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INTRODUCTION 

The wear of working elements and machine 
parts, due to the friction processes, is still one 
of the basic factors of damage and failure of the 
machines used in industry. This is related to the 
production downtime needed to remove the fail-
ure, which causes a rapid increase in the costs in-
curred by companies. Very often, the costs of ma-
chine downtime many times exceed the costs of 
materials and labour. Other failure factors include 
corrosion and deformations. Numerous new and 
more effective methods of eliminating or reduc-
ing the wear of the operating machine elements 
have been developed for many years. Modern in-
dustry places high demand on it. The surface lay-
er of working machine components has an impact 
on the service life. Modern surface engineering 

methods focus on changing its properties most of-
ten by hardening or reconstructing the worn layer 
[1]. The process of wear of elements and machine 
parts often occurs under the conditions of interac-
tion of external forces such as: mechanical and 
thermal load as well as the chemical impact on 
the environment. In practice, the wear is the re-
sult of interaction of external extortions with the 
dominant role of the factor, the determination of 
which allows its proper prevention. Hence, the 
wear mechanisms are very complex. They con-
tain many interconnected factors, the intensity 
of which depends on the working environment 
of machine elements as well as on the operating 
parameters. The ability to minimize wear direct-
ly results from the definition of wear resistance 
(absolute resistance). It should be aimed to limit 
the value of wear or intensity of wear. In order 
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as: EL-500 HB, EL-650 HB, and EL-3348. The tribological analysis of samples was conducted at room tempera-
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to effectively counteract the destructive processes 
determining the durability of a given friction pair, 
one should strive to learn about the mechanisms 
and specificity of leading wear processes [2÷4]. 

In industrial applications, the materials based 
on iron (Fe) are most commonly used to obtain 
hard welded layer [5]. Usually, they are charac-
terized by lower purchase costs and good tribo-
logical properties. Good tribological properties 
characterize the alloys that have found wide 
application in industry such as: Fe–Cr–C, Fe–
C–B, Fe–C–Mn–C, Fe–Cr–C–B, Fe–Mn–C–B, 
Fe–Cr–C–Nb/Ti [6÷8]. Base alloys are modified 
with various elements to improve the tribological 
properties [9]. This causes precipitation of hard 
phases in the obtained coatings, usually carbides 
and borides [10÷12]. The phases desired in mi-
crostructure are as follows: WC, TiC, SiC, Cr7C3, 
Fe3C, FeB, and Fe2B. The alloying elements add-
ed to obtain these phases include such elements 
as: Ti, Nb, Cr, V, Mo, W, and B [13, 14]. Modi-
fication of the microstructure affects the change 
of mechanical properties of hard coatings, which 
in turn affects the improvement of tribologi-
cal properties. Other wear-resistant alloys often 
used in industry are nickel (Ni) and cobalt (Co) 
alloys [15÷17]. These materials are used for the 
regeneration of working elements operating un-
der heavy loads, very often under abrasive condi-
tions. They are used in mining, agricultural, recy-
cling and machine industries.

Currently, hardfacing is one of the most 
commonly used methods for obtaining hard and 
wear-resistant Fe-based layers. It involves ap-
plying a coating with higher hardness and good 
resistance to wear and corrosion on the mate-
rial with lower hardness and poorer mechanical 
properties. There are three basic zones formed as 
a result of hardfacing: the base material (core), 
the transition zone (heat-affected zone) and the 
coating of the welded material. The hardfacing 
method is used to apply coating at the stage of 
production of new parts in order to increase their 
wear resistance or to regenerate the already used 
ones. Regenerative hardfacing very often allows 
restoring geometry and obtaining the operation 
properties similar to or even higher than weld-
ed elements. Several layers are usually applied, 
which are then often machined. Most of the mod-
ern welding techniques can be used in hardfacing. 
Good results are achieved using the Gas Metal 
Arc Welding (GMAWX) and tungsten insert gas 
(TIG). Plasma and laser hardfacing methods are 

also among the modern hardfacing techniques. 
The success of the hardfacing process is most 
often influenced by factors such as: the type of 
material on which the hardfacing is performed, 
type of material used for hardfacing, the hardfac-
ing method, parameters of the hardfacing process 
and the shielding gas used [18, 19]. It is very im-
portant to evaluate the resulting coatings and the 
presence of defects in them. Cracks or pores may 
reduce the service value of the hardfacing coat or 
completely prevent its application. Currently, the 
computer microtomography method is used to 
assess the welding defects, both qualitative and 
quantitative. This enables to identify and assess 
the impact of the defects arising during hardfac-
ing on the usability of coatings [20].

The effective methods for multi-criteria eval-
uation of the created design solutions or created 
new materials and the choice of the best solution 
without the scalarisation of the analysed set of 
criteria describing properties or performance are 
described in [21, 22].

MATERIALS AND METHODS

Three welding materials were used to obtain 
wear-resistant coatings: EL–500 HB, EL–650 
HB, EL–3348. Material EL–3348 is an iron-
based alloy that has the form of a solid wire. It 
is intended for the regeneration of high-speed 
steels characterized by high impact resistance. 
The chemical composition is as follows: (%wt.) 
C – 1.0, Si – 0.3, Mn – 0.3, Cr – 4.0, Mo – 8.3, V 
– 1.90, W – 1.80. The achievable coating hard-
ness given by the manufacturer is 57-62 HRC. 
The second material used was EL–650 HB. It 
is an iron-based alloy that has the form of a sol-
id wire. Its basic purpose is hardfacing of the 
working elements subjected to heat, exposed to 
abrasive wear, impacts and temperatures up to 
500°C. The chemical composition is as follows 
(%wt.) C – 0.4, Si – 1.1, Mn – 0.4, Cr – 5.30, 
Mo – 1.4, V – 0.35, W – 1.35. The obtainable 
hardness of coatings for this material given by 
the manufacturer is 57-60 HRC. The third ma-
terial used was EL-500 HB. It is an iron-based 
alloy that also had the form of a solid wire. Its 
main purpose is hardfacing of the elements ex-
posed to abrasive wear and pressure, made of 
structural steel, cast steel, and manganese steel. 
The chemical composition is as follows (%wt.) 
C– 1.15, Mn – 1.95, Cr – 1.90. The coating hard-
ness achievable for this material is 52 HRC.
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As a method of applying wear-resistant coat-
ings, the model of welding with a non-melting 
TIG electrode was chosen. The material, on which 
the coatings were applied was C45 steel. It is a 
non-alloy quality steel for thermal improvement 
with the following chemical composition (% wt.) 
C – 0.42 to 0.5, Mn – 0.5 to 0.8, Si – 0.1 to 0.4, 
Cr – 0.3, Mo – 0.1, Ni – 0.3 and Cu 0.3. 

The TIG AC/DC ControlPro LORCH weld-
ing device was used as a welding station. The 
welding station is shown in Figure 1a. The coat-
ings were welded on the face of a 60 mm diam-
eter C45 steel cylinder. In order to obtain coatings 
with the compositions similar to those supplied by 
the manufacturer of welding materials, 4 layers of 
hardfacing were applied. The basic parameters of 
the hardfacing process are presented in Table 1.

Then, the welds were processed to the dimen-
sions of the sample necessary to carry out the tri-
bological tests. The front and side surfaces were 
rolled. The front surface was finished by grind-
ing. The welds after machining are shown in Fig-
ure 1b. The disk-shaped sample was then cut off. 
In this way, samples with a diameter of 50 mm 
and a height of 10 mm were obtained. 

The tribological (in-situ) tests were carried out 
to associate the ball-on-disc friction pair. The coun-
ter-sample in the form of a ball made of Al2O3 had 
a diameter of 6 mm. The tribological parameters 
measured and calculated during the tribological 
tests are the wear coefficients of cooperating ma-

terials and friction coefficients. The tests were car-
ried out on the THT 1000 Anton Parr tribotester to-
gether with the software enabling computer control 
as well as data acquisition and processing with the 
options of displaying and saving. The tests were 
carried out in compliance with the recommenda-
tions of the ASTM G133 standard.

The used parameters of tribological tests are 
listed in Table 2. The measurement data was re-
corded at a frequency of 10 HZ. Tests were re-
peated 3 times. The obtained results were pro-
cessed statistically using computer applications.

Serving as a comparative measure of wear, 
which takes into account the load and the length 
of the stroke a new wear rate for a friction pair 
was calculated in compliance with ASTM G133 
and with the use of the following equation (1).

(1)

where: Wd – is the wear rate; Vf – is the wear vol-
ume; Fn – is the loading force; l – is the 
length of the stroke (distance). 

The measure of the sample wear was a volu-
metric decrease, which occurred as a wear scar 
resulting from the interaction between the sample 
and the counterbody. For that purpose, using a 
contact profilometer Surtronic 3+, a profile area 
was measured perpendicularly to the sample wear 
scars. The measurements were performed on the 
perimeter of the sample (at ten points). The length 
of the stroke was 4 mm. 

Table 1. Parameters of the hardfacing process

Arc voltage Hardfacing 
current Polarization Shielding 

gas
18 V 80 A + 99.9% Argon

Table 2. Tribological test parameters

Friction 
path

Rotational speed 
of the disk

Radius of 
friction Load

2000 m 0.4 m/s 10 mm 20 N

 
Fig. 1. Hardfacing of coatings a) hardfacing station, b) hardfacing of the sample after rolling 

and grinding the front surface
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The volumetric wear was specified as the 
product of the average value of the sample wear 
area and the perimeter of a wear scar circle which 
appeared during the ball-on-disc test. The follow-
ing equation was applied (2).

Vf = A x L (2)
where: Vf – is the wear volume; A – is the average 

cross-sectional area of the track; L – is the 
length of the stroke.

The hardness measurements were carried out 
by means of Wolpert 600MRD micro hardness 
tester using the HRC method. Vickers Hardness 
HV10 were taken by Prauftechnik KB-10 micro 
hardness tester . Hardness was measured on the 
front surface of the sample. The tests were re-
peated three times. For comparison, HV10 micro-
hardness was converted to hardness in HRC using 
appropriate tables.

The multi-criteria evaluation of the quality 
of materials was carried out on a five-element 
set of criteria; the first three of which were mini-
mised, while the next two were maximised. In the 
first stage, a subset of non-dominated solutions 
was determined, and then a compromise solu-
tion was determined using the min-max method 
with weights based on the Chebyshev’s metrics. 
Criterion 1 – wear rate, Criterion 2 – friction co-
efficient max., Criterion 3 – friction coefficient 
mean, Criterion 4 – hardness HRC, Criterion 5 
– hardness VH→HRC.

(3)

where: ωj – “weight” of the j-th criterion, the sum 
of all weights equals 1; j, n – indexes of 
the criteria and non-dominant solutions 
considered, Fjo – j-th component of the 
ideal vector.

RESULT AND DISCUSSION

The present study is concentrated on the 
friction and wear characteristic of hardfacing 
coatings. Before the friction Ra roughness pa-
rameter for samples was 0.59 µm. The wear 
process depends on many factors such as the 
pair friction material, surface roughness, sur-
face hardness, contact temperature, sliding ve-
locity and load. Figure 2 presents hardness from 
the top surface of the hardfacing coatings. The 
hardfacing made from EL–3348 has the higher 
hardness value of 65 HRC. EL–500 HB and 
EL–650 HB have a lower hardness.

The load and friction distance were the major 
factors taken into account while calculating and 
characterising wear volume. Having employed a 
comparative measure of wear based on the load 
and friction distance, wear rate for a friction pair 
was calculated using equation (1). Figure 2 pres-
ents the wear rate of the tribological experiment 
for the load of 20 N. The wear rate value for the 
samples EL–3348 was 0,693×10-5 mm3N-1m-1, for 
EL–650 was 1,113×10-5 mm3N-1m-1 and for EL–
500 was 1,217×10-5 mm3N-1m-1. As far as the coun-
terbodies made from Al2O3 were concerned, for the 
EL–3348 was 4,129×10-7 mm3N-1m-1, for EL–650 
was 6,057×10-7 mm3N-1m-1 and for EL–500 was 
5,024×10-7 mm3N-1m-1. Figure 3 also presents the 

 
Fig. 2. Hardness from top surface of hardfacing coatings
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alterations of the mean and maximum coefficient. 
The mean friction coefficient for the samples EL–
3348 was 0.69, the maximum one was 0.87. For the 
samples EL–650 was higher 0.79, the maximum 
one was 0.89. For the samples EL–500 was 0.69, 
the maximum one was 0.85.

In the course of the conducted tribological 
tests, the friction coefficient changes were regis-
tered. Figure 4 demonstrates friction coefficient 
changes for the load of 20 N registered at a dis-
tance of 2000 m. 

A subset of non-dominated solutions counted 2 
elements. It turned out that the EL–650 HB mate-

rial has all of its properties worse than EL–3348, 
and therefore EL–650 HB was rejected. The ideal 
vector that is the reference point for the min-max 
method with weights is [0.639 0.85 0.69 65.7 65.3]. 

The analysis of belonging to individual ele-
ments of a subset of non-dominated solutions 
showed that components 2 and 3 belong to the 
EL–500 HB material, and 1, 3, 4 and 5 to mate-
rial EL–3348. Component 3 has identical values 
for both materials. The composition of the ideal 
vector indicates that the EL–3348 material has a 
greater representation, which in a way makes it a 
more attractive solution. The confirmation of this 

 
Fig. 3. Wear rate and friction coefficient

 
Fig. 4. Variation in the friction coefficients
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fact was obtained by designing a compromise so-
lution. In the multi-criteria sense, the properties of 
material EL–3348 exceed those of EL–500 HB.

CONCLUSIONS 

The main results can be summarized as 
follows:
1.	The TIG method (tungsten inert gas) is useful 

for obtaining good wear resistant coatings. Arc 
voltage and current employed were 18 V and 
80 A respectively (positive polarity). The pro-
tective gas was Argon with purity of 99.9%.

2.	The results also showed that the mean friction 
coefficient was 0.69 for EL–3348 and EL–500 
HB. For EL–650 HB it was higher – 0.79.

3.	The multi-criteria analysis, taking into account 
a five-element set of criteria, showed that the 
EL–3348 material is characterised by better 
properties than the other materials tested. The 
wear rate for samples with coatings obtained 
from EL–3348 was the lowest and reached 
0.64×10-5 mm3N-1m-1. These hardfacing coat-
ings have good wear resistance. 

4.	The highest hardness value 65 HRC is achieved 
by the hardfacing made from EL– 3348. It can 
be seen that the wear rate is the smallest for the 
sample with the highest hardness. Other sam-
ples show a similar relationship. The wear rate 
is higher for the EL–650 HB sample, which had 
lower hardness. The highest wear rate was for 
the EL–500 HB sample, where HRC hardness 
was the lowest. In the case of tested samples, 
the relationship between the weld hardness and 
the wear rate can be seen.
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