
Academic Editor: Tomasz Lipiński
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Abstract: This paper investigates self-shielded flux-cored wires with an exothermic MnO2-
Al addition and the effect of hardfacing modes on the deposited alloy of the Fe-C-Mn
system for the first time. Additionally, the paper proposes a new experimental research
methodology using an orthogonal experimental design with nine experiments and three
levels. At the first stage, it is proposed to use the Taguchi plan (L9) method to find the
most significant variables. At the second stage, for the development of a mathematical
model and optimization, a factorial design is recommended. The studied parameters
of the hardfacing mode were travel speed (TS), set voltage on the power source (Uset),
contact tip to work distance (CTWD), and wire feed speed (WFS). The following parameters
were studied: welding thermal cycle parameters, microstructure, grain size, non-metallic
inclusions, and mechanical properties. The results of the analysis showed that the listed
parameters of the hardfacing modes have a different effect on the characteristics of the
hardfacing process with self-shielded flux-cored wires with an exothermic addition in
the filler. It was determined that for flux-cored wires with an exothermic addition, the
size of the deposited metal grain size is most affected by the contact tip to work distance
(CTWD). The research results showed that the travel speed (TS) had the main influence on
the thermal cycle parameters (heat input, cooling time) and hardness. The analysis of the
deposited metal samples showed that an increase in the travel speed had a negative impact
on the number of non-metallic inclusions (NMIs) in the deposited metal. While the size of
NMIs was influenced by the wire feed speed and the set voltage on the power source.

Keywords: Hadfield manganese steel; self-shielded flux-cored wire; exothermic addition;
thermal cycle parameters; heat input; austenitic microstructure; grain size; hardness; non-
metallic inclusions; Taguchi method; factorial design
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1. Introduction
Welding and hardfacing technologies can provide competitive advantages such as

cost and quality of the final product in agriculture, mechanical engineering [1], the automo-
tive industry [2,3], the transport sector [4,5], and other industries. In addition, the use of
surfacing technology can extend the service life of worn surfaces subjected to various types
of destruction (abrasive [6–13], corrosive [9], abrasive-impact [10,11], and others). In each
of these sectors of the economy, the application of welding technologies and welding mate-
rials is essential. Among the variety of welding materials, the following are distinguished:
stick electrodes, solid wires, flux-cored wires, and SAW wires and fluxes [12,13]. Recent
publications have shown that flux-cored wire hardfacing is a promising technology [14,15],
which is explained by its high process performance, high welding stability, excellent quality
of deposited metal, and arc visibility. These advantages are especially important for hard-
facing processes using hardening alloys. Depending on the tribological conditions, different
alloys are used, such as Fe-C-Cr-X (X = Ti, Nb, V) [16,17], Fe-C-B [18,19], Fe-C-Mn [20],
and others. High-manganese alloys of the Fe-C-Mn type with a high manganese and
carbon content have been most widely used for impact abrasive wear and contact fatigue
in high-stress rolling [21,22]. These steels are characterized by high impact strength and the
ability to harden [23]. Hadfield steel has good work hardening capacity, high strength and
toughness after hardening, and it has been widely used in industrial applications. However,
the presence of non-metallic inclusions significantly affects its wear behavior. This study
investigates the role of these inclusions in the abrasive wear process of Hadfield steel by
examining their formation, distribution, and impact on mechanical properties. The results
suggest that non-metallic inclusions act as stress concentrators, promoting crack initiation
and propagation, thereby accelerating material removal under abrasive conditions. Thus, it
is important to improve the quality of the deposited metal. The appearance of non-metallic
inclusions in the deposited metal during the flux-cored wire hardfacing (FCAW-S) is mainly
due to the melting nature of the flux-cored wire. Flux-cored wire consists of an inner flux
and an outer metal sheath. According to Trembach et al. [24], the formation of the non-
metallic inclusions (NMIs) occurs as follows: at the melting of the electrode, a protrusion of
filler is formed at its end near the arc column. The formation of the protrusion is explained
by the non-uniformity of the melting of the metal sheath and the filler in the flux-cored wire.
That is explained by the predominant heating of the metal sheath by Joule heat (welding
current flowing through the electrode) due to the significantly higher electrical conductivity
of the metal sheath [24]. The second reason is the cathode spot relocations of the arc column
around the perimeter of the end of the metal sheath [25]. In this case, the melting of the
filler material from the arc heat is realized by radiation of the arc column and, to a lesser
extent, by convective heat. These features contribute to the preferential melting of the metal
sheath, which is the main reason for the uneven melting of the filler and the metal sheath.
The formed protrusion can subsequently collapse and, in the unmelted state, enter the weld
pool [24].

It is well known that there are three modes of transferring the metal droplet to the
molten pool: spray, globular, and short circuit [26]. For hardfacing processes, when the
chemical composition of the deposited metal is important, which is always more alloyed
than substrate materials, the last two modes are preferable. In spray and globular modes
of the molten droplet transfer, the arc continues burning throughout the molten droplet
transfer process, providing high heat input, which increases the fraction of the substrate
material. While in the short circuit transfer mode, the molten droplet transfer occurs when
the droplet at the wire tip comes into contact with the weld pool under conditions of low
current and voltage, causing the arc to be extinguished. This results in relatively low heat
input [26], which is beneficial for hardfacing processes. When the welding arc between
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the wire tip and the weld pool is extinguished, a short circuit occurs, which causes the arc
voltage to drop below ~10 V, which can be used to evaluate the occurrence of a short-circuit
procedure [27]. However, this reduces the deposition rate because it is achieved at lower
values of the welding current.

To improve the uniformity of melting of the flux-cored wire and to increase the
productivity of the hardfacing process, the introduction of exothermic addition into the filler
for flux-cored wires is accepted [28–30]. The positive effect of introducing the exothermic
addition into the filler is explained by the generation of additional heat capable of melting
the filler components [31]. Various exothermic additive systems are used, which are
different combinations of oxidizing agents (such as Fe2O3, CuO, Mn2O, etc.) and reducing
agents (Al, Mg, etc.). However, these exothermic mixtures have different characteristics of
reaction kinetics; among the important ones for filler materials are ignition temperature,
reaction rate, thermal effect of the exothermic reaction, and specific heat of combustion.

The study by Li et al. [32] showed a positive effect of the exothermic mixture on the
stability of the process; the droplets became smaller and the transfer time became less with
increasing the exothermic addition. The decrease in the droplet diameter of the electrode
material is mainly due to a decrease in surface tension [32]. Trembach et al. [33] noted
that, depending on the hardfacing modes, the exothermic reaction in the filler can occur
at different stages of the welding process: (1) in the electrode extension section, (2) in the
arc column, and (3) in the weld pool. Moreover, from the point of view of achieving a
greater effect from the introduction of an exothermic addition, the reaction at stage (1) is
the most desirable. In accordance with their recommendations, it is necessary to choose
such hardfacing parameters at which the exothermic mixture reacts at the electrode melting
stage (in the electrode extension section) before the arc. At the same time, high arc stability
and low dilution of the deposited metal with the substrate materials are achieved while
maintaining high productivity and efficiency of the hardfacing process [33], whereas the
exothermic reaction at the weld pool stage will increase the penetration depth and increase
the dilution of the deposited metal by the substrate material [34], which is undesirable for
the hardfacing process. Furthermore, studies by Trembach et al. have shown a positive
effect of adding the exothermic addition to the filler on the welding current [33] and
the morphology of the welding bead [35], which changes the parameters of the welding
thermal cycle [36,37]. Changes in the welding thermal cycle parameters will affect the
microstructure, which will affect the performance indicators such as wear resistance and
corrosion resistance through the impact on the microstructure and mechanical properties.

The aim of this work is to determine the influence of hardfacing modes on such
parameters as hardfacing thermal cycle parameters, microstructure, grain size, hardness,
and content and morphology of non-metallic inclusions of the deposited metal using a
self-shielded flux-cored wire with high-energy exothermic addition of MnO2-Al.

2. Materials and Methods
2.1. Materials

For the hardfacing process, flux-cored wires with filler compositions as shown in
Table 1 were used. A metal strip made of St 24 DIN 1614.1 [38] steel (20 mm in width and
0.5 mm in thickness) was used, which was formed into a metal wire sheath about the core
filler. The self-shielded flux-cored wire was made according to the procedure described
in [24].

The substrate material comprised plates with dimensions of 200 × 100 × 15 mm
(length × width × thickness). The material of the plates was S235 J2G2 EN 10025–2 (St3ps).
The hardfacing was carried out with reverse polarity by an ABC automatic welding head.
The power source of the machine had a rigid external characteristic.
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Table 1. Composition of core filler FCAW-SS, wt.%.

The Name of the Component Content of the Components in
Core Filler of FCAW-S [wt.%]

Gas-slag-forming components
Fluorite concentrate GOST 4421-73 10
Rutile concentrate GOST 22938-78 6
Calcium carbonate GOST 8252-79 3
Zirconium dioxide GOST 21907-76 3

Components of exothermic addition
Oxide of manganese powder-like GOST 4470-79 21
Aluminum powder PA1 GOST 6058-73 9

Alloying and deoxidizers
Ferromanganese FMN-88A GOST 4755-91 20
Ferrosilicon FS-92 GOST 1415-78 2
Titanium powder PTM-3 TU 14-22-57-92 5
Metal Chrome X99 GOST 5905-79 6.2
Oxide of yttrium powder-like TU 48-4-524-80 1.6
Graphite 7.6
Iron powder PZhR-1 GOST 9849-86 5.6

The hardfacing process was carried out in four layers. The height of the hardfacing
layer was 5–7 mm. This depended on the hardfacing modes. The chemical composition of
the deposited metal samples was analyzed using a Spectrolab LAVFC01A (Ametek, Inc.,
Berwyn, IL, USA) optical emission spectrometer. The typical content of the elements in the
deposited metal is as follows: 1.36 wt% C; 9.3 wt% Mn; 2.8 wt% Cr; 0.76 wt% Ti; 0.72 wt%
Si; 0.046 wt% N; 0.02 wt% S; and 0.058 wt% P.

2.2. Design of the Experiment

When searching for models of mathematical dependencies, the most important task
is the choice of variables. Having too many variables (with respect to the number of
observations/data sets) in a model will result in a relation between variables and the
outcome that only exists in that particular data set [39]. Some variables also may have a
negligible effect on the outcome and can therefore be excluded. In this case, a preliminary
review of possible variables will be mandatory, which in the future, after screening, will be
used to search for a mathematical model. Therefore, we recommend that at the first stage of
searching for a prediction model, the most significant parameters from a series of candidate
variables are determined. Taguchi is another method suitable to the optimization of welding
processes that can be used in the design of high-quality systems without increasing costs,
allowing for understanding the effect of individual and combined process parameters from
reduced experimental tests. For the Taguchi method, orthogonal arrays were used. An
analysis of variance (ANOVA) is used in parallel with the Taguchi method. Analysis of
variance (ANOVA) allows us to determine the contribution of each factor to the responses,
which allows us to identify the most significant variables [40]. Factorial design is used for
conducting experiments as it allows the study of interactions between factors. Reliable
mathematical models of the variables of interest can be developed with a minimum number
of experiments by combining the Taguchi method with factorial design. [41].

The Taguchi method was then used to obtain the welding combinations that are shown
in Table 2. The variable parameters of the hardfacing modes, i.e., hardfacing speed (x1), set
voltage of the power source (x2), contact tip to work distance (x3), and wire feed speed (x4),
were optimized using the Box–Behnken experimental design and STATISTICA software
Version 6.0 (Statsoft Inc., Hamburg, Germany, 2006). The experimental design contained
four process variables, each at three equidistant levels (1, 2, 3).
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Table 2. Input variables selected and their levels.

Code Input Variable (Factor) Unit Notation
Level

Low
(1)

Average
(2)

High
(3)

A Travel speed [m·min−1] TS 0.27 0.47 0.69
B Arc welding voltage [V] Uset 26.0 29.2 32.5
C Contact tip to work distance [mm] CTWD 30 40 50
D Wire feed speed [m·min−1] WFS 1.50 2.07 2.73

The matrix of the experimental plan is shown in Table 3. The three different processing
variables combined with each of the three levels led to an L9 orthogonal matrix.

Table 3. Design matrix of the experimental full factor analysis using the orthogonal array from the
method.

№
Code Mean Fact Mean

Factor A Factor B Factor C Factor D TS [m·min−1] Uset [V] CTWD [mm] WFS [m·min−1]

1 1 1 1 1 0.27 26.0 30 1.50
2 1 2 2 2 0.27 29.2 40 2.07
3 1 3 3 3 0.27 32.5 50 2.73
4 2 1 2 3 0.47 26.0 40 2.73
5 2 2 3 1 0.47 29.2 50 1.50
6 2 3 1 2 0.47 32.5 30 2.07
7 3 1 3 2 0.69 26.0 50 2.07
8 3 2 1 3 0.69 29.2 30 2.73
9 3 3 2 1 0.69 32.5 40 1.50

The full cubic model is represented in Equation (8):

y =
K

∑
i=1

βi·xi +
k

∑
j>i

βij·xi·xj +
k

∑
j>i

δij·xi·xj·(xi − x j) +
K

∑
k>j>i

βijk·xi·xj·xk + ε (1)

where y is the predicted response variable; i and j are the number of ingredients in the
mixture; K are components given by the equation; βi is the expected response at the top; βij

are coefficients indicating the amount of quadratic curvature along the edge of the simplex
region consisting of binary mixtures of xi and xj; and ∆ij accounts for ternary blending
among three separate components in the interior of the design. βijk is the coefficient of the
regression coefficient of the product terms of two or three variables. xi, xj, and xk represent
three different design variables.

2.3. Welding Thermal Cycle Parameters

During the hardfacing process, the deposited metal experiences metallurgical effects
caused by the thermal cycle of welding. To evaluate this effect, such indicators as heat
input (HI), cooling rate (CR800-500), and cooling time (∆t8/5).

Heat input (HI) is the quantity of energy introduced from the arc per unit length of
weld. The heat input was calculated by means of Equation (2) [36]:

HI =
ηFCAW ·Ua·I·60

TS·1000
(2)

where HI is the heat input, [kJ/mm]; Ua is arc voltage, V; I is arc current, A; TS is travel
speed, mm/min; ηFCAW is the coefficient of efficiency of the process; and ηFCAW = 0.8.
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The cooling rate (CR) has been calculated between 800 ◦C and 500 ◦C (CR800-500), as
this temperature range is significant for the relevant phase transformations that take place
in ferrous alloys and can be calculated using the following equation [36]:

CR800−500 =
∆T800−500

∆t800−500
(3)

where ∆T800-500 is the temperature variation within the selected range of 800 and 500 ◦C.
The cooling time ∆t800-500 between two given temperatures, commonly between 800

and 500 ◦C, for sheets with three-dimensional heat flow, can be calculated by the following
Equation (4) [36]:

∆t800−500 =
E·

2·π·λ ·
[

1
500 − T0

− 1
800 − T0

]
(4)

where E is welding energy [kJ·cm−1], k is material thermal conductivity λ = 42
[J/(s·m·C)] [36], and T0 is the initial temperature of the plate T0 = 25 ◦C.

3. Results
3.1. Prediction of Mathematical Model for Thermal Cycle Parameters

Table 4 shows the experimental and calculated (obtained from the equations of the
mathematical model) values of the thermal cycle of hardfacing HI, cooling time in the
temperature range of 800–500 ◦C (∆t8/5), cooling rate (CR) of the deposited metal in the
temperature range of 800–500 ◦C, and the calculated value of hardness (HB) obtained by
hardfacing with the developed SFCW with exothermic addition (EA) of MnO2-Al in the
filler material.

Table 4. Experimental and calculated values of thermal cycle parameters.

№
Average

Welding Current
Iaw [A]

Average Arc Voltage
Uaw [V]

Heat Input

HI (e)
[kJ·mm−1] HI (c) [kJ·mm−1] Diff. [kJ·mm−1] Dev. [%]

1 240.4 22.30 0.905 0.894708 0.009947 1.14%
2 302.6 21.20 1.083 1.169728 −0.087176 −8.01%
3 358.5 25.30 1.531 1.453342 0.077229 5.07%
4 47.8 16.00 0.675 0.549353 0.126109 18.61%
5 213.6 28.00 0.577 0.697459 −0.120739 −20.88%
6 322.1 27.20 0.845 0.850193 −0.005370 −0.61%
7 325.0 19.60 0.414 0.481392 −0.066958 −16.28%
8 393.8 21.80 0.559 0.486719 0.071813 12.93%
9 259.2 28.90 0.487 0.492213 −0.004855 −1.07%

№
Cooling time Cooling rate

∆ t8/5 (e)
[]

∆t8/5 (e)
[s]

Diff.
[s] Dev. [%] CR (e)

[◦C·s−1]
CR (c)

[◦C·s−1]
Diff.

[◦C·s−1] Dev.

1 4.207 4.160439 0.046254 1.11% 71.3 71.2216 0.0934 0.11%
2 5.034 5.439294 −0.405374 −8.05% 59.6 56.2343 3.3614 5.65%
3 7.117 6.758112 0.359120 5.04% 42.2 45.2460 −3.0948 −7.22%
4 3.141 2.554521 0.586415 18.67% 95.5 108.9094 −13.3965 −14.04%
5 2.682 3.243220 −0.561442 −20.93% 111.9 92.1757 19.6905 17.63%
6 3.928 3.953440 −0.024973 −0.65% 76.4 83.3396 −6.9739 −9.08%
7 1.927 2.238496 −0.311359 −16.16% 155.7 146.6686 9.0026 5.80%
8 2.597 2.263269 0.333932 12.85% 115.5 130.0900 −14.5811 −12.63%
9 2.266 2.288815 −0.022574 −1.01% 132.4 126.4793 5.8984 4.47%

The indices on the right side of the geometric parameter notation have the following meanings: (e)—experimental
values; (c)—calculated values obtained by introducing the corresponding values of variables into the developed
mathematical models.
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3.1.1. Analyses of Variance for Thermal Cycle Parameters

Figure 1 shows the effect of the parameters of the hardfacing modes on the heat input
(HI), cooling time in the temperature range of 800–500 ◦C ∆t8/5, and cooling rate (CR) of
the deposited metal in the temperature range of 800–500 ◦C.

Figure 1. Pie chart of the influence of hardfacing mode parameters on the characteristics of the
hardfacing thermal cycle.

Based on the above pie chart, it could be concluded that the main contribution to
the parameters of the welding thermal cycle was made by the travel speed (TS). A minor
influence was exerted by the set voltage of the power source. The influence of other
parameters of the hardfacing modes on the welding thermal cycle parameters was at the
level of noise.

3.1.2. Taguchi Analyses for Thermal Cycle Parameters

For the preliminary optimization of hardfacing modes, we conducted several studies,
and Figure 2 shows the experimental results of the calculated S/N ratios for the heat input
using the Taguchi method.

Figure 2. Diagram of the main effects of the S/N ratio for the characteristics of the hardfacing thermal
cycle: (a) heat input (HI); (b) cooling time (∆t8/5); (c) cooling rate (CR).

Figure 2a showed that the lowest value of heat input (HI) and cooling time ∆t8/5

in the temperature range of 800–500 ◦C was achieved at a low level of travel speed,
TS = 0.27 m-min−1. The lower the value of heat input (HI) and the cooling time in the
temperature range of 800–500 ◦C ∆t8/5, the lower the level of overheating and, accordingly,
the higher the technological properties of the deposited metal. Therefore, when selecting
the optimal hardfacing parameters, it is of particular importance to ensure a low heat input
and a high cooling rate in the temperature range of 800–500 ◦C ∆t8/5.
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Analyzing the diagrams of S/N ratios for the thermal cycle parameters of hardfacing
heat input and the cooling time in the temperature range of 800–500 ◦C ∆t8/5) (Figure 2a,b),
the optimal hardfacing modes could be noted: travel speed, TS = 0.27 m-min−1; set voltage
on the power source, Uset = 32.5 V; contact tip to work distance, CTWD = 30 mm; and
WFS = 1.527 mm-min−1.

3.1.3. Development of a Mathematical Model (Box–Hunter) for Thermal Cycle Parameters

The equations for the mathematical dependence of the indicators are shown below
(Equations (5)–(7)).

Y(HI) = 0.78 − 0.687·TS − 0.151·TS2 + 0.285·Uset − 0.274·TS·Uset. (5)

Y(∆t8/5) = 3.628 − 3.196·TS − 0.701·TS2 + 1.324·Uset − 1.274·TS·Uset. (6)

Y(CR) = 96.288 + 76.818·TS − 23.807·Uset + 2.935·TS·Uset − 15.655·TS·U2
set + 3.612·TS2·Uset +

+18.943·TS2·Uset
2.

(7)

Table 5 presents the regression coefficients for each response.

Table 5. Result of analysis of variance for the applied models on thermal cycle parameters.

Parameter Coefficient of
Determination R-Sqr

Adjusted Sum of
Squares (SS) Model Quality MS Residual

Heat input (HI) 0.94589 0.89177 Good 0.0134593
Cooling rate (CR) 0.99986 0.99946 Very good 0.7312838

Cooling time (∆t8/5) 0.94589 0.89177 Good 0.2910308

The statistical characteristics of the obtained mathematical models indicate their
good quality.

The statistical significance and degree of influence of each of the factors on the depen-
dent variables are represented by Pareto charts in Figure 3a–c, and graphs of the observed
and predicted values of the influence of each factor on the dependent variables to assess
the quality of the constructed mathematical models are shown in Figure 4a–c, respectively.

Figure 3. Pareto charts for the characteristics of the hardfacing thermal cycle: (a) heat input (HI);
(b) cooling time (∆t8/5): (c) cooling rate (CR).
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Figure 4. Graphs of the predicted values of the influence of each factor on the dependent variables
for: (a) heat input (HI); (b) cooling time (∆t8/5); (c) cooling rate (CR).

The analysis of the Pareto charts showed that the two terms of the mathematical model
equation (TS and Uset) had the greatest impact on all indicators of the hardfacing thermal cy-
cle. At the same time, the main factor was the travel speed. Analysis of Figure 4a–c showed
a fairly high accuracy of the predicted values for all the constructed mathematical models.

Figure 5 shows the response surfaces of the mathematical model of the dependence of
the hardfacing thermal cycle parameters on the parameters of the hardfacing modes.

Figure 5. Response surfaces of the mathematical model of the dependence of hardfacing thermal
cycle parameters: (a) heat input (HI); (b) cooling time (∆t8/5); (c) cooling rate (CR).

The analysis of Figure 5 shows the dependence of the hardfacing thermal cycle param-
eters on the travel speed (TS) and, to a lesser extent, the set voltage on the power source
(Uset), which affected the cooling rate of the deposited metal. If the heat input (HI) and the
cooling rate in the temperature range of 800–500 ◦C ∆t8/5 reached their lowest values at
a high level of TS = 0.69 m-min−1, and regardless of the Uset level, the cooling rate (CR)
increased with the increase in the level of travel speed (TS).

3.2. Microstructure of the Deposited Metal

Figure 6 shows the microstructures of the deposited metal using FCAW-S with EA in
the filler, obtained by hardfacing at the conditions specified in Table 3.

Figure 6a shows a microstructure with pronounced traces of primary crystallization,
represented by alloy-depleted austenite and highly dispersed precipitates of a secondary
phase, first of all, in the form of titanium nitrides (TiN). A similar structure is shown in
Figure 6b,c. However, in these cases, a deeper transformation of the dendrites was observed
with a corresponding decrease in the boundary development and an increase in equilibrium
from the thermodynamic point of view.
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Figure 6. Microstructure of the deposited metal, ×200: (a) Exp. 1, (b) Exp. 2, (c) Exp. 3, (d) Exp. 4,
(e) Exp. 5, (f) Exp. 6, (g) Exp. 7, (h) Exp. 8, (i) Exp. 9.

A significant change in morphology was observed in the structure of sample Exp. 4
(Figure 6d). The dendritic structure could be traced, but it was highly fragmented. The
matrix was an austenite saturated with alloying elements with very dispersed precipitates
at the crystallite boundaries (degenerate interdendritic space) where the residual alloying
elements and impurities were segregated.

The microstructure of Figure 6e is an acicular troostite and austenite with higher
mechanical characteristics than the previous ones. The microstructure of Figure 6f has an
even higher set of micromechanical characteristics, as it consisted of fine acicular martensite
and soft austenite. The microstructure of Figure 6g has a complex composition and includes
pearlite, austenite, and carbide inclusions with a developed interfacial surface. The mi-
crostructure of Figure 6h consists of matrix austenite and sparse, coarse martensite needles.

The only microstructure with decomposition products of austenite (eutectoid) is the
microstructure in Figure 6i. It also showed a large number of non-metallic inclusions.

3.3. Grain Size of Deposited Metal

Figure 7 shows photos of the microstructure of the deposited metal made at the modes
specified in Table 3 and the grain size indication.

Figure 8 illustrates histograms of the distribution of grain size in the deposited metal
by their nominal size.

Table 6 shows the data on grain morphology in the deposited metal.
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Figure 7. The grain size of the deposited metal, ×200: (a) Exp. 1, (b) Exp. 2, (c) Exp. 3, (d) Exp. 4,
(e) Exp. 5, (f) Exp. 6, (g) Exp. 7, (h) Exp. 8, (i) Exp. 9.

Table 6. Grain morphology of the studied samples of deposited metal.

No. Number of Grains
Grain Size [µm]

Average Minimum Maximum

1 1291 5.1 0.9 86.1
2 30 35.3 7.9 133.8
3 765 0.9 63.5 5.2
4 31 27.1 7.1 79.9
5 30 24.4 8.2 57.4
6 31 16.8 7.0 31.9
7 1009 3.5 0.9 31.3
8 1421 3.5 0.9 26.6
9 31 22.5 8.1 51.1

Table 7 presents the experimental of grain size (GS) resulting from hardfacing with the
developed self-shielded flux-cored wire (FCAW-S) containing an exothermic addition (EA)
of MnO2–Al in the filler.
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Figure 8. Histogram of the distribution of grain size in the deposited metal by their nominal size
depending on the hardfacing mode: (a) Exp. 1, (b) Exp. 2, (c) Exp. 3, (d) Exp. 4, (e) Exp. 5, (f) Exp. 6,
(g) Exp. 7, (h) Exp. 8, (i) Exp. 9.

Table 7. Experimental (e) and calculated (c) values of grain size.

№
Grain Size

GS (e) [µm] GS (c) [µm] Diff. [µm] Dev. [%]

1 5.10 4.92 0.18 0.04
2 35.30 24.24 11.06 0.31
3 0.90 5.57 −4.67 −5.19
4 27.10 23.01 4.09 0.15
5 24.40 27.71 −3.31 −0.14
6 16.80 27.85 −11.05 −0.66
7 3.50 3.52 −0.02 −0.01
8 3.50 2.92 0.58 0.17
9 22.50 19.37 3.13 0.14

3.3.1. Analyses of Variance for Grain Size

Figure 9 shows the effect of hardfacing parameters on grain size.
The analysis of the pie chart data showed that the grain size (GS) of the deposited

metal was significantly influenced by the contact tip to work distance (CTWD) (contribution
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of 45.35%). The travel speed and wire feed speed had a lesser impact. Their contribution
was 27.82% and 19.63%, respectively. The influence of such a parameter as the set voltage
on the power source was significantly small, so it was not taken into account when building
mathematical models.

Figure 9. Pie chart of the effect of hardfacing modes on grain size.

3.3.2. Analyses Taguchi for Grain Size

Figure 10 shows the experimental results of the calculated S/N ratios for grain size
using the Taguchi method.

Figure 10. Diagram of main effects for the S/N ratio for grain size characteristics GS.

Analyzing the diagram of the S/N ratio for the grain size indicator, it could be noted
that the optimal hardfacing in terms of obtaining the minimum grain size in the hardfacing
should be performed at the maximum contact tip to work distance, CTWD = 50 mm, high
travel speed at low or high values (TS = 0.27 m·min−1 or TS = 0.69 m·min−1), and wire
feed speed at a high level (WFS = 2.73 m·min−1).

3.3.3. Development of a Mathematical Model (Box–Hunter) for Grain Size

The equation of the obtained regression model for grain size is provided in Equation (8):

Y(GS) = 15.273 + 4.44·TS2 + 19.889·CTWD2 − 13.528·WFS − 5.19·WFS2 −
− 18.968·TS·CTWD2 + 2.028·TS·WFS2 − 13.053·CTWD·WFS2;
R2 = 0.99952.

(8)

The statistical significance and the degree of influence of each factor on the dependent
variables are presented by the Pareto chart in Figure 11a. To evaluate the quality of the
constructed mathematical model, a graph of the observed and predicted values of the
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influence of each factor on the dependent variables was obtained, which is shown in
Figure 11b.

Figure 11. Pareto chart (a) and observed and predicted values of the dependent variable (b) for
grain size.

The analysis of the Pareto chart in Figure 11a shows that the significant parameters of
the hardfacing mode in terms of their influence on the grain size (GS) are the contact tip to
work distance (CTWD) and the wire feed speed (WFS). The analysis of Figure 11b shows
the high accuracy of the predicted values for the constructed mathematical model.

Figure 12 shows the response surfaces of the mathematical models of the dependence
of grain size on hardfacing modes.

The effect of hardfacing modes on grain size showed an excellent result depending
on the combination of parameters. An increase in both mode parameters, both the travel
speed in combination with the contact tip to work distance (Figure 12a) as well as the travel
speed and wire feed rate (Figure 12c), led to a decrease in the grain size of the deposited
metal. This could be explained by the fact that in the heat input calculation formula, the
travel speed appeared in the denominator. A different pattern of influence on grain size
was observed for the combination of contact tip to work distance and wire feed speed, as
shown in Figure 12b: the grain size tended to decrease with increasing contact tip to work
distance and decreasing wire feed speed, which was directly proportional to the welding
current and appeared in the numerator of the heat input formula.

3.4. Non-Metallic Inclusions

For the metallographic studies, the NMIs were produced in a polished finish (without
etching). Digital photographs were taken and uploaded into the Digimizerver 4.6.1 soft-
ware, where, using a scale bar, pixel values were converted into micrometers. Subsequently,
binarization and mask overlaying on the analyzed objects were performed, followed by
statistical analysis of the area, perimeter, and linear dimensions of the inclusions. Figure 13
shows the macrostructures of non-metallic inclusions in the deposited metal.

To analyze the chemical composition of non-metallic inclusions, an additional analysis
was performed by EDS. Energy dispersive X-ray spectrometer INCA ENERGY 350 with
microanalytical INCA X-stream processor, Microscope Image Capture System (MICS), and
Inca Energy software. Figure 14 shows the results of the studies.

The analysis of the obtained data showed that non-metallic inclusions in FCAW-S
hardfacing with exothermic addition are composite inclusions consisting of oxides (mainly
of the corundum type, Al2O3) and manganese sulfides (MnS). The presence of the former
in the weld metal can be explained by the exothermic reaction MnO2 + Al = Mn + Al2O3.
The latter have a metallurgical origin, resulting from the unavoidable presence, primarily
in the metal sheath of flux-cored wires. As reported by Matsuoka et al. [42], manganese
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sulfide possessed better ductility and weak deformation resistance than alumina. However,
MnS inclusions possess slightly lower but similar mechanical properties to the matrix [43].
Whereas alumina inclusions will act as hardening particles, thereby enhancing the mechan-
ical properties of the weld metal.

Figure 12. Response surfaces of the mathematical model of grain size dependence on hardfacing modes.

Table 8 shows the size parameters of non-metallic inclusions in the deposited metal.

Table 8. Characteristics of non-metallic inclusions in the deposited metal.

No. Number of
NMIs

Average Area,
µm2

Average
Perimeter, µm

Length, µm

Average Min Max

1 2816 8.9 11.6 4.3 81.2 115.9
2 1971 12.2 13.4 4.5 0.9 110.8
3 1483 25.8 77.9 17.9 1.1 555.0
4 617 17.6 19.9 6.8 1.2 67.2
5 214 9.3 12.3 4.5 1.1 21.1
6 229 19.0 18.5 6.2 1.2 118.7
7 589 9.5 12.9 4.9 1.2 109.4
8 128 14.9 14.1 5.3 1.2 39.4
9 429 15.9 14.1 5.0 1.2 59.0
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Figure 13. Non-metallic inclusions in the deposited metal, ×200: (a) Exp. 1, (b) Exp. 2, (c) Exp. 3,
(d) Exp. 4, (e) Exp. 5, (f) Exp. 6, (g) Exp. 7, (h) Exp. 8, (i) Exp. 9.

 

Figure 14. SEM-EDX analysis of non-metal inclusions in deposited metal 140MnCrTi10-3.
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3.4.1. Analyses of Variance for Non-Metallic Inclusions (NMIs)

Table 9 shows the size of non-metallic inclusions in the deposited metal.

Table 9. Morphological characteristics of non-metallic inclusions in deposited metal samples that
have been deposited under different modes of deposition.

№
Number of Nonmetal Inclusions Average Area

NNMI (e) [pcs] NNMI (c) [pcs] Diff. [pcs] Dev. SNMI (e) [µm2] SNMI (c) [µm2] Diff. [µm2] Dev.

1 2816 2840.45 −24.45 −0.01 12.2 13.48 −1.28 −0.11
2 1971 1922.85 48.15 0.02 25.8 26.21 −0.41 −0.02
3 1483 1506.71 −23.71 −0.02 17.6 17.19 0.41 0.02
4 617 633.59 −16.59 −0.03 9.3 10.17 −0.87 −0.09
5 214 181.33 32.67 0.15 19.0 17.07 1.93 0.10
6 229 245.08 −16.08 −0.07 9.5 10.41 −0.91 −0.10
7 589 547.97 41.03 0.07 14.9 13.48 1.42 0.10
8 128 208.82 −80.82 −0.63 15.9 17.06 −1.17 −0.07
9 429 389.21 39.79 0.09 8.9 8.03 0.87 0.10

№
Maximum length Average length

LLNMI (e) [µm] LLNMI (c) [µm] Diff. [µm] Dev. LNMI (e) [µm] LNMI (c) [µm] Diff. Dev.

1 115.9 112.71 3.19 0.03 4.30 4.81 −0.51 −0.20
2 110.8 111.26 −0.46 −0.00 4.50 5.40 −0.90 0.01
3 555.0 555.19 −0.19 0.00 17.90 17.74 0.16 −0.02
4 67.2 67.01 0.19 0.00 6.80 6.96 −0.16 0.11
5 21.1 24.29 −3.19 −0.15 4.50 3.99 0.51 0.10
6 118.7 119.68 −0.98 −0.01 6.20 5.56 0.64 0.19
7 109.4 95.86 13.54 0.12 4.90 3.98 0.92 −0.02
8 39.4 69.07 −29.67 −0.75 5.30 5.40 −0.10 −0.11
9 59.0 41.44 17.56 0.30 5.00 5.56 −0.56 −0.12

(e) and (c) are necessary to distinguish between data obtained experimentally and those predicted using the
developed model.

Figure 15 shows the effect of the hardfacing modes parameters (travel speed, set
voltage on the power source, contact tip to work distance, and wire feed speed) on the char-
acteristics of non-metallic inclusions: their number (NNMI), average area (SNMI), maximum
length (LLNMI), and average length (LNMI).

Figure 15. Pie charts of the influence of hardfacing mode parameters on NMI parameters: (a) number
of NMIs (NNMI); (b) average area of NMIs (SNMI); (c) average length of NMIs (LNMI).

Studying the pie charts allowed us to conclude that the dominant parameter influ-
encing the value of the number of non-metallic inclusions (NNMI) in the deposited metal
was the travel speed (TS) (contribution of 75.8%). The set arc voltage had a much smaller
effect on the NNMI (contribution of 16.4%). Other mode parameters did not affect the
NNMI parameter.

The average area (SNMI) and the average length (LNMI) of non-metallic inclusions
depended on the value of the wire feed speed (contributions of 43.2% for each parameter),
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as well as the set arc voltage (contributions of 52.4% and 32.6%, respectively). The average
length (LNMI) was slightly influenced by the contact tip to work distance (CTWD) (contri-
bution of 13.8%), while the travel speed had no effect. There was no effect of CTWD and TS
on the average area (SNMI).

3.4.2. Taguchi Analyses for Non-Metallic Inclusions

For preliminary optimization of hardfacing modes, a study was performed, the results
of which are presented in Figure 16, which showed the calculation of the S/N ratio for the
NMI indicators using the Taguchi method. For preliminary optimization of hardfacing
modes, a study was performed, the results of which are shown in Figure 16, showing the
calculation of the S/N ratio for the NMI indicators using the Taguchi method.

Figure 16. Diagram of the main effects of the S/N ratio for the characteristics of non-metallic inclusion
parameters: (a) number of NMIs (NNMI); (b) average area of NMIs (SNMI); (c) average length of NMIs
(LNMI).

Figure 16a shows that the lowest number and maximum and average length of non-
metallic inclusions could be obtained at a travel speed (TS) at medium and high levels
(TS = 2.07 m-min−1 and TS = 2.73 m-min−1), as well as at the set arc voltage at the second
level (Uset = 29.2 V). The smallest area of non-metallic inclusions was provided when
hardfacing at the minimum levels of the set arc voltage (Uset = 26.0 V) and wire feed speed
(WFS = 1.50 m-min−1).

The analysis of the diagrams of the main effects of the S/N ratio (see Figure 16a–c)
showed that in terms of obtaining the minimum values of the number (NNMI), the area
(SNMI), and the length (LLNMI and LNMI) of non-metallic inclusions, the optimal hard-
facing modes would be the following: travel speed, TS = 0.47 m-min−1; set voltage
on the power source, Uset = 29.2 V; contact tip to work distance, CTWD = 30 mm; and
WFS = 1.50 mm-min−1.

3.4.3. Development of a Mathematical Model (Box–Hunter) for Non-Metallic Inclusions NMI

The developed mathematical models of non-metallic inclusion characteristics are
presented in Equations (9)–(12).

Y(NNMI) = 923.45 − 1704.99·TS − 931.9·TS2 − 615.48·Uset − 260.99·U2
set +

+ 587.49·TS·Uset + 196.15·TS2·Uset
(9)

Y(SNMI) = 16.18 + 7.97·Uset + 11.15·WFS − 3.27·WFS2 + 3.44·U2
set·WFS (10)
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Y(LLNMI) = 197.02 − 185.41·TS2 + 387.02·Uset + 287.99·WFS −
− 228.18·WFS2 − 436.354·TS·Uset + 671.48·TS·WFS

(11)

Y(LNMI) = 9.19 + 7.62·Uset + 0.02·Uset − 5.71·WFS2 −
− 5.21·Uset·WFS2 + 5.26·Uset·WFS

(12)

Table 10 presents the regression coefficients for each response.

Table 10. Result of dispersion analysis for the applied models of parameters characterizing non-
metallic inclusions in deposited metal samples.

Parameter Coefficient of
Determination R-Sqr

Adjusted Sum of Squares
(SS) Model Quality

Number of nonmetal
inclusions (NNMI)

0.99789 0.99157 Very good

Average area (SNMI) 0.9649 0.92981 Good
Maximum length (LLNMI) 0.99337 0.9735 Very good

Average length (LNMI) 0.99298 0.98127 Very good

The statistical significance and the degree of influence of each factor on the dependent
variables are represented by Pareto charts in Figure 17.

Consideration of the obtained Pareto charts made it possible to conclude that the main
significant hardfacing modes were the travel speed, the set arc voltage, and the wire feed
speed. The analysis of Figure 17 of the graphs of the observed and predicted values of the
dependent variable showed high accuracy for all the constructed mathematical models.

Figure 18 shows the 3D response surfaces of the developed mathematical models.
As shown in Figures 15a and 18a, the total number of NMIs would be affected by the

travel speed. This could be explained by the lifetime of the weld pool. The higher the travel
speed, the lower the heat input and thus the weld pool lifetime. The size of the latter was
also determined by the volume of molten electrode metal, which was determined by the
wire feed speed. Whereas the size of the NMIs was influenced by such welding parameters
as the set voltage on the power source and the wire feed speed.

Figure 17. Pareto charts: (a) number of NMIs (NNMI); (b) average area of NMIs (SNMI); and (c) average
length of NMIs (LNMI).

3.5. Mechanical Properties

Table 11 shows the experimental and calculated (obtained from the equations of
the mathematical model) values of HRA hardness measured after hardfacing with the
developed FCAW-S with exothermic addition (EA) of MnO2-Al in the filler. The hardness
was determined using the standard Rockwell method according to the A scale (HRA) of
ISO 6508-1.
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Table 11. Experimental (e) and calculated (c) values of HRA hardness.

№ N Specimen
Hardness

HRA (e) HRA (c) Diff. Dev.

1 P5-E1-1 62.00 60.04 1.96 0.03
2 P5-E1-2 61.00 63.25 −2.25 −0.04
3 P5-E1-3 58.00 57.72 0.28 0.01
4 P5-E1-4 69.00 67.55 1.45 0.02
5 P5-E1-5 69.00 69.56 −0.56 −0.01
6 P5-E1-6 72.00 72.89 −0.89 −0.01
7 P5-E1-7 79.00 75.86 3.14 0.04
8 P5-E1-8 69.00 70.73 −1.73 −0.03
9 P5-E1-9 71.00 72.40 −1.40 −0.02

Figure 18. Response surfaces of the mathematical model of the dependence of non-metallic inclusion
morphology indicators: (a) number of NMIs (NNMI); (b) average area of NMIs (SNMI); and (c) average
length of NMIs (LNMI).

It is known that the austenitic phase in high-manganese steels corresponds to a
hardness of 190–220 HB (56–64 HRA) [44]. The analysis showed that the deposited metal
of indices P5-E1-7 had the lowest hardness of 79 HRA. This can be explained by the large
proportion of the pearlite phase in the matrix. This sample is characterized by the highest
cooling rate, CR = 9.34 ◦C-s−1, which is the main reason for the appearance of pearlite in
the structure of the weld metal. The lower hardness of the samples with indices P5-E1-
1, P5-E1-2, and P5-E1-3 is explained by the low travel speed. The lowest hardness was
observed for the sample for which the thermal welding cycle had the lowest cooling rate,
CR = 2.53 ◦C-s−1.

3.5.1. Analyses of Variance and Taguchi for Hardness

Figure 19 shows the contribution of each of the hardfacing mode parameters to the
hardness and S/N ratio at each level.

According to Figure 19a, the main influence on hardness was exerted by the travel
speed (contribution was 81.19%). The wire feed speed (WFS) also had an effect. The effect
of other mode parameters was not significant, so their influence could be neglected.

Analysis of the graph in Figure 19b showed that the optimum conditions for obtaining
the lowest hardness of the high-manganese alloy inherent in the austenitic matrix would
be achieved at a low travel speed (TS = 0.27 m-min−1) and at a high wire feed speed
(WFS = 2.73 m-min−1).
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Figure 19. Pie chart of the influence of hardfacing modes on hardness (a) and the main effects diagram
for the S/N ratio for hardness (b).

3.5.2. Development of a Mathematical Model (Box–Hunter) for Hardness

The equation of the obtained regression model for hardness is provided in Equation (13):

Y(HRA) = 67.875 + 12.667 · TS + 3.706 · TS2 − 2 · WFS + 4.331 · WFS2 +

+ 4.035 · TS · WFS2;
R2 = 0.98386.

(13)

The statistical significance and the degree of influence of each factor on hardness is
represented by the Pareto chart in Figure 20a. To evaluate the quality of the constructed
mathematical model, a graph of the observed and predicted values of the influence of each
factor on hardness is plotted in Figure 20b.

The analysis of the Pareto chart of Figure 20a showed that in terms of the influence of
hardfacing modes on the HRA hardness value, the most significant were the travel speed
(TS) and the wire feed speed (WFS). This was confirmed by the results of the ANOVA
analysis. The developed mathematical model in Figure 20b shows the high accuracy of the
predicted values.

Figure 21 shows the response surface of the mathematical model of the dependence of
the hardness of the deposited metal on the hardfacing modes.

The 3D surface of the hardness dependence on the significant parameters of the
hardfacing mode for the developed mathematical model showed that the desired level of
mechanical properties would correspond to a travel speed at a low level TS ≤ 0.4 m·min−1.

Figure 20. Pareto chart (a) and observed and predicted values of the dependent variable (b) for
HRA gardness.
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Figure 21. The response surface of the mathematical model of the dependence of HRA hardness on
hardfacing modes.

4. Discussion
Our studies have shown a significant effect of welding modes on the microstructure

of the deposited metal and its mechanical properties, made by flux-cored wire with a
high-energy exothermic MnO2-Al addition under different hardfacing modes.

It should be noted that for the considered ranges of changes in the parameters of the
hardfacing modes, the greatest influence on the microstructure and mechanical properties
was exerted by the travel speed (TS) and wire feed speed (WFS). At the same time, the
quality of the deposited metal, characterized by the content and morphology of non-metallic
inclusions, was most affected by such parameters of the hardfacing modes as wire feed
speed and arc voltage. The amount of NMIs was most affected by the travel speed, which
could be explained by the rapid solidification of the weld pool. As a result, the NMIs did
not have time to float up and transfer into weld slag.

The main reason for the reduction in grain size was the decreased lifetime of the molten
weld pool, which was primarily influenced by the travel speed (TS) and wire feed speed
(WFS). These parameters of the hardfacing mode affected the cooling rate and the weld
pool lifetime. This ultimately affected the degree of removal of small-sized non-metallic
inclusions. Small-sized non-metallic inclusions served as centers of crystallization and
refined grains. These inclusions lowered the energy barrier for crystal formation and acted
as focal points around which metal atoms arranged themselves into a crystalline lattice.
Thus, the hardfacing modes directly influenced the size and cooling rate of the weld pool
and the amount of small-sized NMIs. The study by Wang et al. [45] showed that the total
number of NMIs and their size were affected by the presence of an exothermic mixture.
The main effect was an increase in their total number and average size. While the study
by Trembach et al. [24] demonstrated that the presence of an exothermic addition in the
filler increased the number of non-metallic inclusions in the deposited metal and reduced
their size.

In addition, in some hardfacing modes, there were cases when the exothermic reaction
took place at the weld pool stage. This resulted in the ingress of the exothermic addition
components (namely MnO2 and Al) in their original form into the molten weld pool.

The results showed that lower travel speeds corresponded to higher hardness values.
This was due to the lower cooling rate and, accordingly, the formation of harder structural
components than primary austenite. This tendency was typical for high-manganese, high-
carbon alloys such as Hadfield steel. This corresponded to a high level of travel speed and
wire feed speed.

Further studies will be conducted to investigate the effect of hardfacing modes on the
tribological properties of the deposited metal.
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The average linear size NMI and hardness were selected as final parameters of the
hardfacing process modes. The first parameter is mainly influenced by such investigated
parameters as wire feed speed, set voltage on the power source, and, to a small extent,
contact tip to work distance. Whereas the hardness parameter is mainly influenced by
travel speed. Based on the previously obtained optimal levels of variables for the selected
output parameters, there will be the following values: travel speed, TS = 0.27 m-min−1; set
voltage on the power source, Uset = 29.2 V; contact tip to work distance, CTWD = 30 mm;
and WFS = 1.50 mm-min−1.

5. Conclusions
In this work we have investigated the influence of hardfacing modes on the parameters

of the thermal cycle of welding, as well as the effect on the properties of weld metal samples
of high-manganese, high-carbon alloys of the FeCMnCrTi system (microstructure, non-
metallic inclusions, grain size, and hardness). The hardfacing process was carried out
using self-shielded flux-cored wire with high-energy exothermic addition in the filler of
the MnO2Al system. In the above study, a new technique with an orthogonal experimental
plan, L9 was used. Based on the obtained results, the following conclusions can be drawn:

1. The thermal cycle parameters and hardness will mainly be influenced by the travel
speed variable. The influence of other parameters is low or not significant.

2. It was determined that for flux-cored wires with an exothermic addition, the size of
the deposited metal grain size is most affected by the contact tip to work distance (CTWD),
to a lesser extent, by the travel speed (TS) and the wire feed speed (WFS).

3. The analysis of the deposited metal samples showed that the size of NMIs was
influenced by the wire feed speed and the set voltage on the power source.

4. As a result of the study, the optimum hardfacing modes were determined, which will
provide minimum NMI size, fine grain, and high hardness of the austenitic phase with the
following: TS = 0.27 m-min−1, Uset = 29.2 V, CTWD = 30 mm, and WFS = 1.50 mm-min−1.
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3. Spišák, E.; Kaščák, L’.; Viňáš, J. Research into properties of joints of combined materials made by resistance spot welding.

Chemickélisty 2011, 105, 488–490.

https://doi.org/10.3390/ma15113892
https://www.ncbi.nlm.nih.gov/pubmed/35683194
https://doi.org/10.3390/app14188117


Eng 2025, 6, 125 24 of 25

4. Riabov, I.; Goolak, S.; Neduzha, L. An Estimation of the Energy Savings of a Mainline Diesel Locomotive Equipped with an
Energy Storage Device. Vehicles 2024, 6, 611–631. [CrossRef]

5. Zhang, T.; Yang, K.; Zhu, Z.; Xu, L.; Chen, G.; Fang, N.; Kou, S. Effect of Cr and W on microstructure and wear resistance of arc
additive manufactured flux-cored wire for railway wheels. J. Mater. Res. Technol. 2024, 30, 3438–3447. [CrossRef]
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