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Abstract

The work aims to evaluate the possibility of increasing the resistance of 50MnSi4 steel
to wear by hardfacing Fe-Cr-C-Mo type alloys. For this purpose, two types of filler metals
for gas metal arc welding (GMAW) were used – Carbofil A 350 and Magmaweld FCH 360.
Metallographic evaluation of the hardfacing structure was performed on the prepared samples,
supplemented by hardness measurement. Standard tribological tests were used to test adhesive
and abrasive wear resistance. The test results clearly showed that the types of filler metals
used for weld cladding significantly increased the resistance of the 50MnSi4 steel substrate
to adhesive and abrasive wear. When evaluating the adhesive wear, the positive effect of the
hardfacing was manifested not only by a decrease in the weight loss of the samples but also
by the coefficient of friction. In the case of the evaluation of resistance to abrasive wear, the
best indicators were found in the application of the filler metal Magmaweld FCH 360, where
the highest hardness of the martensitic structure of the hardfacing 719 HV0.2 was noticed.
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1. Introduction

Wear is currently a significant problem in evalu-
ating the service life of machinery or its components.
In practice, we also encounter different types of in-
teractions between machine parts or between machine
parts and the environment, which predict the manner
and extent of their surface damage. The direct con-
sequence is a change in the shape and dimensions of
the worn components until the machine parts cease to
fulfil their function. Wear thus becomes a part of our
lives, it is not possible to eliminate it, but it is possi-
ble, based on a thorough knowledge of the mechanisms
of wear, to extend the life of machine parts by appro-
priate selection of materials for their production or by
creating a protective layer that will better withstand
wear conditions [1–3].
One way to extend the life of a machine part is to

create a layer by hardfacing. Almost all fusion welding
methods can be used for depositing wear-resistant lay-
ers [4–9]. The choice of technology depends not only
on the size and shape of the part (fusion face) but
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also on the thickness of the coating.
A wide range of filler metals is available for wear-

resistant layers. They are produced in the form of
wires or powders and are suitable for hardfacing not
only by arc welding methods (GMAW, GTAW) but
also by laser or electron beam [10–15].
It is recommended to use high-hardness coatings

both in the case of adhesive wear without lubricant
and in the case of abrasive wear [4, 16]. Fe-based hard-
facing alloys are often used to overlay parts made of
non-alloy steel. Their high hardness is ensured by the
alloying of Cr, Nb, Ti, and Mo, which form hard car-
bides or borides in the structure [11, 12, 17–22].
High-chromium steels are widely used for hardfac-

ing industrial components in cement plants, the steel
industry and thermal power plants. The high hard-
ness and increased wear resistance of the coatings are
mainly attributed to the formation of chromium car-
bides. However, the wear resistance of the Fe-Cr-C-Mo
alloy depends not only on the type but also on the
shape and distribution of the hard phases, as well as
on the resistance of the matrix [23–27].
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Despite a significant increase in hardness, adding
chromium carbides in ferrite promotes wear resistance
only very slightly. The wear-resistant properties of car-
bides do not appear in this case because they are sup-
pressed by the presence of soft ferrite. Therefore, a
high degree of alloying does not guarantee good wear
resistance.
Even a martensitic-carbide structure with high

hardness does not ensure maximum wear resistance
because it does not sufficiently resist surface break-
down in the phase when the resistance is determined
by interatomic bonds and the bond strength between
the structural components at grain boundaries. Many
cracks of an endogenous nature can damage marten-
site. Cracks can also be expected at the boundaries
between martensite and carbides (due to the different
types and dimensions of the crystal lattices). The in-
coherence will thus facilitate the peeling of carbides
from the martensitic matrix after collision with the
abrasive.
The structure of the overlay will be influenced not

only by the initial chemical composition of the filler
and base metal but also by the used technology and
weld cladding parameters or heat treatment of the
coating. Hardfacing steels with higher carbon content
and alloying elements require preheating to prevent
cracks [28, 29]. In addition, the cladding technology
and process parameters will affect the degree of over-
lay/substrate intermixing. A higher degree of inter-
mixing will degrade the properties of the deposit. It
is, therefore, generally recommended to use conditions
for the production of hardfacing layers where the de-
gree of mixing is less than 20% [30].
The appropriate chemical composition of the filler

metal, preheating, and heat input, which determine
the course of the weld cladding temperature cycle, and
any heat treatment of the deposit will thus be decisive
for achieving the required hardfacing properties.
The work aims to evaluate the possibilities of using

selected types of hardfacing materials to increase the
wear resistance of 50MnSi4 steel.

2. Experimental procedure

Steel grade 50MnSi4 (EN 10027-1) was used as the
substrate intended for hardfacing. According to EN
10027-2, we can classify the material in class 1.5131.
The chemical composition of steel is given in Table 1.
Based on the chemical composition determined by the
standard (Table 1), the material used belongs to the
group of low-alloy manganese steels. The material is
intended for heat treatment and is used for heavily
stressed machine parts. Draw hooks for coupling rail-
way vehicles, for example, are made of this material
by hot forging.
Two types of filler metal were used for weld

Ta b l e 1. Chemical composition of 50MnSi4 steel accord-
ing to standard EN 10027-2 (wt.%)

C Si Mn P S

0.45–0.53 0.70–1.00 0.90–1.20 0.00–0.035 0.00–0.035

Ta b l e 2. Content of elements in the Carbofil A 350 filler
metal (wt.%) [31]

C Si Mn Mo Cr

0.70 0.50 2.00 1.00 1.00

Ta b l e 3. Additional data about Carbofil A 350 filler
metal [31]

Standard EN 14700 Hardness (HB/HV*) Diameter (mm)

S Fe 2 325–380/345–400 ø 1.2

*Values determined using EN ISO 18265 (Table A.1 –
Conversion of hardness-to-hardness or hardness-to-tensile-
-strength values for unalloyed and low alloy steels and cast
steel)

cladding, suitable for GMAW technology: Carbofil A
350 and Magmaweld FCH 360, both with a diameter
of 1.2 mm.
According to the manufacturer’s specification, the

Carbofil A 350 filler metal is a medium-alloy wire for
hardfacing parts exposed to strong impact wear [31].
Coatings without heat treatment reach a hardness of
325 to 380 HB. Nevertheless, the weld metal can still
be machined. The filler metal is used by the GMAW
with M21 shielding gas (according to EN ISO 14175).
The content of elements in all-weld metal is given in
Table 2. Additional data about filler metal are given
in Table 3. The hardness values given by the manufac-
turer are in HB units. As the hardness measurement
on the experimental materials was performed in HV
units, the conversion of hardness units according to
EN ISO 18265 was performed for comparison. How-
ever, these values are only indicative.
The Magmaweld FCH 360 filler metal is a flux-

cored wire designed for hardfacing deposits with high
hardness. According to the manufacturer, the hard-
ness of the overlay reaches a value of up to 59 HRC,
which maintains even at high temperatures around
600◦C [32]. Any heat treatment after coating reduces
its hardness. It is recommended for weld cladding by
the GMAW, and either pure CO2 (C1 according to
EN ISO 14175) or a gas mixture M21 can be used as
shielding gas. Weld metal is resistant to cracking and
shall not be welded more than 3 passes. The content
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Ta b l e 4. Content of elements in the Magmaweld FCH
360 filler metal (wt.%) [32]

C Si Mn Cr Mo Fe

0.60 0.70 1.60 5.00 0.40 rest

Ta b l e 5. Additional data about Magmaweld FCH 360
filler metal [32]

Standard Hardness Diameter
EN 14700 (HRC/HV*) (mm)

T Fe 6 59/675 ø 1.2

* Values determined using EN ISO 18265 (Table A.1 –
Conversion of hardness-to-hardness or hardness-to-tensile-
strength values for unalloyed and low alloy steels and cast
steel)

of elements in all-weld metal is given in Table 4. Addi-
tional data about filler metal are given in Table 5. The
deposit hardness value given by the manufacturer in
HRC units was supplemented by HV values accord-
ing to EN ISO 18265. These values are, again, only
indicative.
The following was realized on the prepared hard-

facing surfaces:
1. Checking the integrity in the raw state by visu-

ally inspecting the surface (visual testing).
2. Evaluation of the structure of coatings carried

out on cross-sections. (Standard metallographic pro-
cedures were used to prepare the samples.)
3. Measurement of the hardness (from the deposit

over the heat-affected zone to the substrate) by the
Vickers method.
4. Testing the resistance of hardfacing surfaces to

adhesive wear using the “Pin on Disc” test. Data ob-
tained from the “Pin on Disc” test:
A. coefficient of friction.
B. resistance of weld claddings (and reference sam-

ple) to adhesive wear.
5. Testing weld claddings (and reference sample)

against abrasive wear.
The obtained results were used to compare the

wear resistance of overlays made of the mentioned
filler metals and to evaluate the resistance to adhe-
sive and abrasive wear of coatings to the substrate
material 50MnSi4.

3. Results and discussion

3.1. Evaluation of the structure and hardness
of deposits

Samples measuring 120 × 90 × 50mm3 for hard-

facing were produced by mechanical cutting. Before
weld cladding, the samples were ground with an an-
gle grinder. Due to the chemical composition of the
base material, which is given in Table 1, the used
steel 50MnSi4 is evaluated as difficult to weld (0.45 to
0.53% C). The difficulty lies in the restrictive weld-
ing conditions: preheating, interpass temperature and
post-weld heat treatment. In this case, preheating was
used before weld cladding. The procedure in EN 1011-
-2: 2003 could not be applied to determine the pre-
heating temperature (Tp) because the carbon content
of the steel exceeded the maximum value of 0.32 wt.%
specified in the standard. For this reason, the Séfe-
rian relation [33] was used to calculate the preheating
temperature of the steel:

T = 350
√
Cp − 0.25 (◦C), (1)

where

Cp = Cc + Cd, (1.1)

Cc =
360C+ 40 (Mn + Cr) + 20Ni + 28Mo

360
, (1.2)

Cd = 0.005hCc, (1.3)

where h is a material thickness (mm); in our case, it
is 60 mm.
Based on the above procedure and the chem-

ical composition of the base material (Table 1),
the minimum preheating temperature (Tp) of 270◦C
was determined. The oxygen-acetylene flame was used
for heating, and temperature control was performed
with a non-contact thermometer.
The selection of weld cladding parameters was

based on the requirements for minimal overlay/surface
intermixing and reduction of the width of the heat-
affected zone (HAZ). The specific hardfacing param-
eters used to ensure the minimum heat input to the
base metal are in accordance with the manufacturer’s
recommendations for the used filler metal with a di-
ameter of 1.2 mm.
The specific heat input for coating the individual

samples was calculated according to the standard EN
1011-1: 2008 from the relation:

Q =
UI

103v
η (kJmm−1), (2)

where U is the welding voltage (V), I is the welding
current (A), v is the welding speed (mm s−1), and η
is the welding process efficiency factor (0.8).
The weld cladding parameters for the Carbofil A

350 filler metal are given in Table 6. Substrate mate-
rial made of 50MnSi4 steel was coated only with a
single pass, and five welding beads were placed side
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Ta b l e 6. Hardfacing parameters for Carbofil A 350

Weld bead Current Voltage Welding time Length of the weld bead Welding speed Heat input Current type/
number I(A) U (V) t (s) L (mm) v (mm s−1) Q (kJ mm−1) Polarity

1 240 17 9 45 5 0.653 DC/+
2 196 17 8 47 5.9 0.498 DC/+
3 196 18.5 9 48 5.4 0.527 DC/+
4 195 18.4 8 49 6.1 0.457 DC/+
5 191 18.3 7 46 6.6 0.428 DC/+

Fig. 1. Overlayed sample.

Fig. 2. Structure of a hardfacing made of Carbofil A 350.

by side (Fig. 1). No surface defects were identified on
the coated samples by visual inspection.
Figure 2 shows the coating structure made of Car-

bofil A 350 filler metal. The structure shows no de-
fects; the remelting depth is uniform. The microstruc-
ture of the hardfacing sample is typically martensitic
(Fig. 3). In HAZ, the grain of the substrate is coars-
ened but without decarburization (Fig. 4).

Fig. 3. Microstructure of a deposited layer made of Carbofil
A 350.

Fig. 4. Microstructure of substrate HAZ under the de-
posited layer made of Carbofil A 350.

Figure 5 shows the microstructure of heat-unaffec-
ted base metal. It is clear from the metallographic
cross-sectional cut that the structure of the steel
50MnSi4 used is formed by a polyhedral ferritic-
pearlitic structure, while the ferrite forms a mesh
along the boundaries of the perlite grains. The base
material had an average hardness of 226 HV10.
Figure 6 shows the overall hardness profile of the
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Ta b l e 7. Surfacing parameters for Magmaweld FCH 360

Weld bead Current Voltage Welding time Length of the weld bead Welding speed Heat input Current type/
number I(A) U (V) t (s) L (mm) v (mm s−1) Q (kJ mm−1) Polarity

1 175 17 9 45.5 5.1 0.471 DC/+
2 173 17 8 42 5.3 0.448 DC/+
3 169 17.2 8 43.5 5.4 0.428 DC/+
4 170 17 8 44 5.5 0.420 DC/+
5 167 17 8 43.5 5.4 0.418 DC/+

Fig. 5. Microstructure of base material 50MnSi4.

Fig. 6. Hardness profile of the sample with a deposited
layer made of Carbofil A 350 filler metal.

overlay made of Carbofil A 350 filler metal. The deter-
mined thickness of the deposited layer was 2.75 mm.
The highest hardness of 586 HV0.2 was measured just
below its surface. The hardness of the coating was uni-
form, and the difference between the minimum and
maximum values was only 35 HV0.2. The hardness
of the obtained hardfacing is higher than the value
declared by the manufacturer (Table 3). The sub-
strate HAZ width was 2.25mm. The measured hard-

Fig. 7. Structure of a hardfacing made of Magmaweld FCH
360.

Fig. 8. Microstructure of a deposited layer made of Mag-
maweld FCH 360.

ness ranged from 301 to 241 HV0.2. The sharp inter-
face between the hardfacing and the substrate HAZ is
identified by a significant hardness decrease.
The weld cladding parameters for the Magmaweld

FCH 360 filler metal are given in Table 7. Substrate
material made of 50MnSi4 steel was coated only with
a single pass, and five welding beads were placed side
by side (Fig. 1).
Figure 7 shows the structure of a Magmaweld
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Fig. 9. Microstructure of substrate HAZ under the de-
posited layer made of Magmaweld FCH 360.

Fig. 10. Hardness profile of the sample with a deposited
layer made of Magmaweld FCH 360 filler metal.

FCH 360 filler metal coating. The structure shows
the local presence of microcracks with a length of
0.8 and 0.2mm near the overlay/substrate interface.
The microstructure of the deposited layer is marten-
sitic (Fig. 8). The HAZ of the substrate has a coarse
pearlitic microstructure with partial ferritic mesh in
the transition between the base metal and the overlay
(Fig. 9).
The hardness profile of the overlay made of Mag-

maweld FCH 360 filler metal is shown in Fig. 10. The
highest hardness value of 719 HV0.2 was again mea-
sured just below the coating surface. However, the dif-
ference in the measured values of the hardness of the
hardfacing, in this case, was significantly larger than
in the Carbofil A 350 filler metal and ranged between
the maximum value of 719 HV0.2 and the minimum
value of 508 HV0.2. The average value of the hardness
of the deposit corresponded to the hardness declared
by the filler metal manufacturer (Table 5). The over-

Fig. 11. Pin on Disc wear test (1 – pin; 2 – mounting and
guide for pin; 3 – load force; 4 – disc surface; 5 – disc;
6 – load cell; 7 – load cell sensor; 8 – speed sensor; 9 –

registration device).

lay width was 3 mm, and HAZ in the substrate was
2.75mm. The HAZ hardness ranged from 343 HV0.2
(in the CGHAZ) to 233 HV0.2 (in the unaffected base
material).

3.2. Adhesive wear characteristics of
hardfacing alloys

In the “Pin on Disc” adhesive wear test (Fig. 11),
the discs (no. 5) were made of a substrate metal of
50MnSi4 steel, with an outer diameter of 138 mm,
and the inner hole with a diameter of 80 mm. The
thickness of the discs used was from 5 to 7mm. The
test surfaces of the wheels were machined by grinding.
To determine the wear resistance of the hardfacings,
specimens – pins (no. 1) with a diameter of 8 mm and
a length of 12 to 16mm were produced from the over-
layed samples by electro-spark separation. Before the
test, the surfaces were ground in a plane (Fig. 12),
creating contact areas of 50.27mm2. For comparison,
non-hardfaced pins (from now on referred to as refer-
ence specimens) with the same dimensions were also
tested. The aim was to compare the behavior of the
substrate steel grade 50MnSi4 under adhesive wear
with the behavior of coatings obtained from filler met-
als Carbofil A 350 and Magmaweld FCH 360.
After the “Pin on Disc” adhesive wear test, a co-

efficient of friction was calculated according to the re-
lation:

μ =
FT
FN
(–), (3)

where FT is a friction force (N) and FN is a normal
force (N).
A loading (normal) force FN = 5.027N was used in

the test, which created a pressure of 0.1MPa between
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Fig. 12. Pin (specimen) with coating on top.

Fig. 13. Dependence of the coefficient of friction on the
track of a reference specimen made of 50MnSi4 substrate

steel.

Fig. 14. Dependence of the coefficient of friction on the
track of a specimen with the Carbofil A 350 hardfacing.

Fig. 15. Dependence of the coefficient of friction on the
track of a specimen with the Magmaweld FCH 360 hard-

facing.

the contact surfaces. The disc rotated at 20 rpm for
three minutes. The diameter of the circular path de-
scribed by the pin during one revolution was 110mm,
thus realizing a track of 20 m during the test.
The progress of the friction force was measured

by a calibrated load cell. The results (profiles) of the
coefficient of friction using the reference specimen and
the surfaced specimen are shown in Figs. 13–15.
As can be seen from Figs. 13 and 14, after the

initial (running-in) phase, which is characterized by
significant changes in the coefficient of friction, the
friction conditions between the worn surfaces gradu-
ally stabilized. Therefore, for further evaluation of the
properties of the used specimens (reference and hard-
faced), the data obtained during the stable conditions
of the wear test after passing the track with a length
of 15 m were further used. The obtained values of the
coefficient of friction are given in Table 8.
The resistance to adhesive wear was evaluated by

the weight loss of the specimenWm (g), and the inten-
sity of the volume wear WV/s (mm3 m−1). The speci-
mens were subjected to a contact pressure of 3.0MPa
during the test. The size of the wear was determined
by weighing it on laboratory scales after passing 100
meters. The weight loss was measured five times, and
the total distance travelled was 500m.
The intensity of volume wear is the most complex

indicator of the wear of material and was calculated
by the relation:

WV/s =
Wm
ρs
(mm3 m−1), (8)

where Wm is the weight loss of the specimen (g), ρ is
the specific weight of steel (ρ= 7.850× 10−3 gmm−3),
and s is the travelled track of the pin during the test
(s = 100m).
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Ta b l e 8. Results of the adhesive wear test

Properties Reference material 50MnSi4 Carbofil A 350 Magmaweld FCH 360

Coefficient of friction µ (–) 2 × 10−1 3.3 × 10−1 1.3 × 10−1

Weight loss of the specimen Wm (g) 18.3 × 10−1 34 × 10−4 3 × 10−4

Intensity of the volume wear WV/s (mm3 m−1) 4.7 × 10−1 8.5 × 10−4 1.5 × 10−4

Fig. 16. SEM of the worn surface made of Carbofil A 350
filler metal after adhesive wear testing: (a) general view

and (b) detail of the transferred material.

Table 8 compares the average property values of
the reference material and the hardfaced samples used
from the adhesive wear tests. The results show the dif-
ference in the coefficient of friction of the reference
specimen and the specimens with hardfacings. We
recorded the lowest average friction coefficient value
of 0.131 using the Magmaweld FCH 360 filler metal.
This value is 2.5 times lower than the coefficient of
friction of specimens with the Carbofil A 350 deposit
(0.331) and 1.5 times lower than that of the reference
specimen.
The data shows that the best results of resistance

to adhesive wear were on specimens with hardfacing

Fig. 17. EDX analysis of selected areas of the Carbofil A
350 hardfacing after the adhesive wear test: (a) analyzed
areas, (b) semi-quantitative analysis of the “Spectrum 4”
area, and (c) semi-quantitative analysis of the “Spectrum

5” area.
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Fig. 18. Worn surface of the disc made of 50MnSi4 steel
(reference material) after the adhesive wear test: (a) gen-

eral view and (b) detail of the transferred material.

of Magmaweld FCH 360 filler metal. In these cases, we
found the minimum weight lossWm (g) and the lowest
intensity of volume wear WV/s (mm3 m−1). The dif-
ference in the evaluated parameters on the specimens
with wear-resistant deposits was 10 and 5.5 times, re-
spectively.
When comparing the resistance to adhesive wear

of both types of hardfacing alloys with the reference
material, it can be stated that the specimens pro-
vided with the overlay showed an order of magnitude
(× 103) higher resistance than the reference material
(50MnSi4 steel). It has been shown that selected types
of hardfacing alloys significantly reduce the adhesive
wear of the 50MnSi4 steel.
The worn surfaces of the deposits, as well as the

discs after the wear test, are shown in Figs. 16 and
17. The surfaces of the hardfacing made of the Car-
bofil A 350 filler metal subjected to the adhesive wear
showed a smooth surface with the local occurrence of
wear fragments (Fig. 16). Their location corresponded
to the sliding direction. The material transferred from

Fig. 19. SEM of the worn surface made of Magmaweld FCH
360 filler metal after the adhesive wear test: (a) general

view and (b) detail of the transferred material.

the disc to the deposit was subjected not only to strain
hardening but also to oxidation when heated by fric-
tion, which was confirmed by EDX analysis of the
transferred material of the disc (Fig. 17).
The surface of the disc showed significantly differ-

ent wear after the adhesive wear test (Fig. 18). The
difference was due to a significant difference in the
hardness of the disc material (226 HV10) and the Car-
bofil A 350 hardfacing (586 HV0.2).
Upon contact of the hardfacing with the disc mate-

rial, plastic deformation of the softer disc material oc-
curred in the contact area. The occurrence of microc-
racks in the deformed subsurface layer and brittle frac-
ture in the region of the maximum shear stress caused
delamination of the surface layers of the 50MnSi4
steel, which is documented in Fig. 18b. In the delami-
nation wear mode, the particles were rapidly separated
from the subsurface layers by low cycle fatigue wear
[4].
After testing, the worn surface made of Mag-

maweld FCH 360 filler metal showed an equally
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Fig. 20. EDX analysis of selected areas of the Magmaweld
FCH 360 hardfacing after the adhesive wear test: (a) an-
alyzed areas, (b) semi-quantitative analysis of the “Spec-
trum 1” area, and (c) semi-quantitative analysis of the

“Spectrum 2” area.

smooth surface with a rare occurrence of small wear
fragments (Fig. 19). Here, too, the oxidation of the
transferred material from the disc to the deposit was
found, which was confirmed by EDX analysis of se-
lected areas on the hardfacing surface after the wear
test (Fig. 20).

Fig. 21. Equipment for testing the resistance of materials
to abrasive wear (1 – test specimen, 2 – sandpaper, 3 – disc,
4 – specimen holder, 5 – weight, 6 – mechanism ensuring
the radial movement of the specimen, 7 – electric motor).

The worn surface of the disc made of 50MnSi4 steel
(reference material) was the same when testing the
hardfacings made of Magmaweld FCH 360 filler metal
as when testing deposits made of Carbofil A 350 metal
(Fig. 18).

3.3. Abrasive wear characteristics of
hardfacing alloys

As in the adhesive wear test, the 8 mm diameter
pins (Fig. 12) were used in the abrasive wear test
(Fig. 21). The test specimens (no. 1) were placed in a
holder (no. 4), which allowed the pin to come into con-
tact with the corundum sandpaper (no. 2) with a grain
size of 120 µm during the test. The test was run dry.
The maximum sliding speed was 0.05 m s−1, with a
radial movement of the specimen of 1.5 mm per 1 rev-
olution of the disc (no. 3). The total distance travelled
was 125m, the applied pressure derived by the weight
was 0.023MPa (p1), and 0.470MPa (p2). The higher-
pressure value was chosen so that after the test, the
thickness of the deposit on the pin remained at least
40 % of the original layer, and the result was not af-
fected by the overlay/substrate intermixing structure.
The resistance to abrasive wear was evaluated

based on the weight loss of the test specimens Wm
(g). The data obtained from the abrasive wear test
are given in Table 9.
From the data in Table 9, it is clear that both

hardfacing alloys used had a higher resistance to
abrasive wear than the reference material, which was
recorded using lower and higher pressure on the spec-
imen during the test. Specifically, at a test pressure of
0.47MPa, the resistance of the Carbofil A 350 deposit
was 1.6 times higher, and at Magmaweld FCH 360,
the resistance was up to 2.7 times higher compared to
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Ta b l e 9. Results of the abrasion wear test

Pressure applied Weight loss of reference Weight loss of Weight loss of
on the specimen (MPa) reference material 50MnSi4 (g) Carbofil A 350 (g) Magmaweld FCH 360 (g)

p1 = 0.023 4.2 × 10−2 2.4 × 10−2 1.7 × 10−2

p2 = 0.47 88.3 × 10−2 56.1 × 10−2 32.6 × 10−2

Fig. 22. SEM of the specimen worn surface with hardfacing
of Carbofil A 350 alloy after abrasive wear test at pressure
p2 = 0.47 MPa: (a) general view and (b) detail of the wear

scars.

the resistance of the substrate material 50MnSi4.
When comparing hardfacings, it can be stated that

the Magmaweld FCH 360 filler metal had 1.7 times
higher resistance to abrasive wear, evaluated by
weight loss of the test specimen, than the deposit from
Carbofil A 350 filler metal. In this case, the higher
hardness of the Magmaweld FCH 360 hardfacing (up
to 719 HV0.2, Fig. 10) compared to the Carbofil A 350
overlay (max. 586 HV0.2, Fig. 6) played a decisive role
in assessing wear resistance.
The surfaces of the test specimens after the abra-

sive wear test are shown in Figs. 22 to 24. Figure 22
shows grooves after pushing the hard abrasive parti-

Fig. 23. SEM of the specimen worn surface with hardfac-
ing of Magmaweld FCH 360 after abrasive wear test at
pressure p2 = 0.47 MPa: (a) general view and (b) detail of

the wear scars.

cles into the surface of the Carbofil A 350 hardfacing
and the subsequent application of tangential forces be-
tween the abrasive and the specimen surface. In detail
(Fig. 22b), primary debris and microchips of material
displaced to the sides of the grooves during micro-
cutting can be seen.
The higher hardness of the Magmaweld FCH 360

filler metal resulted in a shallower penetration of the
abrasive grains during the wear test (Fig. 23) and a
lower overall wear level compared to Carbofil A 350
filler metal (Table 9). During the test, micro-cutting
occurred with a small amount of material displace-
ment.
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Fig. 24. SEM of the reference specimen worn surface made
of 50MnSi4 steel after abrasive wear test at pressure p2 =
0.47 MPa: (a) general view and (b) detail of the wear scars.

The highest abrasive wear intensity was recorded
on a 50MnSi4 steel reference material due to the deep
penetration by the abrasive particles. Wear scars on
the worn surfaces document the intensive removal of
material by micro-cutting with hard abrasive particles
(Fig. 24).

4. Conclusions

The work aimed to compare the suitability of se-
lected types of hardfacing materials, Carbofil A 350
and Magmaweld FCH 360, to increase the resistance
of steel 50MnSi4 to adhesive and abrasive wear. Based
on the achieved results, the following conclusions can
be drawn:
1. The deposit made with the Carbofil A 350 filler

metal did not show any defects and had a typical
martensitic structure with a maximum hardness of
586 HV0.2, which was higher than the value declared
by the manufacturer (400 HV). The difference be-

Fig. 25. Evaluation of the wear resistance of the hardfac-
ings and the reference specimen to (a) adhesive and (b)

abrasive wear.

tween the minimum and maximum hardness values
measured in the overlay was only 35 HV0.2.
2. Near the overlay/substrate interface, cracks with

a length of 0.2 to 0.8mm were identified in the hard-
facing made of Magmaweld FCH 360 filler metal. The
structure of the hardfacing was martensitic, too. How-
ever, the difference in the measured hardness values
was significantly more significant (211 HV0.2) – from
the maximum value of 719 HV0.2 to the minimum of
508 HV0.2. The average value of the hardness of the
deposit approximately corresponded to the data of the
filler metal manufacturer (675 HV).
3. From the results of the “Pin on Disc” test

(Fig. 25a), it is possible to state differences in the
behavior of hardfacings exposed to adhesive wear
to a disc made of 50MnSi4 steel. The wear resis-
tance was evaluated by the coefficient of friction,
weight loss and the intensity of volume wear. The
lowest average value of the coefficient of friction
(0.131) was measured on the specimen with Mag-
maweld FCH 360 deposit. The coefficient of friction
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obtained in the tests of specimens with Carbofil A 350
filler metal was 2.5 times higher (0.331). Also, when
comparing the results obtained in the calculation of
weight loss and intensity of volume wear, it can be
stated that the filler metal Magmaweld FCH 360 is
more suitable in terms of resistance to adhesive wear
(WmCarbofilA350 = 34 × 10−4 g,WmMagmaweldFCH360 =
3 × 10−4 g, WV/sCarbofilA350 = 8.5 × 10−4mm3 m−1,
WV/sMagmaweldFCH360 = 1.5 × 10−4mm3 m−1). How-
ever, we recorded the largest differences in the param-
eters evaluating the resistance to adhesive wear when
comparing the results of specimens with hardfacings
and a reference specimen made of the base material
50MnSi4 steel. The resistance of both selected filler
metals for the production of the coatings (Carbofil
A350, Magmaweld FCH360) was an order of magni-
tude higher (Fig. 25a). It has been shown that both
types of filler metals significantly reduce the adhesive
wear of the 50MnSi4 steel.
4. From the abrasion wear resistance tests, it

is clear (Fig. 25b) that the higher hardness of the
deposit obtained using Magmaweld FCH 360 filler
metal (up to 719 HV0.2) provides higher resistance
than the softer hardfacing by applying Carbofil A
350 alloy (max. 586 HV0.2). The difference in the
weight loss of the specimens after the test on sand-
paper with a corundum grain of 120µm at a pres-
sure of 0.47MPa was 1.7 times (ΔmMagmaweldFCH360 =
0.326 g, ΔmCarbofilA350 = 0.561 g). Also, in this case,
the largest extent of wear was measured on the ref-
erence specimen (Δm50MnSi4 = 0.883 g). The main
reason for the high wear intensity is the low hard-
ness of the base material (226 HV10) compared to the
hardness of the hardfacings.
Finally, it can be stated that both selected types

of welding filler metals provide increased resistance of
the base material 50MnSi4 steel to both adhesive and
abrasive wear. A comparison of the overlay proper-
ties shows that the high hardness of the hardfacing
obtained from the Magmaweld FCH 360 filler metal
provides excellent adhesive resistance of 50MnSi4 steel
and higher abrasion resistance than the lower hardness
deposit obtained from the Carbofil A 350 filler metal.
The disadvantage of applying Magmaweld FCH 360
filler metal is that it is prone to cracking in the hard-
facing near the overlay/substrate interface despite the
preheating used.
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