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Abstract: This paper investigates for the first time self-shielded flux-cored wires with an exothermic
MnO:-Al addition and the effect of hardfacing modes on the deposited alloy of the FeCMn system.
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 (WES). 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 wire 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, to a lesser extent by the travel speed TS and the WFS wire
feed speed. 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 (NMlIs) in the deposited metal. While the size of NMlIs 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; microstructure austenitic; grain size; hardness; non-metallic inclusions;
Taguchi method; factorial design

1. Introduction

Welding and hardfacing technologies can provide competitive advantages such as cost and
quality of the final product in agriculture [1,2], mechanical engineering [3,4], automotive industry [5-
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7], transport sector [8,9] 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 [10-13], corrosive
[14,15], abrasive-impact [16,17], and others). In each of these sectors of the economy, the application
of welding technologies and welding materials is essential. Among the variety of welding materials,
the following are distinguished: stick electrodes, solid wires, flux-cored wires, and SAW wires &
fluxes [18,19]. Recent publications have shown that flux-cored wire hardfacing is a promising
technology [20-23], 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
hardfacing processes using hardening alloys. Depending on the tribological conditions, different
alloys are used, such as FeCCrX [24,25], FeCB [26-29], FeCMn [30], and others. High-manganese
alloys of the FeCMn type with a high manganese and carbon content have been most widely used for
impact abrasive wear and contact fatigue in high-stress rolling [31-33]. These steels are characterized
by high impact strength and the ability to harden [34]. 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. However, non-metallic inclusions
such as oxides, sulfides, and nitrides can degrade its performance by serving as initiation points for
microcracks and reducing overall toughness. 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 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 [35] the formation
of the non-metallic inclusions (NMlIs) 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 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 [35]. The second
reason is the cathode spot relocations of the arc column around the perimeter of the end of the metal
sheath [36]. 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 convectiveheat. 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 and enter
the weld pool [35].

It is well known that there are three modes of transferring the metal droplet to the molten pool:
spray, globular and short circuit [37]. 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. Inspray and globular modes of the molten droplets transfer, the arc continues
burning throughout the molten droplet transfer process, providing high heat input, which increases
the fraction of the substrate material. Whilein 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 extinguish. This results in relatively low
heat input [37], which is beneficial for hardfacing processes. When the welding arc between the wire
tip and the weld pool extinguishes, 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 [38]. 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 [39-43]. 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 [44]. Various exothermic
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additive systems are used, which are different combinations of oxidizing agents (such as Fe20s, CuO,
Mn:0Oetc) 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, specific heat of combustion.

The studies by Li et al [45] 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 theelectrode material is mainly due to
a decrease in surface tension [45]. Trembach et al [46] 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 [46]. 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 [47], 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
[46] and the morphology of the welding bead [48], which changes the parameters of the welding
thermal cycle [49,50]. 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 compo[49,50sitions as shown in Table 1
were used. A metal strip made of St 24 DIN 1614.1 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 [35].

Table 1. Composition of core filler FCAW-SS, wt.%.

Content of the components in

The name of the component core filler of FCAW-S, [wt.%]

Gas-slag-forming components

Fluorite concentrate GOST 4421-73 10
Rutile concentrate GOST 22938-78

Calcium carbonate GOST 8252-79

Zirconium dioxide GOST 21907-76

Components of exothermic addition
Oxide of mangan powder-like GOST 4470-79 21
Aluminum powder PA1 GOST 6058-73 9
Alloying and deoxidizers
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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 is silver 7.6
Iron powder PZhR-1 GOST 9849-86 5.6

The chemical composition of the deposited metal samples was analyzed using a Spectrolab
LAVEFCO1A 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.

2.1. Design 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 observation/data set) in a
model will result in a relation between variables and the outcome that only exists in that particular
data set [51]. Some variables also may have a negligible effect on 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 system without increasing costs,
allowing to under-standing the effect of individual and combined process parameters from reduced
experimental test. For the Taguchi method, orthogonal arrays have been 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 [52]. Factorial design is used for conducting experiments as it allows study of
interactions between factors. Reliable mathematical models of the variables of interest can be
developed with a minimum number of experiments by combining Taguta's method with factorial
design. [53].

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 (Statsoft Inc., 2006). The
experimental design contained four process variables, each at three equidistant levels (-1, 0, 1).

Table 2. Input variables selected and their levels.

Level
) . Notati eve -
Code Input variable(Factor) Unit on Low  Average High
(1) (0 +1)
A Travel speed [m'min-1] TS 0.27 047 0.69
B Arc welding voltage [V] Uset 26.0 29.2 32.5
Contact tip to work
C ] [mm] CTWD 30 40 50
distance
D Wire feed speed [m'min-1] WES 1.50 2.07 2.73

The matrix of the experiment plan is shown in Table 3. The three different processing variables combined with

each of the three levels led to an L9 orthogonal matrix.
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Table 3. Design matrix of the experiment of full factor analysis using the orthogonal array by the method.

Ne Code mean Fact mean
" Factor A Factor B Factor C  Factor D TS, m'min-! Uset, V CTWD, mm  WEFS, m'min-!

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 0.27 325 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):

K k k K
y=Zﬁi'xi+Zﬁij‘xi‘xj+z5ij xp g (= xp) + Z Bijie* Xi - Xj - X + € @
i=1 J>i I k>j>i
where y— the predicted response variable; iand j are the number of ingredients in the mixture;K—
components given by the equation; fi—expected response at the top; fij—coefficients indicate the
amount of quadratic curvature along the edge of the simplex region consisting of binary mixtures of
xi and xj; andéij—account for ternary blending among three separate components in the interior of the
design. Bik— the coefficient of the regression coefficient of the product terms of two or three variables.
xi, xj, and xx represent three different design variables.

2.4. 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 Qi, heat input rate
(Qr), cooling rate (CRsoo-500) and cooling time (Atsss) [48,50].

Heat input (Qin) is the quantity of energy introduced from the arc per unit length of weld. The
heat input was calculated by the means Eq. 2 [52]

Nrcaw " Uq - 160
Qin TS -1000 @
where Qin—heat input, (kJ/mm); U.—arc voltage, V; [—arc current, A; TS—travel speed, mm/min;
H— coefficient of efficiency of the process; nrcaw = 0.8.
The cooling rate 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 [48].

AT
CRypo 500 = A — 3)
800-500
where ATsoo-s00 was the temperature variation within the selected range of 800 and 500 °C.
The cooling time Atso-s00 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 [48].

A _ E- 11
WOS0 TS ok | 500-T, 800—T) (4)
where E is welding energy (kJ-cm™), kis material thermal conductivity A=42 J/(s-m-C) [45], and Tois
the initial temperature of the plate To=25 °C.

3. Results

3.1. Prediction of Mathematic Model for Thermal Cycle Parameters
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Table 8 showed the experimental values of thermal cycle parameters. Table 7 showed 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 Atss, 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
MnO»-Al in the filler material.

Table 7. Experimental and calculated values of thermal cycle parameters.

Heat Input Heat input per area
Ne HI (e) HI (c) Diff. Dev. Q.r(e) Qu(e) Differen Deviatio
[kJ-mm-1] [k]-mm-1] [k]-mm-1] [%] [Jomm=3] [J-mm-] ce n [%]
1 15,08 2840,45 -24,45 -0,01 70,11 13,48 -1,28 -0,11
2 18,04 1922,85 48,15 0,02 83,90 26,21 -0,41 -0,02
3 25,51 1506,71 -23,71 -0,02 118,62 17,19 0,41 0,02
4 11,26 633,59 -16,59 -0,03 52,35 10,17 -0,87 -0,09
5 9,61 181,33 32,67 0,15 44,70 17,07 1,93 0,10
6 14,08 245,08 -16,08 -0,07 65,47 10,41 -0,91 -0,10
7 6,91 547,97 41,03 0,07 32,12 13,48 1,42 0,10
8 9,31 208,82 -80,82 -0,63 43,29 17,06 -1,17 -0,07
9 8,12 389,21 39,79 0,09 37,77 8,03 0,87 0,10
Cooling time Cooling time
Ne At8/5(e) At8/5(e) At8/5(e) At8/5 (e) CR () CR () Diff. Dev.
[s] [s] [s] [s]
1 70,11 70,11 70,11 70,11 4,28 4,81 -0,51 -0,20
2 83,90 83,90 83,90 83,90 3,58 5,40 -0,90 0,01
3 118,62 118,62 118,62 118,62 2,53 17,74 0,16 -0,02
4 52,35 52,35 52,35 52,35 5,73 6,96 -0,16 0,11
5 44,70 44,70 44,70 44,70 6,71 3,99 0,51 0,10
6 65,47 65,47 65,47 65,47 4,58 5,56 0,64 0,19
7 32,12 32,12 32,12 32,12 9,34 3,98 0,92 -0,02
8 43,29 43,29 43,29 43,29 6,93 5,40 -0,10 -0,11
9 37,77 37,77 37,77 37,77 7,94 5,56 -0,56 -0,12

The indices on the right side of the geometric parameter notation mean that:

(e) - experimental values

(c) - calculated values obtained by introducing the corresponding values of variables into the
developed mathematical models.

Table 8 presents the regression coefficients for each response.

Table 8. Result of analysis of variance for the applied models on thermal cycle parameters.

Degree of  Adjusted

Adjusted Sum
Parameter Source Freedom Mean Square F-Value p-Value
of Square (SS)
(df) (MS)
4,01675
Model 1131,290 4 282,8224 ; 0,103360
Heat input
Total Error 281,643 4 70,4106 - -
per area Q.
Total
1412,932 8 176,6165 - -
Adjusted

Model 39,86240 4 9,965601  6,326263 0,065692
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7 of 26
Total Error 17,90334 4 4,475835 - -
CoolingrateC
Total
R 57,76575 8 7,220718 - -
Adjusted
Model 1,695558 4 0,423889  7,492063 0,052057
CoolingtimeA Total Error 0,612885 4 0,153221 - -
tsis Total
2,308443 8 0,288555 - -
Adjusted

The statistical characteristics of the obtained mathematical models indicate their reliability and
adequacy. The developed mathematical models are considered adequate (the obtained Fisher's
criterion exceeds the table valueFa.:> 3 [81]). The regression model of the thermal cycle parameters
has the following form:

3.1.1 Analyses of ANOVA for Thermal Cycle Parameters

Figure 1 showed the effect of the parameters of the hardfacing modes on the heat input HI,
cooling time in the temperature range of 800-500 °C Atss, and cooling rate CR of the deposited metal
in the temperature range of 800-500 °C.

Heatinput HI [kJ-mm-']
10,3% 0°% 8.1%

BETS mUset aCTWD COWFS

Figure 1. Pie charts 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. AnalysesTaguchi for Thermal Cycle Parameters

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

method.
7.0 1 2 3
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m
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Predicted Values

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 Atsss;; (c) Cooling rate CR.

Figure 2 (a) showed that the lowest value of heat input HI and cooling time Atss in the
temperature range of 800-500 °C was achieved at a low level of travel speed T5=0.27m-min". The
lower the value of heat input HI and the cooling time in the temperaturerange of 800-500 °C Atsss, 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
Atsss.

Analyzing the diagrams of S/N ratios for the thermal cycle parameters of hardfacing (HI and
Atsis), the optimal hardfacing modes could be noted: travel speed TS=0.27m-min-1, set voltage on
the power source Us=32.5V, contact tip to work distance CTWD=30mm and WFS5=1.527mm-min-.

3.1.3. Development of Mathematics Model (Box-Hunter) for Thermal Cycle Parameters

The equation of mathematical dependence of the indicators was shown below 5-7.

Y(HI)=0.78—0.687-TS —0.151-TS*> +0.285-U,,, —0.274-TS -U . (5)
Y(Aty,s) =3.628—3.196-TS —0.701-TS* +1.324-U,,, —1274-TS-U . (6)

Y(CR) =96.288 +76.818 - TS —23.807-U,, +2.935-TS-U_, —15.655-TS-UZ, +3.612-TS* -U,, +
@)

+18.943.7TS*.U .

The statistical significance and degree of influence of each of the factors on the dependent
variables were represented by Pareto charts in Figure 3 (a), (b), (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 were shown in Figure 4 (a), (b), (c), respectively.

Pareto Chart of Standardized Effects;

Pareto Chart of Standardized Effects;

Pareto Chart of Standardized Effects;

Variable: HI [kJ-mm™"] Variable: At8/5 [s] Variable: CR [C-s™"]
| = |
()TS [mmin)(L) 7,29 (TS [mmin')L) | 7,24 (1)TS [m-min~KL) 005
Er— i [ (U [VI(L) -34,0871
(20U [VIL) 3,005072 {2V [VI(L) 3 3,005072 1aby20 L w7
1Lby2L -2[36242 Lbya2L | ‘»2 he242 Lby2@ 21,1437
e [ ) 1Qby2L 4,886935
TS [m-min ')(Q) -1,83784 TS [m'min”'}(Q) ‘-1 83184 ILby2L 432441
" p=05 p=.05 p=05
Standardized Effect Estimate Standardized Effect Estimate Standardized Effect Estimate
(Absolute Value) (Absolute Value) (Absolute Value)
(a) (b) (©)

Figure 3. Pareto charts for the characteristics of the hardfacing thermal cycle: (a) Heat Input HI; (b) Cooling time

Atsis; (c) Cooling rate CR.

Observed vs. Predicted Values: HI [kJ-mm]

Observed vs. Predicted Values: At8/5 [s]
75

Observed vs. Predicted Values: CR [C-s™]
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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 Atsis; (c) Cooling rate CR.

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

Figure 5 showed the response surfaces of the mathematical model of the dependence of the
hardfacing thermal cycle parameters on the parameters of the hardfacing modes.
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Figure 4. Response surfaces of the mathematical model of the dependence of hardfacing thermal cycle
parameters: (a) Heat Input HI; (b) Cooling time Atsss; (c) Cooling rate CR.

The analysis of Figure 4 showed the dependence of the hardfacing thermal cycle parameters on
the travel speed TS and, to a lesser extent, the set voltage on the power source Us, 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 Atsis reached their lowest values at a high level of T5=0.69m-min 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 5 showed the microstructures of the deposited metal using SFCW with EA in the filler,
obtained by hardfacing at the conditions specified in Table 3.
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Figure 5. Microstructure of the deposited metal, x200: (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 5 (a) showed 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 was shown in Figure 5 (b) and Figure
5 (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.

A significant change in morphology was observed in the structure of sample Exp. 4 (Figure 5
(d)). 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 5 (e) was an acicular troostite and austenite with higher mechanical
characteristics than the previous ones. The microstructure of Figure 5 (f) had an even higher set of
micromechanical characteristics, as it consisted of fine acicular martensite and soft austenite. The
microstructure of Figure 5 (g) had a complex composition and included pearlite, austenite, and
carbide inclusions with a developed interfacial surface. The microstructure of Figure 5 (h) consisted
of matrix austenite and sparse, coarse martensite needles.

The only microstructure with decomposition products of austenite (eutectoid) was the
microstructure in Figure 5 (i). It also showed a large number of non-metallic inclusions.

3.3. Grain Size of Deposited Metal

Figure 6 showed photos of the microstructure of the deposited metal made at the modes
specified in Table 3 and the grain size indication.
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Figure 6. The grain size of the deposited metal, x200: (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 7 illustrated histograms of the distribution of grain size in the deposited metal by their
nominal size.
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Figure 7. 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 4 showed the data on grain morphology in the deposited metal.

Table 4. Grain morphology of the studied samples of deposited metal.

Grain size [um]

No. Number of grains Average Minimum Maximum

1 1291 51 0,9 86,1
2 30 35,3 7,9 133,8
3 765 0,9 63,5 52

4 31 27,1 71 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 5 presented the experimental and calculated values (obtained from the mathematical
model equations) of grain size (GS), resulting from hardfacing with the developed self-shielded flux-
cored wire (SFCW) containing an exothermic addition (EA) of MnO,-Al in the filler.

Table 5 presented the experimental and calculated values (obtained from the mathematical
model equations) of grain size (GS), resulting from hardfacing with the developed self-shielded flux-
cored wire (SFCW) containing an exothermic addition (EA) of MnO,-Al in the filler.

Table 5. Experimental (e) and calculated (c) values of grain size.

Grain size (GS)

GS (e)[pm] GS (c)[um] Diff. 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

3.4.1. Analyses of ANOVA Forgrain Size

Figure 6 showed the effect of hardfacing parameters on grain size.
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Figure 6. Pie charts of the effect of hardfacing modes 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 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.

3.4.2. Analyses Taguchi for Grain Size

Figure 7 showed the experimental results of the calculated S/N ratios for grain size using the
Taguchi method.

12,0

-14,0

-16,0

-20,0

-22,0

-24,0

-26,0

-28,0

-30,0
=Q@=TS=ll=Uset=0=CTWD O WFS

Figure 7. 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=0.27m-min! or T5=0.69m-min") and wire feed speed at a high level (WF5=2.73m-min-

.
3.4.3. Development of Mathematics Model (Box-Hunter) for Grain Size

The equation of the obtained regression model for grain size is provided in Equation (8):
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Y(GS)=15.273+4.44-TS* +19.889- CTWD* —13.528 - WFS —5.19-WFS* —
—18.968-TS-CTWD?* +2.028-TS -WFS* —13.053-CTWD -WFS?; 8)
R?*=0.99952.

The statistical significance and the degree of influence of each factor on the dependent variables
were presented by the Pareto chart in Figure 8 (a). To evaluate the quality of the constructed
mathematical model, a graph of the observed and predicted values of the influence of each factor on
the dependent variables was obtained, which was shown in Figure 8(b).

Pareto Chart of Standardized Effects; Observed vs. Predicted Values: GS [um]
Variable: GS [um] 35
CTWD(Q) 23,28027 30
- [ ] L
(3)WFS(L) —|-15-347 g 25 .
= [ ]
1Lby2Q [-.8425 g 5 5
2Lby3Q -8,97806 5
e B 15
WFS(Q) -5,38388 5
i, 2 10
Ts(Q) 4858528 o
1Lby3Q 1,477095 5 ° ..
p=.05 0
5 0 5 10 15 20 25 30 35 40

Standardized Effect Estimate
(Absolute Value) Observed Values

(a) (b)

Figure 8. Pareto chart (a) and observed and predicted values of the dependent variable (b) for Grain size.

The analysis of the Pareto chart in Figure 8 (a) showed that the significant parameters of the
hardfacing mode in terms of their influence on the GS grain size are the contact tip to work distance
CTWD and the wire feed speed WFS. The analysis of Figure 8 (b) showed the high accuracy of the
predicted values for the constructed mathematical model.

Figure 9 shows the response surfaces of the mathematical models of the dependence of grain
size on hardfacing modes.
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Figure 9. Response surfaces of the mathematical model of grain size dependence 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 9 (al), as well as the travel speed and wire
feed rate Figure 9 (a3), 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 9 (a2): 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.

3.5. Non-Metallic Inclusions

Figure 10 showed the macrostructures of non-metallic inclusions in the deposited metal.
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(a) (b)

(d) (e)

(8) (h)
Figure 10. Non-metallic inclusions in the deposited metal, x200: (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 showed the size parameters of non-metallic inclusions in the deposited metal.

Table 6. Characteristics of non-metallic inclusions in the deposited metal.

Length, um
Number of Average Area, Average
No. . Averag Mi

NMIs pm? Perimeter, pm . " Max
1 2816 8,9 11,6 4,3 81,2 1159
2 1971 12,2 13,4 4,5 09 1108
3 1483 25,8 77,9 17,9 1,1 5550
4 617 17,6 19,9 6,8 1,2 672
5 214 9,3 12,3 4,5 1,1 211
6 229 19,0 18,5 6,2 1,2 1187
7 589 9,5 12,9 49 1,2 1094
8 128 14,9 14,1 53 1,2 394
9 429 15,9 14,1 5,0 1,2 59,0

3.5.1. Analyses of ANOVA for Non-Metallic Inclusions NMI

Table 7 showed the size of non-metallic inclusions in the deposited metal.
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Table 7. Morphological characteristics of non-metallic inclusions in deposited metal samples that have been

deposited under different modes of deposition.

Number Nxmt Averagearea Snmr

Ne  Nwwi(e)  Nwwi(e)[pe Dift.[pes] Dev. Snmi(e) Snmi(c) Diff.[u Dev.
[pes] s] [pm?] [Lom?] m’]
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 93 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
Maximumlength Averagelength
No  LLawi(e) LLnwi(c)[p Diff.[m] Dev. Lami(e)[pt Lmr(c)[p Diff. Dev.
[nm] m] m] m]

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

Figure 11 showed 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 characteristics of non-
metallic inclusions: Nnmmumber, Sxviaverage area, maximum length of LLnmi, and average length of

Lamr.

Number N [pcs] Average area S [um2] Average length L [um]
1.7%

6.2% 1.6%

16.4%

Sa3.2% |

f“ |
. \‘\_ b
2.7%
BTS mUset mCTWD oWFS BTS mUset mCTWD CWFS ETS mUset mCTWD CWFS
(a) (b) ()

Figure 11. Pie charts of the influence of hardfacing mode parameters on NMIs parameters: (a) number of Nnwmy

(b) average area of Sxwmr; () length of LLnwvr and (d) average length of Law.

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

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

3.5.2. Analyses Taguchi for Non-Metallic Inclusions

For preliminary optimization of hardfacing modes, a study was performed, the results of which
were presented in Figure 12, 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 were shown in Figure 12, showed the calculation of the S/N ratio for
the NMI indicators using the Taguchi method.
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Figure 12. Diagram of the main effects of the S/N ratio for the characteristics of non-metallic inclusions

parameters: (a) number of Nnwmi; (b) average area of Snw; (¢) length of LLnwvr and (d) average length of L.

Figure 12 (a) showed that the lowest number, maximum and average length of non-metallic
inclusions could be obtained at the travel speed TS at medium and high levels (T5=2.07m-min"! and
TS=2.73m-min"), as well as at the set arc voltage at the second level (Ust=29.2V). The smallest area of
non-metallic inclusions was provided when hardfacing at the minimum levels of the set arc voltage
(Uset=26.0V) and wire feed speed (WFS=1.50m-min).

The analysis of the diagrams of the main effects of the S/N ratio (see Figure 12) showed that in
terms of obtaining the minimum values of the number of Nnwi, the area of Sxvrand the length (L
iLnwmr) of non-metallic inclusions, the optimal hardfacing modes would be the following: travel speed
TS =0.47 m-min, set voltage on the power source Use= 29.2V, contact tip to work distance CTWD =
30 mm and WFS =1.50 mm-min.

3.5.3. Development of Mathematics Model (Box-Hunter) for Non-Metallic Inclusions NMI

The developed mathematical models of non-metallic inclusion characteristics are presented in

Eq. 9-12.
Y(Ny,, )=923.45-1704.99 - TS —931.9-TS* - 615.48-U, —260.99 - U2, +
9
+587.49.7TS U, +196.15-TS*-U, ®)
Y(S,, )=16.18+7.97-U,, +11.15-WFS —3.27-WFS* +3.44-UZ, -WFS (10)
Y(LL,,,)=197.02-185.41-7S* +387.02-U,,, +287.99 - WFS — "
~228.18 - WFS* —436.354-TS -U,, +671.48-TS -WFS ()
Y(Lyy )=9.19+7.62-U,, +0.02-U,_, —571-WFS* - )

-521-U,, -WFS* +5.26-U,, -WFS

set set
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The statistical significance and the degree of influence of each factor on the dependent variables
were represented by Pareto charts in Figure 13.

Pareto Chart of Standardized Effects: Nyw Pareto Chart of Standardized Effects: Sym Pareto Chart of Standardized Effects: Lyw
(A)TS(L) 242103 — ‘7127. (1)UsedL) ‘1 268
TS(Q) ‘-15‘2709
WFS(Q) 11,543
(2)UedL) ‘-8,73728 (1UsedL) 5,970922
1 (2WFs(L) ‘9.632125

1Lby2L —‘6,811777 WFs@) s

1Lby2Q ‘-9,47255
Use(Q) -4,2792 Y.
1aby2L|  |2.424646 1Qby2l. (450696 1Qby2L 5684182
Sl p=.05 p=.05
Standardized Effect Estimate Standardized Effect Estimate Standardized Effect Estimate

() (b) (c)

Figure 13. Pareto charts: (a) number of Nnwi; (b) average area of Snvr and (c) average length of L.

Consideration of the obtained Pareto charts made it possible to conclude that the main
significant hardfacing modes were the travel speed TS, the set arc voltage Use, and the wire feed
speed WES. The analysis of Figure 13 of the graphs of the observed and predicted values of the
dependent variable showed high accuracy for all the constructed mathematical models.

Figure 14 showed the 3D response surfaces of the developed mathematical models.
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Figure 14. Response surfaces of the mathematical model of the dependence of non-metallic inclusion

morphology indicators: (a) number of Nnwmi; (b) average area of Snmi; (c) average length of L.

As shown in Figure 11 (a) and Figure 14(a), 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.

3.6. Mechanical Properties

Table 7 showed the experimental and calculated (obtained from the equations of the
mathematical model) values of HRA hardness measured after hardfacing with the developed
FCAW-SS with exothermic addition (EA) of MnO»-Al in the filler.

Table 7. Experimental (e) and calculated (c) values of HRA hardness.

Hardness
Ne N Speciment  Fillermaterial
° pectmen vlermatelal ""HRA(e) HRA () Diff. Dev.
1 P5-E1-1 P5-E1-1 62,00 60,04 19 0,03

2 P5-E1-2 P5-E1-2 61,00 63,25 -2,25  -0,04
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3 P5-E1-3 P5-E1-3 58,00 57,72 0,28 0,01
4 P5-E1-4 P5-E1-4 69,00 67,55 1,45 0,02
5 P5-E1-5 P5-E1-5 69,00 69,56 -056 -0,01
6 P5-E1-6 P5-E1-6 72,00 72,89 -0,89 -0,01
7 P5-E1-7 P5-E1-7 79,00 75,86 3,14 0,04
8 P5-E1-8 P5-E1-8 69,00 70,73 -1,73  -0,03
9 P5-E1-9 P5-E1-9 71,00 72,40 -1,40 -0,02

The analysis showed that the samples had the highest hardness

3.4.1. Analyses of ANOVA and Taguchi forHardness

Figure 15 showed the contribution of each of the hardfacing mode parameters to the hardness
and S/N ratio at each level,

-35,5

Hardnes HRA
0,72% ~11,95%
/

6,14%

-36,5

81,19%

-37,0

BTS mUset mCTWD COWFS

-37,5
“Q@=TS=l=Uset=0=CTWD O WFS

(c) (b)

Figure 14. Pie chart of the influence of hardfacing modes on Hardness (a) and the main effects diagram for the
S/N ratio for Hardness (b).

According to Figure 15 (a), 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 15 (b) 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) (TS=0.27m-min) and at high wire feed speed (WFS=2.73m-min").

3.4.3. Development of Mathematics Model (Box-Hunter) for Hardness
The equation of the obtained regression model for hardnes is provided in Equation (13):

Y(HRA)=67.875+12.667-TS +3.706 -S> —2-WFS +4.331-WFS* +
+4.035-TS -WFS?; (13)
R? =0.98386.

The statistical significance and the degree of influence of each factor on Hardness was
represented by the Pareto chart in Figure 16 (a). 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 was plotted in Figure 16 (b).
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Pareto Chart of Standardized Effects; Observed vs. Predicted Values: HRA
Variable: HRA
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Figure 16. Pareto chart (a) and observed and predicted values of the dependent variable (b) for Hardness HRA.

The analysis of the Pareto chart of Figure 16 (a) showed that in terms of the influence of
hardfacing modes on the HRA hardness value, the most significant were the TS travel speed and the
WES wire feed speed. This was confirmed by the results of the ANOVA analysis. The developed
mathematical model Figure 16 (b) showed a high accuracy of the predicted values.

Figure 17 showed the response surface of the mathematical model of the dependence of the
hardness of the deposited metal on the hardfacing modes.

B >75
<72
[ ]<67
I <62
[ <57
M <52

Figure 17. The response surface of the mathematical model of the dependence of HRA hardness on hardfacing

modes.

It is known that the austenitic phase in high manganese steels corresponds to a hardness of 190-
220 HB (56-64 HRA) [54]. 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-.

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 MnO:-Aladdition 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
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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 [55]
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 [35] 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 MnO? 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.

5. Conclusions

At present, there is great experience in analyzing and using parameters for research and
comparison of arc burning stability in the fusion arc welding process. As parameters characterizing
arc stability, both graphical (current and voltage cyclograms, box plots with frequency histograms)
and statistical parameters such as standard variation and coefficients of variation for welding current
and arc voltage have been used. In this paper, an experimental study of the influence of the
introduction of exothermic addition (CuO-Al) into the core filler of a self-shielded, flux-cored wire
electrode on the average of the welding current and arc voltage as well as arc stability, was carried
out, with conclusions as follows:

1. It has been determined that the introduction of exothermic addition components into the core
filler will have a significant effect on the stability of the flux-cored arc welding process. This can be
attributed to changes in the chemical composition of the arc column, resulting from enrichment,
depending on the composition of the core filler, with easily ionizable elements or compounds (such
as Cu) or with less readily ionizable compounds (such as Al2Os);

2. The results of research
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