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Abstract

This article deals with the subject of layers produced in a hybrid process combining hardfacing and nitriding. These layers
are characterized by improved resistance to wear, which arises from the synergy between favorable materials during hard-
facing and nitriding treatment. Tests were conducted on hot-work tool steel (H11) samples. Hardfaced layers consisting of
three layers were applied to these samples, where layers were made from two materials—Robotool 46 and Hardface VMolc
powder wires. Next, samples of both materials were nitrided using ZeroFlow gas nitriding technology, with control of poten-
tial aimed at obtaining a diffusion layer without a white zone of nitrides on the surface. The next step was to investigate the
properties of hardfaced layers and of layers hardfaced after nitriding treatment. Conducted tests covered observations of
the microstructure, microhardness measurements as a function of distance from the surface, measurement of stresses in the
surface layer by means of X-ray diffraction, and tribological tests. Obtained test results show that hybrid layers combining
hardfacing and nitriding may be suitable for improving the lifetime of tools applied in hot forging processes.
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1 Introduction are constantly exposed to the action of destructive fac-
tors such as intense thermal fatigue, periodically variable

The lifetime of tools in forging process has been a subject =~ mechanical loads, and intense friction under high pressures.

of research by many scientific centers for a long time. This
research concerns, among other things, wear mechanisms
causing destruction of the surface and surface layer of tools
as well as methods of increasing wear resistance. In recent
years, there has been a distinct rise of interest in this subject
matter [1-3].

The main reason for low durability of tools used in
industrial forging processes is that working conditions are
extremely heavy. Over the course of operation, these tools
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The tool’s surface layer is particularly exposed to the action
of these factors, which is why the majority of destructive
mechanisms that occur pertain to this area of the tool. There-
fore, modifying the surface layer properties of forging tools
is the most effective way to improve their durability [4, 5].
In recent years, growing interest in new methods of
improving the durability of forging tools has been observed.
As scanning electron microscopy, atomic force microscopy,
and various methods of detecting chemical and phase com-
position advanced and became more available, many new
chemical compounds for coatings and layers were discov-
ered. New materials characterized by superior functional
properties have enormous potential for application in many
engineering disciplines. In recent years, many new solutions
have also been developed in the field of methods improving
the lifetime of forging tools. Among these solutions, hybrid
layers are dominant, i.e., those combining various surface
treatment methods for the purpose of obtaining new prop-
erties and higher wear resistance. Hybrid layers combining
nitriding with PVD coatings [6], nitriding with CVD coat-
ings [7], shot peening with nitriding [8], and various types
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and kinds of coatings on a single tool [9] are known. A new
solution, characterized by high potential and broad capa-
bilities, is the combination of popularly applied hardfacing
with thermochemical nitriding treatment [10]. This paper
provides detailed test results of hybrid layers combining
hardfacing with nitriding treatment, the structure, proper-
ties, and wear resistance of which were tested under labora-
tory conditions.

As is known, nitriding increases tools’ resistance to abra-
sion and fatigue strength and improves corrosion resistance
[11]. Observations of many industrial forging processes,
in which nitrided tools were applied, have proven that this
treatment makes it possible to increase tool lifetime several
times over [12]. Conducted tests demonstrated that nitrided
layers with a uniform and specific structure can effectively
improve tool lifetime. Despite the fact that nitriding tech-
nology has been mastered quite well and applied for many
years, it is increasingly unable to meet expectations regard-
ing the durability of tools used in advanced, high-perfor-
mance hot die forging processes [13].

In recent years, the durability-improving technology
based on modification of the surface layer, that is being used
with increasing frequency, is hardfacing, particularly preven-
tive hardfacing [14, 15]. It is based on coating forging tools
with a layer of metal by using the hardfacing (padding) tech-
nique with simultaneous melting of the substrate, where it is
important to precisely melt the hardfacing product (padding
weld) with substrate material, whose share in the hardfac-
ing metal may reach up to 60%. The hardface layer is tasked
with ensuring the best possible operational properties of
the surface layer, acting preventively (enrichment), or in the
case of regenerative hardfacing, restoring these properties
through surface reconstruction [16]. Hardfacing performed
in forges is currently most often performed, depending on
the plant, by means of available welding methods, including
gas tungsten arc welding (GTAW), gas metal arc welding
(GMAW), self-shielded flux-cored arc welding (FCAW-S) or
laser surface melting (LSM) [17]. Observations of hardfaced
forging tools conducted until now have demonstrated that
their durability can effectively be improved in this manner
[18-20].

The authors’ most recent studies concerned the simulta-
neous application of hardfacing combined with later nitrid-
ing. Preliminary results showed nearly twofold improvement

in durability in comparison with standard tools, on which
only one of the aforementioned techniques was applied [10].

There is little information in the available literature con-
cerning the possibility of applying hybrid surface layers,
created by combining hardfacing with nitriding, in order
to improve the durability of forging tools. However, there
are studies relating to nitriding of padding welds, welded
machine parts, hardfaced combustion engine valves, or even
purposeful hardfacing and nitriding of elements of steel
structures [21, 22]. These studies indicate elevated corro-
sion resistance, tribological resistance, and higher mechani-
cal strength of such layers.

Due to the observed enormous potential of layers of this
type, activities were undertaken to explain the causes of
their superior wear resistance. According to one definition
of durability, the durability of a tool can be defined as its
capacity to withstand individual destructive mechanisms
occurring in a given process. One of the primary destructive
mechanisms occurring in hot die forging processes is abra-
sive wear, which is why special attention has been devoted in
this paper to investigating the resistance of obtained hybrid
layers to abrasive wear. The mechanical and structural prop-
erties of layers responsible for their wear resistance were
also analyzed.

2 Applied materials and testing methods

Tests were conducted on samples that were prepared so as to
be representative with respect to the process of manufactur-
ing forging tools. The base part of every sample was a block
with dimensions of 100 % 100 x 50 mm made of H11 steel,
heat-treated by quenching and high-temperature tempering
to a hardness of approx. 450-500 HVO0.1, which corresponds
to typical heat treatment of forging tools applied in hot die
forging processes. On this substrate, three hardfaced lay-
ers were applied by self-shielded flux-cored arc welding
(FCAW-S). Two powder wires manufactured by welding
alloys—Robotool 46G and Hardface VMolc, the chemi-
cal compositions of which are presented in Table 1—were
applied as the padding weld material. Robotool 46G wire
is popularly used as weld metal for hardfacing of dies for
forging on presses, while Hardface VMolc wire has been

Table 1 Chemical composition and properties of materials applied in hardfacing process

Material Element content as % Est. hardness [HRC]  Source

C Mn Si Cr Mo Ti Ni \Y% Fe
HI11 steel 038 092 030 485 130 0.02 034 028 Rem. - According to chem. analysis
Robotool 46G 020 090 050 510 380 025 - - Rem. 44 HRC Welding alloys catalog
Hardface VMolc  0.08 1 0.6 10 2.5 - 1.8 - Rem. 34-36 HRC Welding alloys catalog
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proposed as a material for regeneration of dies for hammer
forging.

After hardfacing, samples were mechanically processed
by grinding in order to obtain a uniform, smooth surface. In
mechanical processing, only unevennesses were removed, so
that the analyzed surface was completely made of the mate-
rial making up the third layer of the padding weld. Accord-
ing to the adopted technology, approx. 90% of this third
layer should consist of the powder wire weld metal. Fig-
ure 1 shows a view of the hardfaced sample after mechanical
processing.

Ground, hardfaced samples were divided into two parts
for the purpose of subjecting one of them to the ZeroFlow
gas nitriding process with low potential, so as to obtain a
diffusion layer without a zone of continuous nitrides on the
surface. This processing variant is dedicated for application
on forging tools, as confirmed in other studies [23]. The
nitriding process was conducted at 550 °C over approx. 13 h.

Next, laboratory tests of the obtained surface layers were
conducted, covering:

— examinations of the microstructure, done using a Key-
ence VHX-6000 digital microscope with magnification
up to 1000x, with the capability of measurement under
a variable lighting angle, depth of field composition in
2D and 3D, HDR plus technology, in which photographs
of the microstructure were taken. The microstructure in
the padding weld, heat-affected zone, and native material
was observed;

— microhardness measurements of the surface layer, which
were performed on a LECO LM-100AT microhardness
tester by the Vickers method under 0.98 N load. Meas-
urement was performed on the cross section, at points
distributed along the vector running perpendicularly
from the surface into the material,

— laboratory tests included measurement of stresses in the
surface layer by X-ray diffraction, on the surface, and
at depths of 50, 100, and 150 um. For the purpose of
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Fig.1 View of sample hardfaced with Hardface VMolc wire after
mechanical processing

measuring stresses at the indicated depths, the surface
was etched electrolytically, with removal of a 50 pm
(10 um) layer of thickness in every instance. Measure-
ment was performed in two directions: X and Y, after
which mean stress was calculated in a flat stress/strain
state. Tests were conducted at the Laboratory of Metal-
lurgical Science and Chemical Analyses of the Institute
of Non-Ferrous Metals in Skawina, accredited by the
Polish Centre for Accreditation (PCA accreditation cer-
tificate no. 394). Tests were conducted on a Proto XRD
residual stress systems machine.

— abrasive wear tests, conducted on sample surfaces. Wear
tests were performed on a “ball-on-disk” tribotester from
CSM Instruments under technically dry friction condi-
tions at room temperature 22 °C. Tungsten carbide balls
with a diameter of 6 mm (calibrated by CSM Instru-
ments) were used as the ball (i.e., countersample). Tests
were conducted under 10 N load, with a linear speed
of 10 cm/s, over a radius of 3 mm. The total test path
amounted to 250 m, over which change of the friction
coefficient was registered. The adopted measure of wear
was volumetric loss of the sample, generated as the wear
trace resulting from friction between the sample and
countersample. For this purpose, the area of the sample’s
wear profile was measured along its circumference by
means of a Dektak 150 contact profilometer from Veeco
Instruments. The measuring needle’s radius of curvature
was 2 um, under 3 mg needle load. Volumetric loss was
determined as the product of the mean value of the sam-
ple’s wear area (sample loss) and the circumference of
the circular wear trace formed in the ball-on-disk test. In
addition, the so-called wear factor K was determined as
a comparative measure of wear. Next, obtained surface
areas of wear tracks on the tested samples were observed
under a Tescan Vega III scanning electron microscope in
order to determine the nature of wear. Observations of
the worn surface and cross section were carried out.

3 Results

Tests were conducted under laboratory conditions in the
sequence described in Sect. 2. Microstructure, properties,
and resistance to wear were analyzed for the purpose of
determining the influence of nitriding on the quality and
strength of padding welds.

3.1 Analysis of hybrid layers’ microstructure
Samples were prepared by cutting, grinding, and polishing,
as well as etching with the following reagents: Nital 5% and

Vilella’s. The image was analyzed throughout the entire
cross section, with attention paid to the microstructure of
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individual areas and to transitional zones. Figure 2 presents
photographs of the microstructure of the layer hardfaced
with Robotool 46G material.

The padding weld made of three layers of Robotool 46
material on the substrate of H11 steel is visible in Fig. 2.
The middle part shows a composite of the sample’s entire
surface (made from photographs taken at 200X magnifica-
tion in the 3D HDR system), from the surface layer down
to the native material (NM). The left side shows character-
istic fusion sites between individual padding weld layers,
between the padding weld and the substrate material, and
the transition of the HAZ into NM (mag. 200x). On the
right side, structures of individual padding weld layers, the
HAZ and NM, are shown (mag. 500x). After hardfacing,
the surfaces of the final padding weld layer were processed
by grinding. Through observations of the hardfaced sample
under a light microscope, it can generally be stated that the
quality of individual layers is high, and no welding defects
were observed. Individual passes of the padding weld are
well visible in the cellular—dendritic structure, and a rather
wide HAZ can be seen in the native material.

A fine-grained structure of martensite from steel temper-
ing is present in the structure of the native material (NM),
with the presence of a small amount of residual austenite.
The structure of H11 steel is characterized by banding, in

Fig.2 Microstructure of layer
hardfaced with three layers of
Robotool 46G material
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which characteristic dark bands alternating with light bands
are carbide precipitations. A wide HAZ, in which the steel’s
structure clearly changed, is visible in the upper part of the
sample. Grains were refined, and banding was reduced. The
structure of this area of the steel has the nature of temper-
ing sorbite. The depth of fusion of the first layer is approx.
1 mm, and the structure of the layer near the fusion line
displays non-uniformity, in the form of tongues of the steel’s
material in the layer, resulting from movement of the bath
in the weld pool. Such a structure forms in the case of a dif-
ference in chemical composition between the welding metal
and substrate. In the case of intensive movement of the bath
in the weld pool, a certain amount of the hardfaced material
is introduced onto the surface of the padding weld.

A coarse-grained bainitic—martensitic structure, with a
variable width of up to approx. 1 mm, is present just under
the fusion line. The structures of individual layers are simi-
lar and have a cellular—dendritic structure consisting of a
fine-grained, low-tempered bainitic structure, with a large
amount of carbides present on grain boundaries (most likely
chromium carbides), and a certain amount of carbides pre-
sent inside grains. A small amount of residual austenite is
also visible.

In the area of fusion between individual layers, grains
were refined, and there was an increased number of carbides
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in the structure due to the influence of heat supplied during
application of the next layer. The final layer of the padding
weld, particularly the surface part, consists of low-tempered
martensite.

The change of orientation of the crystallization axis of
column grains in individual layers, visible throughout the
entire padding weld, indicates correct performance of the
hardfacing process, during which successive passes ran in
different directions, thus refining the structure and prevent-
ing trans-crystallization.

Figure 3 shows a padding weld made of three layers of
Robotool 46 material on the substrate of H11 steel, subjected
to the ZeroFlow nitriding process at 550 °C for 13 h. The
middle part shows a composite of the sample’s entire surface
(made from photographs taken at 200X magnification in the
3D HDR system), from the surface layer down to the native
material (NM). The left side shows characteristic fusion
sites between individual padding weld layers, between the
padding weld and the substrate material, and the transi-
tion of the HAZ into NM (mag. 200x). On the right side,
structures of individual padding weld layers, the HAZ and
NM, are shown (mag. 500x). After hardfacing, the surfaces
of the final padding weld layer were processed by grind-
ing. Through observations of the hardfaced sample under a

Fig.3 Microstructure of layer
hardfaced with three layers

of Robotool 46 material after
nitriding treatment

light microscope, it can generally be stated that the quality
of individual layers is high, and no welding defects were
observed. Individual passes of the padding weld and a rather
wide HAZ are well visible. A fine-grained structure of high-
tempered sorbite, with the presence of a very small amount
of residual austenite, is present in the structure of the native
material (NM). The structure of H11 steel lost its banding
as a result of nitriding heat treatment. A wide HAZ is visible
in the upper part of the sample. Grains were refined, and
banding was reduced. The structure of this area of the steel
has the nature of tempering sorbite. The structure between
individual layers shows changes on the fusion boundary due
to heat supplied as a result of application of the next layer,
with an elevated amount of carbides in the structure. The
structure itself of individual layers is similar, consisting of
a fine-grained, high-tempered bainitic structure, with a large
amount, larger than in the case of the sample that was not
nitrided, of carbides present on grain boundaries (most likely
chromium carbides), and a certain amount of carbides pre-
sent inside grains. A small amount of residual austenite is
visible on grain boundaries. A characteristic area is present
on the fusion line between the second and third layers and
is characterized by a thin lining of carbides along nearly
the entire boundary of grains. The final padding weld layer,
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particularly the surface part, shows a nitrided layer with a
mean depth of 140 um, the hardness of which increased from
570 HVO.1 to above 1100 HVO.1.

The padding weld made of three layers of Hardface
VMolc material on the substrate of H11 steel is visible in
Fig. 4. The middle part shows a composite of the sample’s
entire surface (made from photographs taken at 200X magni-
fication in the 3D HDR system), from the surface layer down
to the native material (NM). The left side shows characteris-
tic sites of mutual fusion between individual padding weld
layers, fusion between the first padding weld layer and the
substrate material, and the transition of the HAZ into NM
(mag. 200x). On the right side, structures of individual pad-
ding weld layers, the HAZ and NM, are shown (mag. 500X).
Through observations of the hardfaced sample under a light
microscope, it can generally be stated that the quality of indi-
vidual layers is high, and no welding defects were observed.
Individual passes of the padding weld are well visible in
the cellular—dendritic structure, and a rather wide HAZ can
be seen in the native material. A fine-grained structure of
martensite from steel tempering, similar in composition with
the structure presented in Fig. 2, is present in the native
material (NM). A wide HAZ, in which the steel’s structure
clearly changed, is visible in the upper part of the sample.

Fig.4 Microstructure of layer
hardfaced with three layers of
Hardface VMolc material

@ Springer

Grains were refined, and banding was reduced. The structure
of this area of the steel has the nature of tempering sorb-
ite. The depth of fusion of the first layer is approx. 1 mm,
and the structure of the layer near the fusion line shows a
decarburization zone. Such a structure occurs in the case of
a difference between the chemical composition of the weld-
ing metal and substrate material, particularly when there is
a high difference in Cr and C content under the influence
of heat supplied during application of the next layer. This
causes the formation of an area where pure alloyed ferrite is
present, and this can also be a cause of increased brittleness
due to reactive diffusion and an increased tendency for hot
fracture [24]. The structures of individual layers are similar
and are cellular—dendritic, consisting of alloyed ferrite with
bainite, where a more coarse-grained structure is present in
the exterior layer compared to previous layers. In padding
weld layers, there are no distinct carbide precipitations on
grain boundaries, as can be seen in padding welds made of
Robotool 46 wire (Figs. 2, 3); however, very fine carbide
precipitations are present inside dendritic grains of the fer-
ritic—bainitic structure. The structure of tempered martensite
is present near the fusion line from the side of the HAZ.
Figure 5 presents photographs of the microstructure of
the layer hardfaced with Hardface VMolc material after
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Fig.5 Microstructure of layer
hardfaced with three layers of
Hardface VMolc material after
nitriding treatment

nitriding treatment. A thin nitrided layer, with a thickness of
approx. 50 um, is present on the surface of the padding weld.
The structure of individual areas of the padding weld and
of steel is similar to the structure prior to nitriding, with the
exception of a greater number of fine carbide precipitations
inside grains of the padding weld and in the HAZ.

3.2 Microhardness measurement results

The mechanical properties of the hybrid layers obtained
on samples were analyzed in detail. The goal of tests was,
among other things, to evaluate hardness on the cross sec-
tion, particularly in the surface layer, the properties of
which are of critical significance to processes accompanied
by wear. For this purpose, microhardness was measured at
a distance ranging from 0.01 to 7 mm, with three meas-
urements taken for each sample. The chart below presents
microhardness as a function of distance from surface on a
logarithmic scale, which was adopted in order to highlight
the hardness of the nitrided layer within the 0.01-0.1 mm
range, while simultaneously indicating hardness fluctuations
throughout the entire cross section of the padding weld and
heat-affected zone (Fig. 6).

First of all, the results presented above show the effect
of hardfacing of samples with Robotool 46 and Hardface

VMolc materials. Robotool 46 powder wire made it possible
to obtain a nearly uniform padding weld with a hardness of
approx. 550 HV near the surface and 550-600 HV at a depth
up to 7 mm. Local hardness reductions at a depth of approx.
0.1 mm and 3-5 mm, shown in the chart, reflect transitional
zones between successive layers, which was also confirmed
in examinations of the microstructure. Similarly, the pad-
ding weld based on Hardface VMolc wire is characterized
by hardness at a level of 400 HV, with local decreases at a
depth of approx. 0.1 mm and 1 mm, corresponding to fusion
zones on the boundary between individual layers.

Selected materials can be used for hardfacing or rebuild-
ing surface welding. Robotool 46G can be used as hard-
facing for forging dies on presses, which are usually made
of H11/X37CrMoV5-1 steel with a hardness of approx.
500 HV. Similarly, Hardface VMolc can hardface dies made
of L6/55NiCrMoV7 steel, which is commonly used to pro-
duce dies for forging on hammers. The hardness of the steel
matrix is usually around 380 HV.

The results of hardness measurement also made it pos-
sible to evaluate the profile and depth of formed nitrided
layers. In the case of the padding weld based on Robotool
46 wire, a layer with increased hardness was revealed,
reaching 1150 HV near the surface and characterized by
an effective thickness of approx. 140 pm (according to the
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Fig.6 Microhardness as a 1200
function of distance from the

sample’s surface for the four 1100
tested variants (distance from

surface on logarithmic scale) 1000 -
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adopted criterion + 50). The nitrided layer is character-
ized by a hardness similar to that of layers obtained in
nitriding processes of hot-work tool steels. In the case of
the padding weld based on Hardface VMolc wire, nitrided
in the same nitriding process, a layer of nitrides that was
substantially shallower was observed, having a lower
hardness than in the case of Robotool 46 material. This
layer had an effective thickness of approx. 50 um (accord-
ing to the adopted criterion + 50). On this basis, lesser
susceptibility to diffusion of nitrogen can be concluded
in padding welds based on Hardface VMolc wire, which
is due to its greater chromium and nickel content.

Fig. 7 Distribution of internal
stresses in surface layer 100

Residual stress [MPa]
o
3
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3.3 Results of X-ray diffraction internal stress tests

Samples prepared according to the description in Sect. 2
were tested in order to reveal internal stresses, present on
the surface and in the surface layer, at depths of 50, 100, and
150 pum. Test results are presented in Fig. 7.

The results presented in Fig. 7 confirmed the presence of
stresses, particularly compressive stresses (with a negative
value), in the surface layer. In the case of hybrid layers, these
stresses were not only tested on the surface but also at depths
of 50, 100, and 150 um. Thanks to this, stresses caused by
nitrogen diffusion into the surface layer were revealed. In
the case of Robotool 46 material, where the nitrided layer
reached an effective thickness of approx. 140 um, very
strong compressive stresses can be observed, reaching

Distance from the surface [um]

H Robotool 46

—&—Robotool 46 +
nitriding

m Hardface VMolc

—@— Hardface VMolc +
nitriding
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up to 650 MPa. Similarly, compressive stresses were also
observed in the padding weld made with Hardface VMolc
material; however, they had much smaller values. This is
consistent with the microhardness measurement, which
revealed that the layer’s effective thickness was approx.
50 um and that this was due to impeded nitrogen diffusion
in alloys of this type with high chromium content. In addi-
tion, it is worth noting that, besides introducing additional
compressive stresses in the surface layer, nitriding during
treatment relaxes welding stresses throughout the sample’s
entire volume. The previously conducted microstructural
observations, in which the effect of diffusion transforma-
tions occurring in padding welds was observed during the
nitriding process, may confirm this phenomenon.

3.4 Results of wear tests

Tribological wear tests were conducted according to the
methodology described in Sect. 2. During measurement,
the value of the friction coefficient was registered. Mean
friction coefficient values, registered during the wear test,
are given in Table 2. Comparative analysis showed that the
lowest friction coefficient (u=0.551) was obtained for the
Robotool 46 + nitriding sample, while the highest friction
coefficient was registered for the sample hardfaced with
Hardface VMolc, which was equal to u=0.689. High val-
ues of the friction coefficient indicate the occurrence of dry
friction in the friction pair. In real forging processes, the
lubrication is used which reduces the coefficient of friction.

Figure 8 presents a chart of registered friction coefficient
values as a function of path.

Disturbances registered in the initial phase of the test are
related to grinding in of friction pairs, where shearing of
the peaks of roughness profiles, and the change in contact
surface associated with it, occurs first, after which work of
the friction pair is stabilized. It can be observed that, during
the grinding-in period, the change of friction coefficient had
a distinctly milder evolution for nitrided samples, where the
evolution stabilized fastest, after just several meters of path,
for the sample hardfaced with Hardface VMolc + nitriding,
while in other cases, grinding-in periods were similar and
amounted to approx. 75 m on average. Figure 8 also shows
that, regardless of the hardfacing material, a decidedly lower

Table 2 Mean friction coefficient values

Sample name Mean friction coef- SD
ficient

Robotool 46 0.635 0.138

Robotool 46 + nitriding 0.551 0.112

Hardface VMolc 0.689 0.153

Hardface VMolc + nitriding 0.619 0.060

0,9

=3
=
Ke]
k3]
E
S
c
9
Q2
k5
8 . Robotool 46

0,2 “\. Robotool 46 + nitriding

“\ Hardface VMolc
0,1 "\ Hardface VMolc + nitriding
0,0
0 50 100 150 200 250

Friction path (m)

Fig.8 Change of mean friction coefficient values (trend line) as a
function of path

friction coefficient was registered throughout the entire dura-
tion of the test for nitrided samples.

The wear factor [K], which was determined from Eq. (1),
is a comparative measure of wear, accounting for key test
parameters like load and friction path:

_ Volumetric loss
Normal load X sliding distance

[mm3 N_lm_l] (1)

Volumetric wear was determined as the product of the cir-
cumference of the circular wear trace formed in the ball-
on-disk test and the mean value of the sample’s worn area.
The area of the sample’s wear profile was measured over the
circumference at 14 points by means of a Dektak 150 contact
profilometer, and example profiles are presented in Fig. 1.
The values of determined factors are presented graphically
in Fig. 9.

Determined wear factor values indicated that the sam-
ple with Robotool 46 + nitriding hardfacing exhibited the
greatest resistance to wear. At the same time, the highest
wear was determined for the sample with Hardface VMolc
hardfacing. Similarly as in the case of the friction coeffi-
cient, based on wear factor values determined for the tested
samples, it can be stated that nitriding decidedly improved
resistance to friction wear.

Analysis of profiles (Fig. 10) and observations of
obtained track surfaces showed that wear was adhesive in
nature in the case of non-nitrided samples. In micro-areas
of surface layer deformation, particularly at sites with the
highest roughness peaks, local bonds of metallic friction
surfaces formed and were then broken apart. The pits visible
on worn surfaces (Fig. 11a, c) are characteristic of this type
of mechanism, in effect of which the particles removed are,
if not removed from the friction pair’s contact area, subject
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Fig.9 Graphic representation of determined wear factor values
to plastic pressing into the valley of the wear track, which

is particularly prominent in Fig. 11c. The analyzed tracks
for non-nitrided samples have a depth of, accordingly, for

the sample with Robotool 46 hardfacing—=8 pm, and for the
sample with Hardface VMolc hardfacing—approx. 20 pm
(Fig. 10a, c). Tracks obtained for nitrided sample have a
decidedly smaller depth, which is equal to, accordingly, for
the sample with Robotool 46 hardfacing—approx. 1 um,
and for the sample with Hardface VMolc hardfacing—2 um
(Fig. 10b, d). Observations of track surfaces on nitrided sam-
ples demonstrated that abrasive wear is the dominant wear
mechanism in both cases. This wear is intensified by hard
particles, which are nitrided roughness peaks broken off in
the initial phase of the test. As they are rolled within the
area of the friction pair, these particles play the role of an
abrasive, forming furrows on the sample surface typical of
abrasive wear.

4 Summary and conclusions

Conducted tests made it possible to formulate the following
observations and conclusions:
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Fig. 10 Cross-sectional profile of wear path formed during test: a Robotool 46, b Robotool 46 +nitriding, ¢ Hardface VMolc, d Hardface

VMolc + nitriding
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Fig. 11 View of path worn during test from the top (top) and in cross section (bottom): a Robotool 46, b Robotool 46 + nitriding, ¢ Hardface

VMolc, d Hardface VMolc + nitriding

1. The applied FCAW-S technique of hardfacing with self-
shielded powder wires is characterized by high preci-
sion of laying beads (passes) of the layer and by high
efficiency of the hardfacing process and can successfully
replace hardfacing of forging dies by means of flux-
covered electrodes. Padding welds with a thickness of
approx. 7-8 mm can be laid down in three layers.

2. According to the IIW classification [25], the Robotool
46 welding metal has a high-alloy martensitic structure
with composite Fe, Cr, Mo, V carbides, with a hardness
of 45-60 HRC depending on the heat treatment of pad-
ding welds. Padding welds obtained from this wire have
the properties of hot-work tool steel, similar to those of
steel grade H11.

3. The Hardface VMolc welding metal has a ferritic—bai-
nitic structure with lower hardness compared to H11
material, similar to that of L6 steel used for manufac-
turing of hammer forging dies. Also, in this case, it is
beneficial to apply nitriding treatment in order to achieve
better operational properties.

4. Tests covered samples in states after hardfacing and
after thermochemical treatment—nitriding. The thick-
ness of the nitrided padding weld made of Robotool 46
is approx. 0.14 mm, and made of Hardface VMolc wire,
approx. 0.05 mm. The heat of nitriding treatment had

a favorable influence on the process of fine-dispersive
carbide precipitation inside grains of the structure of
padding weld layers and in the HAZ.

5. Measurement of internal stresses by X-ray diffraction
revealed the presence of compressive (negative) stresses,
which occur in the surface layer as a result of the nitrid-
ing process. Their presence is desirable, as they result
in greater resistance to propagation of fatigue cracks in
the surface layer.

6. Tribological tests demonstrated that nitriding of pad-
ding welds distinctly increases their resistance to abra-
sive wear. The hybrid layers were characterized by lesser
wear, which took on the form of abrasive wear through
furrowing. Hardfaced layers were worn significantly
more intensively, and observation of the abrasive track
revealed traces of adhesive wear.

Based on the obtained results, it can be stated that nitrid-
ing contributes to increasing the durability of hardfaced or
rebuilded layers by pad welding, because, during nitriding,
the padding weld is subject to soaking, and the process of
fine-dispersive carbide precipitation occurs inside grains.
Thus, beneficial compressive stresses are introduced into
the surface layer, the surface and surface layer are hardened,
and thanks to this, resistance to abrasive wear increases. It is
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recommended to nitride hardfaced layers currently applied,
under the condition that the padding weld material is sus-
ceptible to nitrogen diffusion. It may also prove beneficial
to replace ordinary tool steels improved by nitriding with
hybrid layers, combining preventive hardfacing and nitrid-
ing treatment.
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