°
m®. The wear index obtained for Orvar 2M steel coated with
the ALWIN XC system (9.51 x 10> m*/N/m) is approximately
two times lower than the wear rates reported in the litera-
ture for uncoated steels of the H13 group tested at around
200°C, which are in the range of 2-2.3 x 107 m*N/m
[32-34]. These results indicate progressive degradation of
the coating’s top layer with increasing temperature, even
over a limited sliding distance.

The increase in wear intensity can be attributed to the
weakening of the coating’s mechanical properties at higher
temperatures, greater susceptibility to micro-abrasion, and
changes in the characteristics of the tribochemical layer,
with the observed degradation mechanisms including
microcracking, spalling, and material adhesion. Detailed
analysis of the wear mechanisms at 400 and 600°C, how-
ever, requires further microstructural and tribological stu-
dies. Figure 9 shows the friction coefficient during test.

After the ball-on-disc test at 200°C, Orvar 2M steel
coated with Alwin XC exhibited a stable coefficient of fric-
tion, with an average value in the range of 0.40-0.48. This

06
05
04

03

Froction coefficion [-]

0
0 50 100

level of friction indicates good tribological stability of the
coating at elevated temperature, with no evidence of
sudden degradation phenomena during the test.

Cross-sectional microstructural analysis of Orvar 2M
Supreme steel (~48 HRC) with ALWIN XC coating after
the ball-on-disc test at 200°C (Test 1) confirmed high coat-
ing-substrate stability (Figure 10).

Observations of the metallographic cross-sections at
200x and 500 magnifications revealed a continuous uni-
form coating layer of relatively constant thickness,
without signs of advanced delamination, severe cracking,
or local spalling. The interface between the ALWIN XC
coating and the steel substrate remained distinct and con-
tinuous, indicating excellent adhesion after tribological
exposure at 200°C. Minor localized voids beneath the
coating were observed, but they did not form continuous
weak zones and were also present outside the wear track.

The ALWIN XC coating, with a hardness above 4,000
HV, provides high resistance to mechanical abrasion. The
TiC interlayer, characterized by low friction and high
hardness, reduces local shear stresses and limits adhesion
of the counter material. Consequently, the dominant wear
mechanisms are mild, limited to microscopic surface abra-
sion and occasional small-scale coating detachment,
without compromising the integrity of the functional layer

——Orvar2m+Alwin_XC

150 200 250

Discance [m]

Figure 9. Coefficient of friction for Orvar 2M steel with AIWIN XC coating at 200°C.
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Figure 10. Metallographic cross-sectio
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n of the sample (ball-on-disc, 200°C), etched: (a) 200x magnification, (b) 500x magnification; Orvar

2M (1.2344) steel with nanocrystalline ALWIN XC coating and TiC interlayer.

or the substrate. The substrate microstructure across the
examined section is homogeneous and typical for tem-
pered 1.2344 steel, consisting of tempered martensite
with uniformly distributed carbide precipitates. No
white layer or local microstructural changes indicating
overheating or severe thermomechanical effects were
observed. Minor non-metallic inclusions were present
but did not significantly affect wear behavior under the
tested conditions. These results confirm that at 200°C, the
Orvar 2M (48 HRC)/ALWIN XC coating with TiC interlayer
exhibits high tribological stability. The high coating hard-
ness and TiC properties limit local stresses and shear,
resulting in mild wear mechanisms that do not cause sig-
nificant damage to the coating or substrate.

The Vickers hardness profile (HV0.1) as a function of
distance from the worn surface for the Orvar 2M (1.2344)
samples, heat-treated to approximately 48 HRC and coated
with nanocrystalline ALWIN XC with TiC interlayer, is
shown in Figure 11.
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In the near-surface region of the samples, measured in
three independent tests at 200°C, small local hardness fluc-
tuations were observed: 652-694 HVO0.2 in the first mea-
surement, 655—-697 HV0.1 in the second, and 650—-695 HV0.2
in the third. Deeper into the material, the hardness profile
gradually stabilizes, reaching approximately 650-670
HVO0.2 at a depth of 1 mm, corresponding to the character-
istics of tempered martensite in H13 steel.

It should be noted that the hardness of the ALWIN XC
coating itself is not reported, as its thickness of only a
few micrometers prevents accurate measurement using
the HVO0.1 microhardness method, despite the coating
remaining undamaged and unworn. The hardness distri-
butions indicate that the ALWIN XC coating with the TiC
interlayer does not introduce significant local stresses or
microstructural changes in the near-surface zone. Minor
fluctuations in HV0.2 values can be attributed to natural
variations in the tempered martensite microstructure and
localized tribological effects. These results confirm high

—e—Test 1
—o—Test 2
—e—Test3

0,50 0,60 0,70 0,80 0,90 1,00

Distance from real surface [mm]

Figure 11. HV0.1 hardness distributions on cross-sections after the ball-on-disc test.
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uniformity of mechanical properties near the surface and
stable hardness throughout the material after tribological
exposure at 200°C. The small differences between mea-
surements do not significantly affect the overall hardness
profile, demonstrating effective substrate protection by
the hard ALWIN XC coating and reduction in local shear
stresses due to the TiC interlayer.

3.2.2 EDS analysis — Mapping of disc wear tracks

To understand the wear mechanisms of the AIWIN XC
coating, elemental distribution on the surface of the
wear tracks was analyzed. EDS maps allow identification
of local changes in chemical composition, highlighting
areas of intense wear and contact with the steel substrate.

EDS analysis of the wear track surfaces on the AIWIN
XC coating of the Orvar 2M sample after the ball-on-disc
test at 200°C revealed local chemical composition changes
in regions of more intensive tribological contact. The pre-
sence of iron (Fe) indicates exposure and wear-through of

2mm ' Mixed 2mm

Titanium Ka1

the coating to the steel substrate, while the absence of
titanium (Ti) in selected areas confirms complete removal
of the top coating layer. Elemental distributions indicate a
heterogeneous degradation pattern, involving micro-
cracking, spalling, and material adhesion, allowing corre-
lation of local chemical changes with the dominant wear
mechanisms in the tribochemical layer (Figure 12).

The obtained observations serve as a reference for
comparison with the ball results, allowing assessment of
the influence of contact geometry and tribological load on
local coating degradation mechanisms.

3.2.3 EDS analysis — Mapping of ball wear tracks

To evaluate local tribochemical interactions in the ball-
coating contact, EDS maps of wear tracks on the SizN,
ceramic ball were obtained after the ball-on-disc test at
200°C (Figure 13). Analysis of these maps allows identifica-
tion of material transfer from the AIWIN XC coating to the
ball surface and enables correlation of the observed
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e L
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Figure 12. Compllatlon of EDS mapping of the disc wear track (Test 1, 200°C).
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Figure 13. Compilation of EDS mapping of the ball wear track (Test 1, 200°C).

chemical changes with degradation of the disc, which is
the primary focus of the study.

EDS maps revealed the presence of Ti, Cr, and Fe on
the ball surface, indicating both wear of the AIWIN XC
coating and material transfer onto the ball. Compared
with observations for the disc, where local coating
removal and exposure of the steel substrate were the
main degradation mechanisms, the ball primarily shows
signs of adhesion and accumulation of coating material,
reflecting the directional nature of the tribological contact.
Elemental distributions and bright areas on the EDS maps
indicate heterogeneous wear, combining microcracking,
spalling, and adhesion mechanisms, and allow correlation
of material transfer with the dominant tribological
mechanisms in the ball-coating contact.

3.2.4 SEM images of ball and disc wear tracks

The presented SEM images show the surface of the SizN,
ceramic ball after the ball-on-disc tests with the AIWIN XC
coating on the steel substrate. The observed wear tracks
reflect the nature of the tribological contact, revealing

mechanical interactions between the ball and coating sur-
faces (Figure 14).

SEM images reveal numerous wear features, including
localized coating wear, material spalling, and typical
mechanical damage resulting from intensive frictional
contact. The wear areas indicate local disruption of the
coating continuity, while spalling may reflect its brittle-
ness or microstructural heterogeneity. Additionally,
observed fine scratches, edge cracks, and indentations sug-
gest fatigue-related surface interactions during the test.
Such features allow assessment of the AIWIN XC coating’s
wear resistance and identification of the dominant degra-
dation mechanisms in the ball-coating contact, comple-
menting the information obtained from the EDS maps.

4. Summary

This work presents a comprehensive study on the dur-
ability of Orvar 2M tool steel in its uncoated state and after
surface modification with the hard PVD AIWIN XC coating,
in the context of applications in hot forging processes. The
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TM3000_4725 2025-10-01 1248 A D5.4 x50
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Figure 14. Surface microstructure after the tribological test. Areas of coating wear and mechanical damage — Test 1, 200°C.

research program included preliminary laboratory tests
using dry abrasive wear at room temperature, as well as
high-temperature ball-on-disc tests conducted at 200°C
only. Preliminary tests at ambient temperature revealed
that uncoated Orvar 2M steel undergoes localized abrasive
wear, including microcracks, grooves, and fine scratches,
with aggressive mechanical abrasion being the dominant
degradation mechanism, as confirmed by wear profiles.
The application of the AIWIN XC coating significantly
enhanced material resistance: after 30 min of testing,
wear was nearly negligible, and only after 60 min did
minor, localized microcracks and small spalling appear,
gradually progressing to larger grooves and PVD layer
detachment, indicating effective stress dissipation and
homogenization of surface loading by the coating.
Ball-on-disc tests at 200°C confirmed the high tribolo-
gical resistance of the AIWIN XC coating, showing a stable
coefficient of friction (u = 0.4-0.48) and a low wear rate
(W, =3.5 x 10" m*N/m). SEM observations and EDS map-
ping revealed minimal surface wear, spalling, and
secondary abrasive mechanisms, allowing correlation of
chemical and mechanical changes with the dominant
coating degradation processes. Measurements at elevated
temperatures of 400 and 600°C, conducted over a shorter
sliding distance (150 m), showed a clear increase in abra-
sive wear. The volumetric wear rate (W,) increased from

9.51 x 107 m*/(N/m) at 200°C to 3.53 x 10™* m%(N/m) at
400°C and 5.57 x 10™* m3/(N/m) at 600°C, corresponding to
nearly fourfold and sixfold increases, respectively. A
similar trend was observed for the wear index (Z,y;), rising
from 9.51 x 107" m® t0 1.06 x 10™° m® and 1.67 x 107 m?,
indicating progressive increase in wear intensity with
temperature.

In conclusion, the tribological laboratory studies
demonstrated that the PVD AIWIN XC coating substantially
enhances the wear resistance of Orvar 2M steel, increases
the durability of the surface layer, and homogenizes con-
tact stress distribution, ensuring high tribological stability
at moderate temperatures and allowing identification of
the dominant coating degradation mechanisms as a func-
tion of temperature.

4.1 Future research directions

The obtained laboratory results confirm the high tribolo-
gical resistance of the PVD AIWIN XC coating on Orvar 2M
steel under technically dry friction and at 200°C. Further
research should include extended ball-on-disc tribological
tests over a wider temperature range and under condi-
tions including lubricants and coolants used in hot forging
processes, enabling assessment of friction stability and
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degradation mechanisms under conditions closer to real
industrial operation.

It should be emphasized that the AIWIN XC coating
was applied directly onto Orvar 2M steel without a
nitrided layer, making the observed wear resistance par-
ticularly noteworthy. In the next stages of research, the
application of an additional nitrided layer is planned,
along with a comparative evaluation of its effect on tribo-
logical durability and resistance to thermomechanical
loads, as well as verification of the results in tests con-
ducted on actual forging tools.
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