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University, J. Basanavičiaus g. 28, LT–03224 Vilnius, Lithuania; Valentinas.Varnauskas@vgtu.lt (V.V.);
Irmantas.Gedzevicius@vgtu.lt (I.G.)

* Correspondence: Vytenis.Jankauskas@vdu.lt

Received: 20 February 2020; Accepted: 16 March 2020; Published: 21 March 2020
����������
�������

Abstract: Manual arc-welded hardfacings are widely used for the protection of new or the restoration
of worn parts in agriculture, forestry, and mining applications. A study was conducted to investigate
the effect of electrode covering composition on the microstructure, wear (low, average stress abrasion;
erosion at 30, 50, and 80 m s−1), and economic feasibility of Fe–C–Cr manual arc-welded hardfacings.
Hardfacings were produced with the carbon and chrome contents varied in the ranges of 0.87–2.95 and
1.3–33.2 wt.%, respectively. The major phases composing the microstructures of the hardfacings were
austenite, perlite, ledeburite, and various carbides, including eutectic M7C3. Technical and economic
analyses were performed to assess the economic feasibility of hardfacings and reference wear-resistant
steel Hardox 400. A wear and economic feasibility map was created to specify various types and
facilitate the selection of optimal hardfacings for specific conditions. The produced Fe–C–Cr coatings
were the most effective in low-stress abrasive conditions (up to 7.8 times greater than Hardox 400)
and quite effective in erosive conditions (up to 2.9 times greater than Hardox 400).

Keywords: hardfacing; abrasive wear; erosive wear; wear and economic feasibility map

1. Introduction

Agriculture, forestry, and household work consume 35% of the energy produced in the world [1].
Industry and transport consume less, corresponding to 29 and 27% of the energy, respectively. Friction
and wear losses in agriculture are among the highest, and therefore, their reduction is an important
task to be carried out.

Wear is one of the main factors that strongly influences the performance and service time of the
components of any mechanism [2]. From 85 to 90% of machine parts fail due to their wear [3]. The most
intense form of wear is abrasive wear, which leads to significant costs for the repair of worn-out
machines and the replacement of their parts [4]. Abrasive wear is especially harmful to the working
parts of agricultural and mining machines, owing to their direct contact with abrasives [3]. One of the
most reliable ways to improve the performance and wear resistance of such machine parts is to protect
them by the application of hardfacings [5].

Coatings 2020, 10, 294; doi:10.3390/coatings10030294 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-4302-6708
https://orcid.org/0000-0002-6501-8792
http://dx.doi.org/10.3390/coatings10030294
http://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/10/3/294?type=check_update&version=2


Coatings 2020, 10, 294 2 of 19

Manual arc welding is applied widely to protect working surfaces exposed to abrasive wear by
Fe–C–Cr and other types of coatings (hardfacings). Fe–C–Cr hardfacings are less abrasive wear-resistant
than those containing sufficient fractions of carbides of refractory metals (WC, MoC, TiC, NbC), but they
are significantly cheaper [6]. Fe–C–Cr coatings effectively protect working surfaces against wear and
corrosive effects, which considerably increases the service life of machine elements [5].

The abrasive wear resistance of Fe–C–Cr alloys is provided by carbides homogeneously distributed
in the ductile matrix [5,7,8]. Fe–C–Cr alloys usually have high contents of chromium (10–30%) and
carbon (2.5–3.5%), along with certain trace elements such as Mn, Mo, Nb, and Ti [8]. Liu Sha et al.
compared various Fe–C–Cr alloys and found that high initial carbon content resulted in high contents of
primary (Fe,Cr)7C3 carbides and high wear resistance [9]. The experimental investigations showed that
with increasing Ti content, the primary M7C3 carbides were refined, and the dispersion of hard-phase
TiC improved the wear resistance [8].

A high hardness of the matrix is also essential for providing high wear resistance of a hardfacing.
In order to achieve high wear resistance, the hardness of the hardfacing should be higher than that of
the abrasive particles [10]. The hardness of primary carbides (Fe,Cr)7C3 in Fe–C–Cr alloys is generally
close to HV 1600, which is higher than that of SiO2 (HV 1000–1100) [11]. The primary carbides are
known for their strong covalent bonding and high-temperature stability, but they are unfortunately
quite brittle, owing to their high hardness [12]. Hardfacings containing a high fraction of carbides with
hardness higher than that of abrasive particles can resist abrasion effectively. Ledeburite type materials
can exhibit higher wear resistance due to the microstructure and higher hardness, while the austenitic
transformation occurring during heat treatment can also influence hardness and resulting abrasive
wear resistance [13–16]. Some authors tested the bainitic steels or hardfacings produced by the gas
metal arc welding process with the austenitic structure to achieve improved wear performance [17,18].

The results of previous investigations showed that Fe–C–Cr alloys could have hypoeutectic,
eutectic, or hypereutectic structures [7,19]. The formation of these structures depends on the number
and content of alloying elements, the cooling process parameters, and the “chromium to carbon”
ratio [5,7]. If the carbon level is below 4.3% in an alloy, then it is considered as a hypoeutectic structure,
whereas if it is above 4.3%, then it is considered to be a hypereutectic structure; an alloy with a carbon
content of 4.3% is a eutectic alloy. Primary (typically coarse and stable) M7C3-type carbides in these
structures are formed when the carbon content is above 2% [5]. Hardfacings with (Fe,Cr)7C3 carbides
are more wear-resistant in abrasive conditions, and this is usually illustrated by the discontinuous
nature of scratches caused by abrasive particles. Under aggressive conditions, craters might be formed
owing to the fracture and removal of carbides [11].

The wear resistance of Fe–C–Cr alloys is closely related to the content of the formed carbides, as
well as their sizes and distribution (homogeneous or not) in the matrix. The microstructure of these
alloys is usually composed of martensite, austenite, and eutectic carbides. A higher wear resistance is
achieved by combining a eutectic structure with primary carbides [20].

Both the graphite and chromium (usually ferrochromium) contents in an electrode covering
have a significant influence on the formation of (Fe,Cr)7C3 carbides in hardfacings, as well as on
the cost of the electrodes. Therefore, the current study provides an analysis of electrodes, manual
arc-welded hypoeutectic hardfacings with varied carbon and chromium contents, as well as their
technical (hardness and wear rate in erosive and abrasive conditions) and economic assessment.
Conventional wear-resistant Hardox 400 steel was evaluated as a reference material for the economic
feasibility calculations of the produced Fe–C–Cr hardfacings. The wear and economic feasibility
map resulting from the current study can serve as a tool for the selection of optimal hardfacings for
applications in which the wear resistance of materials plays an important role.
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2. Materials and Methods

2.1. Production of Electrodes

Electrodes for the fabrication of Fe–C–Cr hardfacings were manufactured by a company
(industrial-scale producer of electrodes). Figure 1 explains the main components and steps required to
produce and estimate the economic feasibility of hardfacings. The contents of graphite and ferrochrome
(HC Fe–Cr) in the coverings were varied to obtain hardfacings with suitable carbon and chromium
contents, as shown in Table 1. The codes of the electrodes (and samples obtained with their help) are
indicated. The content of high-carbon ferrochrome in the electrode covering ranged from 5.3 to 85%,
while the content of graphite ranged from 0.1 to 30.0%. The covering was reinforced with cellulose.
The limits of the studied ranges of ferrochrome and graphite were influenced by the technological
feasibility of the electrode production process.
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Figure 1. Breakdown of the main components and steps required to produce and estimate the economic
feasibility of Fe–C–Cr manual arc-welded hardfacings.

Table 1. Contents of graphite and ferrochrome in coverings of produced electrodes (dry powders).
The contents (wt.%) of carbon and chromium in the produced hardfacings are also indicated (hardfacing
code/C/Cr).

Ferrochrome, %

5.3 15.0 21.2 30.0 42.4 60.0 85.0

Graphite, %

0.1 – – – – – – 647/2.95/33.2
1.0 – * 590/0.61/4.3 – – – – –
2.0 – 591/0.87/4.4 601/1.06/6.1 611/1.44/9.6 621/1.68/19.6 631/2.68/25.1 –
5.0 – * 592/1.01/4.4 * 602/1.33/5.6 612/1.83/9.2 622/1.98/15.8 632/2.93/20.1

10.0 – * 593/1.62/4.7 * 603/1.72/4.9 613/2.19/8.3 * 623/2.03/9.4 * 633/2.93/19.5 –
20.0 – – 604/2.33/4.1 614/2.56/7.0 * 624/2.43/7.4 – –
30.0 565/2.75/1.3 – – – – – –

* These electrodes were produced to track the effect of electrode composition on the resulting composition and
hardness of the hardfacings, but they were not used for wear testing. The electrodes in bold were tested under
abrasive wear conditions.

The diameter of the core wire was 3.2 mm, the length 350 mm, and the mass 22.5 g (this will be used
later to calculate the electrode covering rate). The wire was made of low-carbon ferritic–pearlitic steel
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(SWRY-21 according to JIS G3503 or CB-08A according to GOST 2246-70). The diameter of prepared
electrode (core wire with covering) was approximately 5.5 mm (the thickness of a single layer was
about 1.15 mm).

The applied electrode covering was of the rutile type to provide protection, deoxidation, and
alloying of the welding bath and the transfer of metal in fine drops (during hardfacing deposition), which
generally resulted in a low level of spatters and lower fume emission. The limestone, aluminosilicates,
and feldspar were used as electric arc stabilizing ingredients. The slag mixture (if taken as 100%) had
the following composition: rutile 52%, limestone 25.4%, and aluminosilicates (feldspar) 22.6%. The slag
mixture constituted from 1.9 (sample 647) to 70.0% (sample 590) of the total weight of the dry powders
of the covering. The typical contents of the other dry covering substances were approximately 1% for
cellulose and 12% for ferromanganese with a medium carbon level (MC FeMn; 1.5% of C). Cellulose
burns completely during hardfacing deposition and forms carbon oxides (inert gas, which protects the
weld from oxidation). Low- (0.1% C) and high-carbon (7% C) ferrochrome were used in order to prepare
hardfacings with the lowest and highest carbon contents (Hardfacings 647 and 565, respectively).

Ferrochrome chemical composition: Cr—69.3%, C—9.03%, Si—0.24%, S—0.021%, P—0.024%;
size <0.24 mm; price 1530 €·t−1 (average prices valid in Lithuania were used for calculations;
suppliers cannot be disclosed due to NDA). Graphite composition: C—90.11%, ashes 9.87%;
moisture content 0.39%; size ≈ 0.04 mm; price 4917.7 €·t−1. Ferromanganese chemical composition:
Mn—80.99%, C—1.35%, Si—0.36%, P—0.18%, S—0.005%; price 2260 €·t−1. Cellulose characteristics:
bulk density—1.03·10−4 g·mm−3; moisture content—5.56%, water-soluble portion—1.65%; size <80 µm;
price 332.5 €·t−1. Slag materials characteristics: rutile—TiO2—96%, ZrO25%, Fe2O3—1.43%,
SiO2—1.26%, P2O5—0.07%, SO3—0.05%; moisture content 0.06%; limestone powders consisted
of CaCO3 and Ca; moisture content 0.2%; grain size <0.09 mm; potassium feldspar—SiO2—77.68%,
Al2O3—12.5%, K2O—4.45%, Na2O—4.05%, CaO—0.28%, Fe2O3—0.24%. Prices of slag materials: rutile
779.9 €·t−1, limestone 48.3 €·t−1, and feldspar 220 €·t−1.

The powders for the electrode covering were prepared to cover the widest range of possible
compositions reported in the literature [21,22].

The mixing of the components was performed in two steps in a 5 dm3 mixing device in order
to ensure a homogeneous distribution of the constituents for the flux covering. During the first step,
the dry components were mixed for 5 min; then, during the second step, the viscous blend was
prepared by additional mixing for 3 min together with the liquid sodium-potassium glass (17–29%),
which facilitated the bonding of powders during pressing. Electrodes were formed by an industrial
Oerlikon CEP 141 electrode extrusion press line at a rate of 200 electrodes/min. After forming, the
electrodes were dried for 24 h at room temperature (23 ± 2 ◦C) and later for 1 h at 300 ◦C in an electric
dryer (SNOL-3.5). The duration of the heating and cooling cycles from room temperature to 300 ◦C
was 2 h [23].

2.2. Evaluation of the Economic Feasibility of Hardfacings

The cost (all costs in the current work are expressed in Euros) of 1 kg of electrode, S1 kg electrode, was
calculated as follows:

S1 kg Electrode = SMaterial + SProduction (1)

where SMaterial is the cost of the materials (wire and electrode covering) and SProduction is the cost of the
activities required to produce the electrode (labor and use of equipment).

The cost of 1 kg of hardfacing was calculated by taking into account the cost of the electrode and
the deposition coefficient:

S1 kg Hard f acing material =
S1 kg Electrode

η
(2)

where η is the deposition coefficient for welding with a manual arc electrode (usually less than 1
because some portion of the electrode is lost).



Coatings 2020, 10, 294 5 of 19

Electrode covering wt. rate L with respect to M expressing the electrode covering weight rate in
terms of the total mass of electrode was calculated as follows:

L =
M− 22.5

22.5
·1.077 (3)

The coefficient 1.077 was the ratio of the whole electrode wire length (350 mm) to the covered
electrode length (325 mm). A length of 25 mm of the electrode was left uncovered for mounting the
electrode in the electrode holder during the welding process (Figure 2).
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Figure 2. Scheme of the electrode with an indication of the lengths.

The detailed composition of the covering, the technical parameters of production, the costs of the
electrodes, and its components are presented in Table 2.

Table 2. The composition of the electrode covering, the technical parameters of electrode production,
costs of electrodes, and its components (according to data from the company).

Title Unit
Code of Electrode

565 591 601 604 611 612 613 614 621 622 631 632 647

Composition of electrode covering (dry powders)

Ferrochrome % 5.3 15 21.2 21.2 30 30 30 30 42.4 42.4 60 60 85
Graphite % 30 2 2 20 2 5 10 20 2 5 2 5 0.1

Ferromanganese % 12 12 12 12 12 12 12 12 12 12 12 12 12
Cellulose % 1 1 1 1 1 1 1 1 1 1 1 1 1

Slag materials % 51.7 70.0 63.8 45.8 55.0 52 47.0 37 42.6 39.6 25.0 22.0 1.9
Total % 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Other technical parameters

Mass of one electrode (M) g 37.75 34.25 33.75 32.50 34.65 35.95 35.35 34.45 36.50 40.20 41.05 39.20 47.50
Electrode covering wt.

rate L with respect to M
(see Equation (3))

% 73.0 56.2 53.9 47.9 58.2 64.4 61.5 57.2 67.0 84.7 88.8 79.9 119.7

Cost of electrode components and electrodes per 1 kg of electrode

Wire €·kg−1 0.36 0.40 0.40 0.42 0.39 0.38 0.38 0.39 0.37 0.34 0.33 0.35 0.29
Covering €·kg−1 0.92 0.42 0.44 0.67 0.53 0.62 0.69 0.82 0.69 0.84 0.96 0.98 1.36

Production costs €·kg−1 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51
Total (S1 kg electrode) €·kg−1 1.78 1.32 1.35 1.59 1.43 1.51 1.58 1.72 1.56 1.68 1.80 1.83 2.15

Italic bold—maximal value, italic—minimal value.

The differences in the electrode price were mainly influenced by the price of graphite and
ferrochrome powders (Table 2). The price of dry covering materials accounted for from 32 to 63% of
the final electrode price.

The method of calculating the deposition cost of wear-resistant hardfacings followed that of the
authors’ previous works [6,24]. The prerequisites for calculating the productivity (rate of hardfacing
deposition, P, kg h−1) were as follows:

- arc burning time was approximately 35% of the working time;
- one electrode with the diameter of the wire being 3.2 mm melted in 1.6–2.0 min; therefore,

16 electrodes were deposited per hour during the hardfacing process, including the time for
electrode exchange.

P =
16 M η

1000
(4)
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where M is the mass of the electrode (Table 2).
The cost of the deposited hardfacing (S1 kg Hardfacing, €·kg−1) was the sum of the hardfacing material

cost (Equation (2)) and the labor cost associated with the deposition of hardfacing. The typical hourly
rate for such activity in Lithuania was 5 €·h−1.

S1 kg Hard f acing = S1 kg Hard f acing material +
Hourly rate

P
(5)

The price of the steel Hardox 400 plate of thickness 5–10 mm was ≈ 2.0 €·kg−1 in Lithuania,
depending on the purchase volume. The cost of the use of Hardox 400 for the repair of elements
in construction and agricultural machinery (including material itself, cutting, bending, fitting,
and welding) was six times higher (12 €·kg−1; this was the average result from several real case
studies), considering the hourly rate of 5 €·h−1. The main component of cost was labor cost.

Both the wear rates and costs of the material solutions under consideration (hardfacing vs. Hardox
400) must be compared to draw conclusions regarding the economic feasibility of the investigated
hardfacings. Hardfacings with a lower cost and lower wear rate are the most desired, and the coatings
with a slightly higher price (than that of Hardox 400), but sufficiently lower wear rates are also suitable
candidates for the repair of machinery.

The prerequisite for the hardfacing solution to be economically more feasible than repairing with
Hardox 400 is as follows:

S1 kg Hard f acing < ε·S1 kg Repair with Hardox 400 (6)

where ε [6] is the wear intensity ratio (wear resistance of hardfacing) calculated according to the wear
rates of the reference material and hardfacing:

ε =
IHardox 400

IHard f acing
(7)

The relative cost of hardfacing that showed the threshold of its economic feasibility is calculated
as follows:

S1 kg Hard f acing relative =
S1 kg Repair with Hardox 400

ε
(8)

The relative cost of hardfacing (in %) showed how much less (if less than 100%) or more (if more
than 100%) expensive the hardfacing solution was than the Hardox 400 steel solution if the wear
intensity ratio were taken into account:

K =
S1 kg Hard f acing relative

S1 kg Repair with Hardox 400
·100 (9)

2.3. Deposition of Hardfacings

The hardfacings (Figure 3) were deposited with a CADDT TIG 2200I AC/DC apparatus from
ESAB, using a direct current of 120 A.
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The steel S355 (EN10025, dimensions 80 × 40 × 10 mm, composition: 0.20–0.22% C, 1.6% Mn,
0.55% Si) was used as a substrate for hardfacing. After the manual arc welding process, the coated
samples were cooled to room temperature. The bottom and top of the substrate (including part
of the hardfaced material) were removed to achieve a sample thickness of 6 ÷ 7 mm (Figure 3), as
required for fixing the samples inside the wear test devices. Samples of dimensions 80 × 40 × (6 ÷ 7) or
25 × 16 × (6 ÷ 7) mm were used for ASTM G65 (low and average contact stress) and erosion wear tests,
respectively. The machined samples were cut into the required shapes using a Secotom 50 precision
cutting machine (Struers). Rockwell hardness measurements, Scale C (HRC), were performed with the
help of a diamond pyramid on the hardness testing device TK-2M (Russia). At least 6 measurements
were made to calculate the average value. The metallographic samples were polished with a Tegramin
20 (Struers) by using the corresponding sandpaper and fine (3 µm) water-based diamond suspensions.
Metallographic investigations were performed using an Eclipse MA-100 optical microscope (Nikon).
The composition of the hardfacings was determined by a Compact Lab spectral analyzer (Belec
Spektrometrie Opto–Elektronik GmbH).

Three-body abrasive wear tests were performed according to the ASTM G65-04 standard (Figure 4a).
The test conditions at low and average contact stress levels (with rubber-lined and solid steel wheels)
are presented in Table 3. Erosive wear tests at 30 m·s−1 (average stress), 50, and 80 m·s−1 (high stress
due to fracturing of particles) were performed according to GOST 23.201-78 [25] using a Centrifugal
Accelerator of Kleis (CAK), as shown in Figure 4b. The tests were performed at room temperature
using 12 kg (30 m·s−1) or 6 kg (50 and 80 m·s−1) of silica sand with a particle size range of 0.25–0.50 mm;
the impact angle was 30◦; 15 samples were tested simultaneously. A running-in test was performed
before the real test with 6 kg of the same type of quartz sand. A fresh erodent was applied for every test.
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Figure 4. Schematic of the devices used for testing samples under abrasive conditions: (a) according to
ASTM G65 (1—rubber-rimmed steel wheel; 2—abrasive supply nozzle; 3—sample; 4—load; 5—quartz
sand); (b) according to GOST 23.201-78 (1—samples; 2—erodent hopper; 3—rotor with channels;
4—electrical motor [25].

Table 3. Three-body abrasive wear test conditions.

Parameter Description

Scheme Block–on–Wheel

Contact stress Low Average
Description of the wheel

(Ø229 mm, width 12.7 mm)
Rubber-rimmed steel wheel,

with rubber of hardness Shore A-60 Steel wheel with hardness 165 HB

Abrasive Silica quartz sand with size 200–425 µm from SC Anykščių kvarcas;
feed rate 250–300 g min−1

Circumferential velocity 2.4 m s−1

Linear abrasion 4320 m/30 min 1440 m/10 min

Load 130 N 85 N

Atmosphere Air, 23 ± 2 ◦C, relative humidity 45 ± 5%
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The mass of each sample was measured before and after the three-body or erosive wear test to the
nearest 1.0 or 0.1 mg with a KERN EG420–3NM or Mettler Toledo ME204 balance, respectively.

3. Results and Discussion

3.1. Composition and Hardness of Hardfacings

Table 4 provides the composition of hardfacings produced by deposition using the developed
electrodes (with various contents of ferrochrome and graphite in the coating), which have different
technological properties. The carbon content of the hardfaced layer was influenced by the graphite
content or by the presence of carbon in the ferrochrome or ferromanganese of the electrode covering.
The technological properties of the electrodes were also assessed during the application of the
hardfacings. It was found that hardfacings with lower ferrochrome and carbon contents had better
technological properties. The composition and hardness of the hardfacings are shown in Table 4.

Table 4. Composition and hardness of deposited hardfacings. HRC, Rockwell hardness measurements,
Scale C.

Code
Chemical Composition of Hardfacing, % Hardness,

HRCC Si Mn Cr Ti

565 2.75 1.94 2.18 1.3 1.25 48.3 ± 3.5
591 0.87 0.57 1.38 4.4 0.06 52.2 ± 2.2
601 1.06 0.96 1.54 6.1 0.09 40.2 ± 3.1
604 2.33 1.62 1.55 4.1 0.44 50.3 ± 3.9
611 1.44 0.87 1.83 9.6 0.09 29.6 ± 2.2
612 1.83 0.93 2.08 9.2 0.12 37.1 ± 2.9
613 2.19 1.33 2.67 8.3 0.33 43.0 ± 3.2
614 2.56 1.44 2.46 7.0 1.08 53.7 ± 3.4
621 1.68 1.17 2.26 19.6 0.12 38.2 ± 2.9
622 1.98 0.81 3.88 15.6 0.30 46.3 ± 3.4
631 2.68 1.42 3.45 27.8 0.18 48.6 ± 3.3
632 2.70 1.36 3.96 20.1 0.33 49.7 ± 3.8
647 2.95 0.28 3.92 33.2 0.04 48.8 ± 2.9

Reference material: Hardox 400 steel. Chemical composition (%): C: 0.32; Si: 0.7; Mn: 1.6;
Cr: 1.4; Mo: 0.6; Ni: 1.5; B: 0.004; P: 0.02; S: 0.01. Microstructure: fine-grained martensite. 36.5 ± 2.5

The hardfacings could be divided into four groups, the first three of which were used for wear
testing (Table 1):

1. Varied graphite and ferrochrome contents in the electrode covering (Codes 565, 604, 613, 622, 632,
631, and 647; hereinafter indicated as Group 565/647).

2. Similar graphite content and varied ferrochrome content in the electrode covering (Codes 591,
601, 611, 621, and 631; hereinafter indicated as Group 591/631).

3. Similar ferrochrome content and varied graphite content in the electrode covering (Codes 611,
612, 613, and 614; hereinafter indicated as Group 611/614).

4. The remaining electrodes (590, 592, 593, 602, 603, 623, 624, and 633) were produced to track
the effect of the electrode covering composition on the resulting composition and hardness of
the hardfacing.

The carbon and chromium contents of all of the produced samples varied from 0.61 to 2.95% and
from 1.29 to 33.20%, respectively (Tables 1 and 4). For the groups of hardfacings selected for wear
testing, the contents of carbon and chromium were 1.98–2.95% and 1.29–33.2% (to study the effects of
carbon and chromium), 0.87–2.68% and 4.37–25.10% (to study effect of chromium), and 1.44–2.56% and
7.00–9.58% (to study effect of carbon), respectively. The hardness of the hardfacings is given in Table 4.
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3.2. Microstructure of the Hardfacings

The results of the microstructural investigation of the hardfacings are summarized in Figure 5.
These were in agreement with the results of other researchers [26–29].
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Variation of graphite (0.1–30.0%) and ferrochrome (5.3–85.0%) contents in the covering of electrodes
resulted in the formation of a wide range of Fe–Cr–C microstructures, such as primary austenite,
ledeburite, perlite, cementite, and eutectic M7C3. The prevailing austenite structure of Sample 611
resulted in the lowest hardness (Figure 5). The microstructure of hardfacings will be discussed in more
detail in the following sections.

3.3. Wear of Hardfacings in Low-Stress Abrasive Conditions

The wear rates of Groups 591/631, 565/647, and 611/614 of the manufactured Fe–C–Cr
hardfacings exhibited under low-contact-stress conditions (with rubber-rimmed wheel), along with
their corresponding hardness values, are shown in Figure 6.
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Figure 6. Effect of chromium and carbon (a), chromium (b), and carbon (c) on the wear rate and
hardness of hardfacings under low-stress abrasive conditions (the content of C/Cr is indicated, wt.%).

In the case of Group 591/631 with varied carbon and chrome contents, it was found that the
hardness (29.6–52.2 HRC) and wear resistance were directly correlated. Materials with high hardness
(591, 631) exhibited low wear rates, whereas Material 611 with the lowest hardness had the highest
wear rate. The wear rate of hardfacings was similar to that of Hardox 400 (the difference ranged from
−18 to +14%).
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The hardfacings of Group 565/647 with high carbon (>2%) content and varied chromium content
had similar hardness (43.0–50.3 HRC), but there were some essential differences in their wear extent;
it was obvious that this was affected by the composition and microstructure in addition to the hardness.
The wear of the layers varied from 1.2 (Sample 631) to 8.0 (Sample 565) times lower with respect to
the reference steel Hardox 400. One of the reasons for this was the lower hardness of Hardox 400
(36.5 HRC). However, the hardness alone could not guarantee high wear resistance. The hardness
values of Samples 631 and 647 were similar (48.8 and 48.6 HRC), whereas the wear rates differed by
more than a factor of two, which again demonstrated the effect of the composition and microstructure.

The wear of the samples with a prevailing eutectic primary austenite structure with low carbide
content (611, 621) was high (Figure 6a,c). Meanwhile, Sample 613, which was composed of a eutectic
primary dendritic austenite structure with approximately 30% carbide (eutectic M7C3, Table 5), showed
less wear by a factor of 2.0–2.5 (Figure 6b) during the low-contact-stress abrasive test. The dominant
structure of Samples 565 and 604 was perlite (with small differences in composition, i.e., 2.75 and 2.33%
of C and 1.29 and 4.09% of Cr, respectively; Table 4). The perlite grain size in Sample 604 was 45–70 µm,
and that for Sample 565 was 10–25 µm (Figure 5). The contents of cementite and ledeburite were similar,
but the difference in grain size led to the increase in the wear rate of Sample 604 of approximately 400%.
The composition of Sample 565 (perlite, cementite, ledeburite) was more favorable in comparison to
that of Sample 647 (eutectic M7C3, primary dendritic austenite, carbide structure), and resulted in a
lower wear rate by a factor of three (Figure 5).

Table 5. Technical and economic indicators for the assessment of hardfacings.

Parameter Unit
Code of Electrode

565 591 601 604 611 612 613 614 621 622 631 632 647

η—deposition coefficient 0.50 0.57 0.59 0.60 0.61 0.60 0.60 0.61 0.64 0.62 0.68 0.69 0.79

Mass of electrode
required to deposit
1 kg of hardfacing

kg 2.00 1.75 1.69 1.67 1.64 1.67 1.67 1.64 1.56 1.61 1.47 1.45 1.27

Hardfacing material cost
(S 1kg Hardfacing material)

€·kg−1 3.56 2.31 2.28 2.65 2.34 2.52 2.63 2.82 2.44 2.71 2.64 2.65 2.72

Hardfacing productivity
(P) kg·h−1 0.30 0.31 0.32 0.31 0.34 0.35 0.34 0.34 0.37 0.40 0.45 0.43 0.60

Labor cost €·kg−1 16.56 16.01 15.69 16.03 14.78 14.49 14.73 14.87 13.38 16.56 16.01 15.69 16.03

Cost of deposited
hardfacing

(S 1 kg Hardfacing)
€·kg−1 20.12 18.32 17.98 18.68 17.13 17.00 17.37 17.69 15.82 15.25 13.84 14.20 11.05

Cost of repair with
Hardox 400

(S 1 kg Repair with Hardox 400)
€·kg−1 12.00

Wear intensity ratio ε (wear resistance of hardfacings; see Equation (7))

Low-stress abrasion – 8.05 0.96 0.89 1.76 0.86 1.10 2.46 7.77 1.04 2.49 1.18 1.75 2.53

Average-stress abrasion – 0.98 1.02 1.13 0.93 0.94 0.91 0.89 1.04 1.02 0.98 1.16 1.02 0.81

Average-stress erosion
at 30 m s−1 – 2.38 2.43 2.58 2.26 2.29 1.75 2.61 1.76 2.07 2.86 2.58 2.20 2.94

High-stress erosion
at 50 m s−1 – 1.60 1.57 1.66 1.49 1.64 1.54 1.74 1.06 1.50 1.87 1.68 1.59 1.78

High-stress erosion
at 80 m s−1 – 1.37 1.42 1.49 1.33 1.35 1.30 1.39 1.32 1.32 1.53 1.52 1.38 1.58

Relative cost of hardfacings under different wear conditions taking into account the wear
intensity ratio (see Equation (8))

Low-stress abrasion €·kg−1 1.49 12.50 13.48 6.82 13.95 10.91 4.88 1.54 11.54 4.82 10.17 6.86 4.74

Average-stress abrasion €·kg−1 12.24 11.76 10.62 12.90 12.77 13.19 13.53 11.54 11.76 12.24 10.34 11.76 14.81

Average-stress erosion
at 30 m s–1 €·kg−1 5.04 4.94 4.65 5.31 5.24 6.86 4.60 6.82 5.80 4.20 4.65 5.45 4.08

High-stress erosion
at 50 m s–1 €·kg−1 7.50 7.67 7.23 8.05 7.32 7.79 6.90 11.32 8.00 6.42 7.14 7.55 6.74

High-stress erosion
at 80 m s–1 €·kg−1 8.76 8.45 8.05 9.02 8.89 9.23 8.63 9.09 9.09 7.84 7.89 8.70 7.59
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Table 5. Cont.

Parameter Unit
Code of Electrode

565 591 601 604 611 612 613 614 621 622 631 632 647

Relative cost of hardfacing K (%; see Equation (9))

Low-stress abrasion % 12.4 104.2 112.3 56.8 116.3 90.9 40.7 12.8 96.2 40.2 84.8 57.2 39.5

Average-stress abrasion % 102.0 98.0 88.5 107.5 106.4 109.9 112.8 96.2 98.0 102.0 86.2 98.0 123.4

Average-stress erosion
at 30 m s−1 % 42.0 41.2 38.8 44.3 43.7 57.2 38.3 56.8 48.3 35.0 38.8 45.4 34.0

High-stress erosion
at 50 m s−1 % 62.5 63.9 60.3 67.1 61.0 64.9 57.5 94.3 66.7 53.5 59.5 62.9 56.2

High-stress erosion
at 80 m s−1 % 73.0 70.4 67.1 75.2 74.1 76.9 71.9 75.8 75.8 65.3 65.8 72.5 63.3

Italic bold—maximal value, italic—minimal value.

Hardfacings 621 and 622 with a similar composition had a significantly different carbide structure,
and 621 additionally had a eutectic M7C3 (Figure 5) that resulted in a lower wear rate by a factor of
almost three (Figure 6a,b).

The increase in carbon content in the groups of Samples 611/614 from 1.44 to 2.56% resulted in an
increase in the hardness of the hardfacings (29.6 to 53.7 HRC), which in turn provided a lower wear
rate as a result. Samples 613 and 614 showed lower wear rates by factors of 2.5 and 8.4, respectively,
compared to the reference steel Hardox 400. The reason for this was the higher hardness of the materials
and the different microstructure. The structure of Samples 611/613 ranged from the dominant eutectic
primary austenite and carbides in 611 to the eutectic primary dendritic austenite with carbide structure
and eutectic M7C3 in Sample 613 (Figure 5), which showed a corresponding progressive reduction in
the wear rate.

It can be concluded that under low-stress abrasive conditions, the wear rate of the hardfacings was
influenced by the hardness and the microstructure, whereas the composition alone was less significant.

3.4. Wear of Hardfacings in Average-Stress Abrasive Conditions

The wear rates of the groups of hardfacings tested under average-stress abrasive conditions are
shown in Figure 7, along with their hardness values.

It can be concluded that, in general, there was a similar tendency of the wear rates of materials
from Group 591/631 (where both the carbon and chromium contents were varied) tested under low-
and average-stress abrasive conditions (see Figures 6a and 7a). The wear rates of the samples from
Group 591/631 differed from −15% to +6% in comparison to the reference steel Hardox 400, i.e.,
the differences were not significant. The lower wear of Samples 601 and 631 was statistically reliable,
because deviations in the wear rate of a hardfacing were smaller than the difference in the wear rates
of the compared hardfacings. The average wear of the hardfacings (0.69 g) was lower than that of the
steel Hardox 400 (0.73 g); the average hardness of the coverings was 41.8 HRC, whereas that of the
Hardox 400 steel was 36.5 HRC. The samples with higher hardness, in general, exhibited lower wear
rates, although this was not the case for Samples 591 and 601: Sample 591 had higher hardness and
wear. It may be expected that defects such as porosity and cracks had negative effects.

For the samples of Group 565/647, it could be said that under average-stress abrasive conditions,
the effect of chromium content variation on the wear rate was insignificant. In comparison to the
reference steel Hardox 400, the wear rate of Samples 565/647 ranged from −15% to +20%, and such
differences were not essential. The average hardness of the surface layers was 47.9 HRC, and the
average wear was 0.76 g, whereas the Hardox 400 steel of hardness 36.5 HRC had a lower wear of
0.73 g. This demonstrated the importance of microdefects such as porosity or the presence of internal
stress, as well as strength, which become more important if contact stresses are higher (in comparison
to low-stress wear tests). Materials 565 and 647, which had the lowest wear rates under low-stress
conditions, had very high wear rates under average-stress conditions.
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If only Samples 613, 622, 632, and 631 were assessed, then the content of chrome increased from
8.3 to 27.8% and the content of carbon increased from 2.19 to 2.68% (Table 4); a slight increase in
hardness was also observed (43 to 49.7 HRC), which resulted in the reduction in the wear rate from
0.82 to 0.63 g. However, the hardfacings with lower carbon and chromium contents (Samples 565 and
604), as well as that with the highest contents of these elements (Sample 647) did not follow this trend.

The hardfacings of Group 611/614 tested under average-stress conditions exhibited different
behavior in comparison with tests under low-stress conditions (Figure 7c). With respect to the reference
steel Hardox 400, the wear rate was similar, with a slight difference ranging from −5% to +11%. Under
average-stress abrasive conditions, the increase in hardness did not provide a beneficial reduction in
the wear rate. Only Sample 614 with the maximum hardness of this group had a slightly lower wear
rate. A comparison of Figures 6c and 7c reveals that as the result of the increasing stress level, the wear
of Sample 611 increased by a factor of approximately two, whereas the growth factor in the wear rate
of Sample 614 was greater than 10.

Comparing the results of all the samples tested under average-stress conditions with those of the
reference steel Hardox 400, it could be concluded that the hardness in addition to the microstructure and
quality of materials (presence of defects such as cracks or porosity) influenced the wear resistance [27].
The wear rates of the tested hardfacings differed by −15% to +20% in comparison to Hardox 400,
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which indicated that such hardfacings could not generally provide significant advantages under
average-stress three-body conditions.

3.5. Wear of Hardfacings under Average- and High-Stress Erosive Conditions

The wear rates of hardfacings tested under erosive conditions at speeds of 30 (average stress),
50, and 80 m·s−1 (high stress) are shown in Figure 8. In general, the wear rates of all the tested
hardfacings at all speeds were lower than that of the reference steel Hardox 400: at 30, 50, and 80 m·s−1,
the average wear of the hardfacings was lower by factors ranging from 1.7 to 2.9, 1.5 to 1.9, and 1.3 to
1.6, respectively. This demonstrated that the surfacing (deposition of hardfacings) was more effective
than the protective solution involving Hardox 400 steel in all the cases considered. However, as with
three-body conditions, the application of deposited hardfacings was more beneficial under lower stress
conditions (at the speed of 30 m·s−1, for example).

Samples 601, 613, 622, and 647 had the lowest wear at the particle speed of 30 m·s−1; Samples 613,
622, and 647 had the lowest wear at the speed of 50 m·s−1; and Samples 601, 622, 631, and 647 at the
speed of 80 m·s−1. These samples had a prevailing austenitic microstructure, which was responsible
for the lower wear rate [19,30].
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3.6. Analysis of Worn Surfaces

Characteristic images of the worn surfaces are provided in Figure 9.
In the case of a low contact stress abrasive test, abrasive particles being pressed toward the sample

by the rubber disk slid on a surface and caused only shallow discontinuous scratches (which were
aligned vertically downwards, as in Figure 9). Sample 591 had many micro-impressions, probably due
to the presence of hard phases, which stopped the sliding and provoked rotation and indentation by
abrasive particles. There were only a few fragments of abrasive particles remaining, whereas there was
a significant number of impressions made by particles.

In the case of an average contact stress abrasive test, SiO2 particles crushed between a steel disk and
a test surface resulted in much more significant plastic deformations. The surface of a hardfacing had
many remaining embedded fragments of broken abrasive particles, and a mechanically mixed layer
was formed [31,32]. The directions of the scratches were not always parallel, owing to the higher level
of particle rotation; particles with irregular shapes usually did not form parallel grooves or scratches
during rotation.

In the case of high contact stress caused by the erosion of hardfacings, craters with significant
macro-deformation of the surface were present. Sample 611 exhibited the highest number of sand
fragments embedded into the surface, which was likely due to its highly ductile austenitic structure
with the lowest hardness (29.6 HRC).
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and erosive conditions.

3.7. Technical and Economic Assessment of Hardfacings

Technical (mass of electrodes, deposition coefficient of electrode, wear rates, and wear intensity
ratio of materials) and economic (electrode, hardfacing material cost, deposited hardfacing cost,
hardfacing productivity, etc.) indicators are presented in Table 5.

The cost of 1 kg of deposited hardfacing varied from 11.05 to 20.12 €·kg−1, mainly owing to the
various compositions of manufactured electrodes. The hardfacing labor cost (13.38–16.56 €·kg−1) was
more significant than the hardfacing material cost (2.28–3.56 €·kg−1). If the wear intensity of deposited
hardfacings were the same as that of Hardox 400, then the only cost-effective hardfacing would be that
with Electrode 647, as the coating cost of this electrode (11.05 €·kg−1) was lower than that of Hardox
400 (12.00 €·kg−1). However, if the wear intensity ε (the wear rate of the hardfacing with respect to the
reference material) were also taken into account, then the relative cost of welded hardfacings under
low-stress abrasive conditions varied from 1.42 to 14.00 €·kg−1, and only Electrodes 591, 601, and 611
yielded hardfacings that were not cost-effective. Meanwhile, the cost under an average contact load
(stress) varied from 10.39 to 14.81 €·kg−1, which was close to the cost of a hardfacing with Hardox 400
(12.00 €·kg−1). The use of hardfacings under high-stress erosive conditions was favorable in the case of
all materials, as the relative cost varied from 6.42 to 8.04 €·kg−1, which was significantly lower than
that of Hardox 400 (12.00 €·kg−1).
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3.8. Analysis of Wear and Economic Feasibility

A wear and economic feasibility map was constructed according to the results of wear testing
under various contact stresses along with the technical and economical assessment of the hardfacings
(Figure 10). The hardfacings could be divided into four types. The division was performed according
to the wear results at various contact stress levels. The qualitative assessment of the wear rate results is
shown in the right image. The three numerical values in the upper row illustrated the wear intensity
ratio ε (Table 5) results under low-stress abrasive, average-stress abrasive, and high-stress erosion at
80 m·s−1, where the indices of 1, 2, and 3 indicate highest, average, and low wear resistance, respectively.
The three numerical values in the lower row show the results of economical assessment of the samples.
The estimation was made according to the relative cost of the hardfacings tested under different wear
conditions (Table 5), where the indices of 1, 2, and 3 indicate that the hardfacing is highly economically
feasible (has the lowest cost), economically feasible, and not feasible, respectively.
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arc-welded hardfacings.

The electrodes (and resulting hardfacings) of Type I (591, 601, 611, 612, 621, and 631) were
not suitable for low-stress abrasive conditions, because they had low wear resistance and were not
economically feasible (mainly had an index of 3). The electrodes of Type II (613, 622, and 632) might
be applied in average contact stress conditions (mostly index of 1 or 2). The electrodes of Type IIIb
(565, 604, 614, and 647) were suitable candidates for low-stress abrasive conditions (their index was 1,
but Sample 604 had an index of 2 for wear evaluation). The electrodes of Type Ia (622, 631, and 647)
could be applied in high-stress (with the particle impingement speed of 80 m·s−1) erosive conditions
(their index is mainly 1). The electrodes (hardfacings) that did not generally perform well under all
the tested conditions (611, 612, 613, and 621) were indicated by Type Ib. Hardfacing 622 could be
included as well, but it had satisfactory results under low and average contact stress abrasion and
good performance under high contact stress erosive conditions. Type IIIa with high graphite and FeCr
content in the coverings must be investigated in the future, as hardfacings could perform well under
low-stress abrasive or high-stress erosive conditions, similarly to 565 or 647, respectively. However, the
cost of such electrodes (close to 2 €·kg−1, Tables 2 and 5) could be high owing to the cost of graphite and
FeCr. Type IV was also reasonable for future investigations due to the lower cost of such electrodes and
the good results of Hardfacing 565 under low-stress abrasive conditions. The hardfacings produced
using Electrodes 614 and 565 (Type IIIb) had slightly higher titanium content (Table 4). During the
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electrode manufacturing, the oxygen in rutile was replaced by carbon because of the sufficiently high
carbon content. The combination of titanium and carbon resulted in the formation of TiC, which in
turn might have positively influenced the wear resistance of the hardfacings. These hardfacings were
only observed to have high wear resistance under low-stress abrasive conditions.

In Section 3.2, the images of the microstructures of certain characteristic hardfacings were presented
(Figure 5). Hardfacings 611 and 613 were typical for Type Ib, which did not perform well in all abrasive
conditions. Hardfacing 611 consisted of primary austenite and carbide structures, which did not
increase the abrasive wear resistance under these conditions. Type IIIb is illustrated by Hardfacings 565
and 604. These were suitable for low-stress abrasive conditions; they consisted of ledeburite, perlite,
and cementite structures and exhibited hardness values of 48.3 and 50.3 HRC, respectively. Hardfacing
622 (Type Ia) was suitable for high-stress erosive conditions (particle speed of 80 m·s−1); it consisted of
carbide, primary austenite, and eutectic M7C3 structures

4. Conclusions

The following conclusions were drawn from the completed tests and analysis:

1. Four groups of electrode coverings with adjusted proportions of initial components were
produced to study the effects of these components on the resulting carbon and chromium contents,
microstructure, hardness, and wear resistance of Fe–C–Cr hardfacings, which were manufactured
by manual arc welding.

2. The graphite and ferrochrome contents (among the dry components of electrode coverings)
were varied from 0.1 to 30.0% and from 5.3 to 85.0%, respectively, which resulted in carbon and
chromium contents of the hardfacings of 0.87 to 2.95% and 1.3 to 33.2%, respectively. The major
phases composing the microstructures of the manufactured hardfacings and influencing the final
properties were austenite, perlite, ledeburite, and various carbides, including eutectic M7C3.

3. It was found that, in general, high hardness (a range of 29.6–53.5 HRC was obtained) could
serve as an indicator of expected high wear resistance, whereas the microstructure, influenced
by cooling rates and the presence of defects, such as pores or cracks, could be responsible for
significant deterioration of the final properties of hardfacings.

4. The strongest effect of carbon on the wear resistance of hardfacings was observed under low-stress
abrasive conditions. The wear intensity ratio (wear resistance of hardfacings with respect to
Hardox 400) was improved (by increasing the carbon content) from 0.86 to 7.77. The best results
of the relative wear resistance under erosive conditions were also obtained under conditions
with lower stress levels (1.58, 1.87, and 2.94 times at particle impingement speeds of 80, 50, and
30 m·s−1, respectively).

5. The price of Fe–C–Cr electrodes for manual arc welding ranged from 1.32 to 2.15 €·kg−1. If all
the costs required to manufacture hardfacings were taken into account (deposition coefficient,
hardfacing productivity, labor cost), then the final price of the hardfacings ranged from 11.05 to
20.12 €·kg−1.

6. If the wear intensity ratio was taken into account, then hardfacings were the most economically
feasible under low-stress abrasive conditions (the cost could be reduced down to 12.4% of that for
Hardox 400, i.e., 7.8 times), whereas for erosion at 80, 50, and 30 m·s−1, the price could be reduced
down to 63.3, 53.5, and 34.0% (up to 2.9 times) that for Hardox 400, respectively.

7. In general, Electrode 614, with graphite and ferrochrome contents of 20% and 30% in the covering,
respectively, could be proposed as a universal option that performed quite well under all
conditions. This could be influenced by the highest resulting titanium (TiC) contents among the
investigated hardfacings.
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