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1. Introduction

In many areas of technology, active surfaces are in tribological
contact with each other. For example, highly loaded contacts
occur in sliding and rolling bearings, gearboxes, or machines
and processes, which usually interact with an intermediate,
i.e., lubricant, and an ambient medium.[1] These tribosystems
are characterized primarily by the operational variables of
sliding velocity and Hertzian surface pressure.[2] If the lubricant
film thickness is not sufficiently large to completely separate the
two contact partners or if no lubricant is present at all, solid body
contacts occur. As a result of continuous sliding, rolling, impact,

or drilling movements, increased wear
develops. Wear is defined as the progres-
sive loss of material in a tribological sys-
tem.[3] It is divided into four basic wear
mechanisms: surface disruption, abrasive
wear, tribochemical reaction, and adhesive
wear.[4] In surface disruption, alternating
loads on the tribosystem lead to crack initi-
ation and subsequent crack growth until
final separation of particles occurs. In abra-
sive wear, the main component is micro-
chipped by the roughness peaks of the
harder mating component or by wear par-
ticles during third-body contacts. During
tribochemical reaction, a change in chem-
istry occurs in the boundary zone of
both contact partners as a result of fric-
tion-induced thermochemical activation.
Adhesive wear describes the local welding
of surface elements of different contact part-

ners, combined with a subsequent separation of the surfaces,
where particles are torn out of the softer material when the local
strength is exceeded and the bonding force between the contact
partners is not reached.

In addition to reducing frictional losses, minimizing wear is a
frequent design goal in the development of efficient machines.
For example, 59% of bearing failures occur as a result of lubri-
cation failure or contamination of the lubricant.[5] The most com-
mon types of failure are due to abrasive wear (26%), surface
fatigue (16%), and adhesive wear (7%). The resistance of a solid
body to these surface-initiated wear mechanisms is called wear
resistance.[6] Wear resistance can be determined for a tribological
system on a material-specific basis by means of (mostly standard-
ized) wear tests on tribometers, as overview, see, for example.[7,8]

The most common application form of tribometers is setups with
conformal contact geometry in pin-disk or ball-disk arrangement.[1]

Contraformal contact geometries, such as two-disk or four-ball devi-
ces, are used less commonly and then primarily for lubricant char-
acterization. An international round-robin test was carried out by
Czichos, Becker, and Lexow[9] to determine repeatability and repro-
ducibility in friction and wear tests. Ball-on-disk setup was used
with aluminum oxide (Al2O3) and bearing steel AISI 52100 (mate-
rial number: 1.3505) as tribomaterials. This allowed reference mea-
surement data to be generated for the tribological material pairings
investigated under defined test conditions. This in turn led to the
creation of standardized ball-on-disk tests in ASTM G99[10] and
DIN 50324 (withdrawn).[11] The reproducibility of friction data in
ball-on-disk testing can be subject to relative standard deviations
of �20% and more, see refs. [9,12,13]. Provided that the tests
are performed under controlled conditions, a fluctuation in friction
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show comparable wear behavior to their monolithic counterparts, and a good
performance of the stainless specimen in pure sliding is proven. These findings
suggest that additive manufacturing processes can be used to clad less wear-
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data is due to interfering asperity (micro-)contacts, typical for dry
friction tests.[14,15] Further, humidity has a strong influence on
the repeatability of friction and wear results both in steel–steel
and ceramic–steel contacts.[16] It has therefore to be controlled.[17]

In addition to the initial test conditions such as normal force, con-
tact geometry, sliding distance, and speed, the properties of the
active surface have a high influence in tribo testing.[18] This
includes manufacturing-induced parameters such as surface
roughness[19,20] as well as inherent material properties like hard-
ness, microstructure, and composition.[21–24] Steel materials account
for a large proportion of the tribomaterials currently in use.[25] For
example, steel is frequently used in the automotive industry, in
wind turbines, or in industrial applications in general.[26–30]

Different steels in particular show different results in terms of
coefficient of friction and wear resistance depending on the oper-
ating conditions.[31] For other tribotechnical materials such as hard
metals or hard composites, nonferrous alloys or polymeric mate-
rials, please refer to further literature.[32–38] Protective coatings, for
example, applied through vacuum deposition or thermal spraying,
lead to a reduction of wear and friction.[39] Recently research
focused on multilayer coating with individual layer thicknesses
in the nanometer range, showing improvements for low-friction
and high-wear resistance.[40] Under abrasive wear, however, there
is a risk that these thin layers, with a total layer thickness of
�0.1–50 μm, might quickly wear out.[41] This can be improved
within certain limits by selective adjustment of the element compo-
sition.[42] By means of additive manufacturing (AM) processes for
metals, it is possible to apply thicker layers with locally adapted
material properties in terms of hardness and wear resistance.[43]

In this case, it is possible either to manufacture the entire compo-
nent additively (e.g., by means of a powder bed process) or to locally
apply a more wear-resistant material.[44] Deposition welding pro-
cesses, for example, are suitable for this purpose.With this, material
areas with low strength requirements can be cladded with another
load-adapted material, enabling material- and cost-efficient compo-
nents with high functional integration. Tribologically loaded surfa-
ces are increased in their wear-resistance by the deposition of hard,
abrasive-resistant, or fatigue-resistant materials on a simpler base
material. Possible applications include improving the tribological
properties of rolling bearings or cylinder raceways.[45,46] A further
application of deposition welding is the repair and improvement of
rails.[47,48] Material selection plays a major role in these applications
in conjunction with AM processes. It is necessary to resolve a con-
flict betweenmaterial requirements such as strength, hardness, and
good processability, usually through welding. Materials currently
used for wear-resistant AM parts are mostly metals.[49] Currently,
FE-, Ni- and Co-based alloy powders or wires are widely used for
laser cladding, for example.[50] Ceramics and metal-matrix compo-
sites also offer great potential by laser cladding, but further research
is needed regarding manufacturing technology and defect-free
application.[51] AM process parameters are influencing the micro-
structure of the claddings, which in turn changes the wear and cor-
rosion resistance of the tribological system. Navas et al.[52]

investigated a laser-cladded Tribaloy T-800 on specimens made
of AISI 304. They carried out tribological testing on block-on-
ring and ball-on-disk setups. It was observed that the laser-clad
layers achieved high hardness and presented good wear behavior
in dry conditions, with a dimensional wear coefficient (k) between
one and two orders of magnitude lower than that of the substrate.

To improve the wear resistance of 35CrMo steel, Han et al.[53]

cladded by means of laser cladding different amounts of Fe-
Cr3C2 on the surface of the substrate. This led to a formation of
a microstructure with carbide particles, which increased the hard-
ness and wear resistance of the substrate. Ji et al. investigated the
wear behavior of high-vanadium high-speed steels (HVHSS).[54]

Therefore, he tested HVHSS with different amounts of carbon
(1.58–2.92 wt%) against a counter-face of 40Cr rings using a
block-on-ring setup. He showed that the hardness in HVHSS
increases linearly with the carbon contents and the wear rate
decreases with hardness, but not in a linear manner.
Furthermore, he found out that the wear behavior of HVHSS is
influenced on the carbide size, the distance between carbides,
and the hardness of the matrix. Scandian et al. investigated the slid-
ing wear behavior of white cast irons with various contents of chro-
mium (16, 24, 28, and 32wt%) and molybdenum (0, 3, 6, and
9wt%). He carried out tests on a pin-on-disk tribometer in dry con-
ditions and investigated the pin height loss of the different alloys.
The results showed that the volume fraction, morphology, distribu-
tion, and volume fraction of carbides are related to the amount of
molybdenum and chromium and have an influence on the the wear
resistance.[55] Stoot et al. examined the influence of oxides on the
friction and wear of alloys. They found out that the development of
smooth oxide particles on the load-bearing areas of alloys can lead to
significant reductions in coefficients of friction and wear rates.
These oxide particles can significantly improve sliding solid surface
contacts.[56] A general procedure to positively influence the micro-
structure of AM components is subsequent thermomechanical
processing by forming.[57] So-called tailored forming aims to pro-
duce load-adapted AM components where subsequent forming
optimizes the microstructure and results in near-net-shape produc-
tion. Different AM technologies like plasma-transferred arc welding
(PTA) using metal powders or laser hot-wire cladding are utilized
for manufacturing multi-material semi-finished workpieces.[57,58]

These are formed for example by die forging or cross-wedge rolling.
It is then possible to produce gears, shafts, or complex forgings such
as wishbones.[59,60] Furthermore, lightweight potential can be
exploited when friction welding or co-extrusion is used to produce
themultimaterial semifinished product.[61] Thismakes it possible to
join aluminum and steel and then form them together, thus achiev-
ing high functional integration.[62] However, no wear characteristics
have yet been determined for parts manufactured for Tailored
Formed parts. The aim of this work is therefore to characterize
and quantify the wear behavior under solid-state sliding friction
of deposition-welded tailored forming materials. Based on this,
the suitability of tailored forming as a manufacturing strategy for
highly loaded tribosystems can be estimated. The research hypothe-
sis is that a sufficiently thick cladding layer with at least 1mm thick-
ness can protect a simpler base material from wear under harsh
tribological conditions. Based on this, it can be further verified
whether adapted materials can achieve a higher wear resistance than
the previous standard for rolling bearing steel.

2. Experimental Section

To test this hypothesis, the following experimental methodology
was developed: Using deposition welding (Section 2.1), various
steel powders (Section 2.2) were cladded to a steel substrate,

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 25, 2201740 2201740 (2 of 15) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2023, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202201740 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [17/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


formed by die forging, heat treated, and postprocessed. Steels such
as AISI 52100 rolling bearing steel, which are suitable for abrasive
applications due to their high hardness but are actually considered
to be nonweldable, were used as cladding materials. In addition,
two commercially available powder and wire materials were used,
which have good weldability but do not quide fulfill the hardness
requirements for bearing applications. The geometry of the speci-
mens corresponds to the housing washers for cylindrical roller
thrust bearings of type 81212. The specimens were characterized
in terms of their material composition (Section 2.2.1), microstruc-
ture (Section 2.2.2), and surface properties (Section 2.2.3). Ball-
on-disk tests were then carried out using balls of alumina as
counterbodies, see Section 2.3. To verify the approach, the addi-
tively manufactured samples were compared with commercial
AISI 52100 rolling-bearing steel as a reference.

2.1. Manufacturing Process

Different welding strategies were used for specimen fabrication.
The samples H100, H45, and H41 (see Section 2.2 for material
designation) feature a spiral welding process, as shown in Figure A1.
The welding began from the center of the disk, whereby the weld
was applied on the workpiece in the shape of a helix. Therefore,
the weld torch was moving in a circular motion from the inside to
the outside of the disk, until the entire surface of the disk was
cladded. The welding process took 7min and 40 s, whereby the
disk heated up to 760 ºC. Figure A2 exemplary shows the welding
strategy for sample H56. The welding process began from the cen-
ter of the disk. The welding torch moved with a slow welding
speed of 0.1mmin�1 toward the edge of the disk. During the
movement of the torch, the welding parameters were increased
constantly to avoid a blockage of the torch. After the torch reached
the edge of the disk, the main welding process started. Here, the
torch oscillated stationary between two points and at the same time
the turn and tilt table rotated around the z-axis. The oscillation
increased the dynamics of the weld pool, whereby the degassing
of the melt averted pores. After the turn and tilt table was rotated
360°, the torch moved back to the starting point and the welding
process was completed. The welding process took 5min and 26 s,
whereby the disk heated up to 700 °C. After welding, rings were
cut out of the disks by water jet cutting. The hybrid semifinished
product was then hot-formed by die forging to convert the welded
structure into a finer-grained forming structure. Subsequently, a
material-specific heat treatment was carried out. This consisted of
heating in an electric chamber furnace followed by quenching in
oil at room temperature. The specimens were subsequently tem-
pered. The final specimen geometry was machined. The final
specimen had the dimensions of a housing washer from the cylin-
drical roller thrust bearing type 81212 (inner diameter: 62mm,
outer diameter: 95mm). Details of the respective manufacturing
process could be found in the corresponding publication.[63–66]

2.2. Materials and Sample Preparation

As described earlier, the tailored forming process chain was fol-
lowed, featuring a steel-to-steel material transition in the direction
of the force.[57] Based on previous work, plasma-transferred arc
welding was used to clad higher-strength steel onto plates made

of the unalloyed steel AISI 1022M (1.0460). To test the rolling bear-
ing performance of hybrid components, the commercial bearing
steel AISI 52100 (1.3505)[64] as well as the heat-treatable steels AISI
5140 (1.7035)[63] and AISI HNV3 (1.4718) was chosen, whereby
AISI HNV3 was applied to the identical substrate material by laser
wire cladding.[65] The mentioned steels are characterized by a high
hardness and wear resistance. However, they are not corrosion
resistant due to their low chromium content and therefore cannot
be used in environments where increased humidity is present.
Hence, a new powder alloy had been developed by mixing
Höganäs Rockit 401[67] and 706[68] in a ratio of 5:1 to obtain a
corrosion-resistance and wear-resistance alloy.[66] For comparison,
commercially available bearing washers made of the classic rolling
bearing steel AISI 52100 without material transition (monolithic)
were procured. In addition, bearing washers made of monolithic
AISI 4140 (1.7225) were manufactured and investigated. For con-
sistent material designation in this article, the carbon content was
used with the prefix M for monolithic and H for hybrid (i.e.,
cladded) samples on AISI 1022M substrate, see Table 1.

2.2.1. Chemical Composition

In Table 1, the chemical compositions of all materials are given.
The data were obtained using a SPECTROMAXx (SPECTRO
Analytical Instruments GmbH, Kleve, Germany) spark spec-
trometer. For statistical validation, 18 measurements were taken
per sample on the entire circumference of the bearing washer
after testing. M100 as standard-bearing steel was mainly alloyed
with Cr and microalloyed with Si and Mn. Mo and Ni contents
were at low levels. The elemental composition was very homo-
geneously distributed over the sample and shows only a very
small scatter. Analogously, M42 with its specific elemental com-
position exhibited similar alloying properties, with Mo occurring
as an additional alloy. The substrate M22 is lightly alloyed with C
and Si and had a slightly increased Mn content. Although H100
was welded, this series of samples showed a very similar material
composition compared to M100. Only a slightly increased vari-
ance was noticeable. With regard to the material composition, it
could be assumed that the materials were almost identical. The
measured chemical composition of the samples M100 and H100
also lied within the standard DIN EN ISO 683-17[69] for AISI
52100. However, V was also detected in the measurements,
although it is not listed in the mentioned standard. In contrast,
H41 showed a slightly reduced C concentration regarding the
standard DIN EN ISO 683-2.[70] M42, in contrast, corresponded
to the standard DIN EN ISO 683-2. The sample H45 had a
slightly low content of 0.35 wt% C and 2.5 wt% Si. The standard
DIN EN 10090 requires a minimum content of 0.4 wt% C and
2.7 wt% Si.[71] The sample H56 is the only alloy that has more
than 13wt% Cr and is, therefore, corrosion-resistant per defini-
tion.[72] This was also proven with corrosion tests, carried out in
the study by Coors et al.[66] In summary, it can be said that the
monolithic materials M100 andM42 corresponded to the standards
in terms of chemical composition. In the case of the hybrid
washers, only the H100 disk matched the standard, the disks of
H45 and H41 had a lower C content. This may be due to a slight
alloy burn-off or a higher degree of dilution due to the welding
process, see.[63]
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2.2.2. Microstructure

Micrographs of the finished samples were taken for the qualitative
characterization of the microstructure. The samples were ground
with SiC paper and nylon cloth with diamond paste for polishing.
For etching, a 2% HNO3 solution was used to unveil the micro-
structure of the samples. Cross sections with a 1� magnification
are shown in Figure A3. They were sorted in descending order of C
content. The cladding material was uniformly distributed and
showed little dilution/mixing for H100, H56, andH41. For sample
H45, the degree of mixing was higher because the local energy
input, and thus the melt pool dynamics were lower in the case
of laser beamwelding. Also, a heat-affected zone was visible, which
was very narrow for the PTA specimensH100, H56, and H41 after
heat treatment (see in particular H100). From Figure A3, micro-
graphs with 10� and 100� magnification are taken, see Figure 1.
The large images in the background show the area of the material
transition for the hybrid specimens. Depending on the
manufacturing process, this area was about 1–3mm below the
specimen surface.[63–66] Due to the welding of the specimens,
welding defects such as pores have occurred in some cases, see
Figure 1b,d right. However, these flaws were located far enough
away from the damage-relevant stresses in the near-surface area
and could therefore be classified as noncritical for the present
investigation. The near-surface area of interest was shown in each
of the red boxes in the foreground of Figure 1. In delivery condi-
tion M100 (Figure 1a) showed a fine-grained martensitic structure
with a certain share of retained austenite (see small darker areas)
and tiny white primary spheroidized carbides.[73] In general, H100
looked quite similar, but the different areas were not equally dis-
tributed. Individual clusters of the previously described structures
could be observed. During hardening, i.e., quenching and temper-
ing, lath martensite was also formed close to the material transi-
tion to M22. Lath martensite occurred in lower C contents of about
0.4� 0.6%.[74] The remaining substrate material is ferritic-pearl-
itic. The material transition was sharply defined and featured
low mixing/dilution. This indicates that only negligible diffusion
of C from the cladding layer into the substrate material occurs.
H56 was characterized by a ferritic-martensitic structure with
increased precipitation of Cr at the grain boundaries and a fine
distribution of V and Cr carbides. A lath martensitic microstruc-
ture with retained austenite could be seen in H45.[75] A preferred
orientation was not directly evident. The heat-affected zone was not
as pronounced as withH100. Themicrostructure of M42 showed a

lath-tempered martensitic structure with uniformly distributed
carbides at inter lath boundaries.[76] The microstructure of H41
was quite identical to M42, which was due to the similar chemical
compositions. Just the amount of Mo was missing, whereby Mo
led to increased carbide formation.[77]

2.2.3. Surface Hardness and Roughness

To create consistent conditions for the wear tests, all washers were
finished on a modified laboratory grinder LABOPOL-5 (Struers A/S,
Ballerup, Denmark). For this purpose, the specimens were loaded
with 80 N and wet ground at 300 rpm in two steps. Between each
step, a visual inspection was made to see if previous machining
marks were no longer visible. The grinding parameters were:
1) diamond grinding wheel with grit 120 for 2min and 2) diamond
grinding wheel with grit 220 for 5min.

For the finished parts, tactile roughness measurements were
carried out with a Perthometer PCV system (Mahr GmbH,
Göttingen, Germany). Four measurements in the circumferen-
tial direction and four measurements in the radial direction were
taken for each washer with LT ¼ 5.6 and LC ¼ 0.8� 5. The rough-
ness values for each series of specimens are given in Figure 2.
Across all steel disks, a roughness of Ra ¼ 0.08� 0.02 μm
was obtained with a unidirectional surface texture. This corre-
sponds to the industrial standard of 81212 bearing washers. In
addition, the hardness of the specimens was measured with 12
Rockwell measurements each according to DIN EN ISO
6508-1[78] on a ZHU 250 (ZwickRoell GmbH & Co. KG,
Ulm, Germany) universal testing machine. The hardness values
were converted following EN ISO 18265[79] and are also shown
in Figure 2. This was taken just as indicative value, as hardness
conversion was complex.[80] The industrial bearing washers
(samples M100) featured a hardness of 62 HRC. For the welded
specimen, H100 reached a higher hardness of 66 HRC due to
the targeted heat treatment on a laboratory scale. Samples M42
and H56 featured a hardness of 58–60 HRC. In particular, H45
and H41 do not fulfill a usual minimum requirement of 58
HRC ð> 650HVÞ for raceways of rolling bearings.[81–85] The
substrate material showed a hardness of 165 HV1 before weld-
ing. After welding and combined heat treatment, a hardness
of 250 HV1 was achieved in the base material.[64] In previous
publications, it could be shown, that the hardness from
cladding to substrate was homogeneous for each material
investigated.[63–66] If the layer height of the coating layer was

Table 1. Chemical composition as determined by optical emission spectrometry in wt% �0.005; N< 0.05, P & S< 0.01. Name prefix: M: monolithic
material specimen, H: hybrid sample with specified C content in the cladding on AISI 1022M substrate.

Sample AISI C Si Mn Cr Mo Ni V

M100 52100 0.95 0.29 0.34 1.57 0.03 0.12 0.01

M42 4140 0.41� 0.01 0.4 0.75 1 0.2 – –

M22 1022M 0.22� 0.02 0.29 0.87 0.04 0.01 0.06 –

H100 52100 0.97� 0.04 0.31 0.41 1.61� 0.06 – 0.04 0.01

H56 – 0.52� 0.03 0.93� 0.06 0.27� 0.03 14.05� 1.18 0.39 1.79� 0.16 1.17� 0.11

H45 HNV3 0.30� 0.03 2.47� 0.1 0.36� 0.01 8.07� 0.22 0.02 0.11 0.04

H41 5140 0.35� 0.01 0.29 0.7 1.01� 0.01 0.04 0.12 –
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known or sufficiently large, the hardness at the surface corre-
sponded in a first approximation to the hardness of the cladding
or base material up to the material transition. It, therefore, is
not assumed, that the material transition had an influence
on wear and friction behavior. The Al2O3 counterbodies fea-
tured a very high hardness of 1600 HV0.1.

2.3. Ball-on-Disk Testing

The wear of different material specimens under pure sliding
were experimentally investigated on a ball-on-disk tribometer.

The dry friction tests were carried out in accordance with
ASTM G99[10] and DIN 50 324 (withdrawn)[11] on a WAZAU

TRM 5000 (Dr. Ing. Georg Wazau Mess- þ Prüfsysteme GmbH,
Berlin, Germany) tribometer. The tribometer was equipped with
measurement systems for normal force, frictional torque, and
speed. In addition, a wear measuring systemmeasured the linear
wear depth in the normal direction of the disk. The tests took
place at laboratory air with a temperature of 22� 2 °C and
approximately 50% humidity. The experimental setup is shown
in Figure 3. Tailored forming disks with different material com-
binations were used as the specimens, see Section 2.2. The

Figure 1. Micrographs after heat treatment and finishing with 10� magnification in the area of the material transition and 100� magnification of the
cladding material in a near-surface area (red box): a) AISI 52100; b) welded AISI 52100; c) welded Rockit 401/706 mix 5:1; d) welded AISI HNV3; e) AISI
4140; and f ) welded AISI 5140.
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washers were mounted upside down in a three-jaw chuck on the
spindle. It rotated at a constant speed of n ¼ 28.09� 0.4 rpm to
achieve a sliding speed of v= 0.1 m s�1 with a raceway radius of
r= 34mm. To ensure that wear occurs on the steel disks,
ceramic balls made of Al2O3 with a diameter of db ¼ 10mm
in grade 25 according to DIN 5401[86] were used. These counter
bodies were rigidly fixed in a stationary ball holder. The tests

were performed under a constant load of FN ¼ 10.08� 0.41N
(see Figure A4) acting on the ball holder via a lever arm for a
sliding distance of s= 1000m. The experimental deviation of
about 4% during the test could be explained by small deviations
in the axial runout of the disk with respect to the specimen holder
and is considered here to be noncritical. In sphere-plane configu-
ration, the Hertzian pressure was calculated to pmax ¼ 1184MPa,

Figure 2. Hardness and roughness characteristics of the surface materials in tribocontact used.

(a) (b)

(c)

Figure 3. Experimental setup: a) ball-on-disk tribometer WAZAU TRM 5000 according to ASTM G99 and DIN 50324; b) sketch of the contact situation;
c) ball–and–disk specimens with wear marks.
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considering the material properties of the contact partners
(EAl2O3

¼ 380GPa, Esteel ¼ 210GPa, νAl2O3
¼ 0.23, νsteel ¼ 0.3).

Three to five wear tests were carried out for each material.

3. Results

3.1. Friction Behavior

Figure A4 shows the friction coefficients plotted over the wear
distance for all tests of each material. The curves were obtained
by smoothing the raw data of each individual test using a
moving average filter with a fixed window length that is
determined heuristically. For each material, the mean value
was calculated from the smoothed data of all corresponding
tests for this material. In addition, the error bars of these
series and the overall mean value of all tests are plotted (black).
It can be seen that the coefficient of friction (CoF) converges to
a quasi-static value after a run-in period. For the steady phase
in interval sCoF ¼ ½200, 999�m, the average CoF value has been
calculated, see Table 2. The M100 and H100 series show

almost identical CoF. The material H56 shows a slightly lower
CoF, than the above standard for rolling bearing steel, H45 is
slightly above. All four materials mentioned are below the
mean CoF value of all tests carried out (black line in
Figure A4). Accordingly, the materials M42 and H41 show
a higher CoF. The high CoF is due to the accumulation of
debris particles between the M42/H41 disk and the Al2O3 ball,
which leads to three-body abrasive wear of the disk,[87,88]

see Section 3.2.

3.2. Ball Wear

After tribo-testing, the surface of the ceramic balls was examined
optically on a VK-X210 laser scanning microscope (Keyence
Corporation, Osaka, Japan). Depending on the tested material, little
to no wear occurred on the balls. On all balls, more or less severe
particle adhesions can be seen, some loose and some as agglomer-
ates on the surface. In Figure 4, exemplary ball surfaces of H100,
H56, and H41 contacts are shown. The sliding movement is from
bottom to top. The most severe damage has occurred in contact with
H41, see Figure 4c. The damage is about 600� 800 μm in size and
maximum 13 μm deep. Based on the type and shape of damage, it
can be supposed that the damage on the ball was caused by abra-
sive particles. Some of these particles are lying loose on the
surface. Energy dispersive X-ray spectroscopic (EDX) measure-
ments detected iron oxide compounds for these particles,
see Appendix 4. At the run-out end of the contact, in contrast,
elevations are measurable, which result from adhesive wear.
For the ball of H41, the elevation height is about 0.65 μm.

Table 2. Coefficient of friction (CoF) for the steady phase after run-in
during ball-on-disk testing of different materials.

Sample CoF Sample CoF Sample CoF

M100 0.63� 0.08 H56 0.59� 0.15 M42 0.86� 0.28

H100 0.63� 0.03 H45 0.70� 0.2 H41 0.92� 0.46

Mean 0.72� 0.15

(a)

(c)

(b)

Figure 4. Wear marks acquired by means of laser scanning microscopy on Al2O3 ball with three different counterparts: a) welded AISI 52100; welded
Rockit 401/706 mix 5:1; and c) welded AISI 5140. The sliding movement is from bottom to top (positive y-direction).
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The distance from the leading edge of the abrasive damage to
the elevation is 740 μm. H100 shows a comparable, but much
less severe damage. The abrasive damage area is 380� 200 μm
in size and a depth of 1.9 μm. The build-up height of the adhe-
sive damage is 0.3 μm here. The distance from the leading edge
of the abrasive damage to the elevation is 400 μm. In contrast,
only adhesive wear from the steel material to the ceramic ball
has occurred with H56 in Figure 4b. A plateau of about
230� 270 μm has formed, rising steadily to about 10 μm in
the direction of sliding. Adhesive particles are also present
on both sides of the plateau and appear reddish under the
reflected-light microscope.

3.3. Disk Wear Scars

When observing the ball surfaces, it was noticed that different wear
phenomena can occur depending on the diskmaterial. Micrographs
of the disk’s wear marks were taken after testing using laser scan-
ning microscopy. The profile of the wear marks was measured for
all disks. For this purpose, an approximately 1� 3 mm section
was scanned at the positions 0°, 90°, 180°, and 270° for each disk.
For each of these sections, a profile measurement was performed
with 20 lines in an interval of 50 μm length. The profile average
was then averaged over all the sections for each disk. The most
severe wear marks for each material are shown in Figure 5 with

Figure 5. Micrograph and profile diagrams, both acquired by means of laser scanning microscopy, of averaged wear scars after experiment with Al2O3 ball
and following counterparts: a) AISI 52100; b) welded AISI 52100; c) welded Rockit 401/706 mix 5:1; d) welded AISI HNV3; e) AISI 4140; f ) welded AISI
5140. Please note the different length scales for horizontal and vertical directions, depicted in (d).
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their averaged profile. The abrasive contact between the steel disk
and the ceramic ball leads to grooving of the disk. The wear
profiles generally have an approximately semicircular shape,
which differs in penetration depth and width of the wear track
depending on the material. In addition, a material build up can
be consistently detected at the edges of the track. Tribo-
oxidation is partially detectable. Both AISI 52100 combinations
M100 and H100 show a comparable wear mark. The wear tracks
are about 200 μm wide and about 2 μm deep. The degree of
smearing or tribo-oxidation is somewhat higher for H100.
H56 has comparable geometric dimensions of the wear track
(200� 1.7 μm), but the visual appearance is different. H56
has a bluish and red-brown coloration, for which a tribochem-
ical reaction could be responsible. The remaining samples all
show more severe wear marks. In particular, H41 has the larg-
est wear track in the entire test with 1000 μm width and 9 μm
depth. In the profile plot in Figure 5f, it can be seen that the
wear track has a very deep central region and is less deep at
the edges. H45 and M42 show a smaller wear track in relation
to H41. Compared to H45, the materials M42 and H41 show
significantly more smearing. Energy dispersive X-ray spectro-
scopic line scans could prove increased O content with
decreased Fe content in the outer areas and for the darker wear
marks, see Figure A5.

3.4. Disk Wear Volume

With knowledge of the disks’ wear track specifications, the disk
wear volume can be determined according to ASTM G99.[10] For
this purpose, the wear volume VW;disk in [mm3] is calculated as
the quotient of wear track radius r and track width b to sphere
radius dball (all in [mm])

VW;disk ¼
π ⋅ rrace ⋅ b3track

6 ⋅ dball
(1)

Note that this assumption is only valid if there is no ‘signifi-
cant’ ball wear, as shown in Figure 4.[10] Figure 6 shows the wear
volume in dependence of disk cladding material. Three tests of
the five tests are shown in each case: the one with the highest

wear volume, the one whose wear amount corresponds most
closely to the materials mean value, the one with the lowest wear,
and the mean value including standard error. It can be seen that
the results of Section 3.3 are confirmed. M100 and H100 show
almost equal wear volumes. The stainless material H56 shows
the lowest wear volume in the tests. Furthermore, the test results
with this material are very consistent. The three remaining mate-
rials with a C content of more than 0.5% show larger wear vol-
umes. Here, too, the stainless material H45 shows less scatter.

4. Discussion

The research hypothesis, stating that cladding layers can protect
the base material from wear, could be confirmed. The cladding
layers with a thickness of about 2mm are in every case sufficient
to withstand the loads in sliding contact. It is not assumed that a
possible transition zone between the materials (i.e., heat-affected
zone) has an influence on the friction and wear behavior. Thin
wear protection coatings with thicknesses below 5 μm, produced,
e.g., by vacuum-based coating processes or thin-film technolo-
gies, would not be sufficient for the experimental conditions pre-
sented here. The tests furthermore showed, that material
hardness and wear strength correlate well in a first approxima-
tion. H41 and M41 are the softest materials and show the most
pronounced (severe) wear behavior on average. In contrast, M100
and H100, as the hardest materials tested, show good wear
behavior. However, this correlation does not truly hold for the
steels with higher Cr content: H56 is not as hard as M100/
H100 and still shows a very comparable or even lower wear vol-
ume, see Figure 6. Similarly, H45 is softer than M42/H41 but
has a lower wear volume. To be able to describe and quantify
this relationship without giving too much attention to the wear
mechanism at hand, the Archard Model is used as a simple and
frequently applied wear model in the following.[89] After trans-
forming the traditional Archard equation, the dimensionless
constant K can be determined as follows

K ¼ V �H
F � s

(2)

Figure 6. Wear volume of cladded steel disks.
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K describes a material-dependent factor that is also referred to
as the Archard wear coefficient. This factor is usually determined
experimentally and is also dependent on test parameters such as
surface roughness, hardness and hardening strategies, chemical
bonding of the contact partners, and the like. Literature states a
range of K¼ 10�8 : : : 10�3 for metals.[90] To determine K, the
mean wear volume V ¼ VW;disk from wear testing of the various
materials presented in Figure 6, is used.H gives the hardness of
the softer contact partner, see Figure 2. The Vickers hardness num-
ber in (kgf mm�2) was converted to SI units (Nmm�2) by multi-
plying the HV value by 9.807. The normal load F ¼ FN ¼ 10N and
the sliding distance s ¼ 1000m are determined by the experimental
conditions, see Section 2.3. In Figure 7, the Archard wear coefficient
K is given for each cladding material tested.

It can be seen that H56 has the lowest Archard wear coefficient
of KðH56Þ ¼ 5.79� 10�5. It is also lower than the next group of
M100, H100, and H45, which have a wear coefficient of around
Kð100,H45Þ � 9� 10�5. Steels M42 and H41 with a lower C con-
tent have a higher wear coefficient ofKðM42,H41Þ � 14.25� 10�5.
The Cr-containing steels therefore cannot really be clustered with
the other steels. Thus, the deviating Archard coefficient K in con-
junction with the visual properties of the wear track indicates a
different type of wear behavior. In contrast, this cannot be clearly
delineated in the friction tests, as the data are subject to wide
variation. It is possible that the Cr depositions together with
the reduced C content generate fewer hard abrasive particles
in the tribosystem with the Al2O3 balls. As a result, there is less
abrasive wear, which was also seen on the ball surface, cf.
Figure 4. For H56, this may have additionally led to increased
tribochemical oxidation, as indicated by the different coloration
of the surface, cf. Figure 5. This may have been favored by the
additional alloying elements Ni and V, resulting in the formation
of a more favorable boundary layer. In conjunction with the car-
bide precipitates and the higher hardness of sample H56, better
wear behavior was then observed. Hard Fe O composites dam-
aged the other Al2O3 balls and led to abrasive wear processes
there. As described in Section 3.3, EDX suggests tribo-oxidation

and the formation of iron oxides for the low Cr materials in par-
ticular, see Section A4.

5. Conclusion and Outlook

This work focuses on wear investigations on a ball-on-disk trib-
ometer for various cladding materials. The cladding was
deposited additively by plasma-transferred arc welding of high
strength, high carbon steel on mild steel. The specimens were
subsequently hot formed for a more favorable microstructure,
following the tailored forming approach. Summarizing the
wear experiments, it can be said that the welded samples
H100 (0.97 wt% carbon content) and H41 (0.35% C) are
very comparable with their monolithic counterparts M100
(0.95% C) and M42 (0.41% C), respectively in terms of their
specific wear behavior. This means that the welding process
with subsequent forming has no significant influence on
the wear behavior in pure sliding conditions. Ultimately, this
finding offers the possibility to use better-performing materi-
als for a specific use case like H56 (0.52% C, 14% Cr, 1.8% Ni,
1.2% V, bal. Fe), which can have additional advantages like
corrosion resistance or good weldability. The reasons for the
good performance of this material with comparatively lower
wear are the high Cr content of the coating material and the
better properties in the tribosystem with an Al2O3 ball. By
determining the Archard wear coefficient, which relates wear
volume and material hardness to sliding distance at constant
load, the good performance of H56 in pure sliding was
confirmed.

In future investigations this material is to be used as raceways
for a rolling bearing. Especially in roller thrust bearings or other
applications with higher slide ratios, special materials like H56
can lead to improved performance. However, it is necessary to be
able to select the right material for the specific application and to
master the necessary manufacturing process to avoid defects in
the workpiece.

Figure 7. Approximated Archard wear coefficient K for each material tested.
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Appendix

A.1 Welding Process

Figure A1 and A2.

A.2 Micrographs

Figure A3.

Figure A2. Welding process.

Figure A1. Spiral welding process.

Figure A3. Cross sections: a) AISI 52 100; b) welded AISI 52 100; c) welded Rockit 401/706mix 5:1; d) welded AISI HNV3; e) AISI 4140; and f ) welded AISI
5140. The red box shows the magnified area shown in Figure 4.
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A.3 Friction

Figure A4.

H41 M42 H45 H56 M100 H100 mean

Figure A4. Coefficient of friction versus sliding distance as material-dependent mean with error bars of 3–5 tests per material and as overall mean across
all measurements (black).

Figure A3. Continued.
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A.4 EDX

Figure A5.

Figure A5. Energy dispersive X-ray spectroscopic line scans of wear tracks after testing.
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