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In this research, the corrosion behaviour of the Fe—C—Cr—B-Ti alloying system
deposited alloys applied by flux-cored arc welding are studied. Samples of de-
posited alloy with a high content of chromium (13% by weight of Cr) received
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with self-shielded flux-cored wire electrode without exothermic additions are
investigated. For comparison, the deposited alloy received from self-shielded
flux-cored wire with exothermal addition (CuO—-Al) introduced to the core
filler is also analyzed. It provides a low content of chromium (4% wt.) and a
high content of copper (7% wt. Cu). The corrosion resistance of the deposited
alloys layers is measured based on the results of potentiostatic polarization
testing. After comparison of the corrosion current density I..,r and the corro-
sion electrode potential value E..,, measured for the 140Cr13Sil1MnBTi and
110Cr4Cu7TiVBAI deposited alloys layers as found, these values varied from
1.525 mA /cm?t0 0.166 mA /cm? and from 0.359 mV to 0.631 mV depending on
the alloyed layers composition. Results of the studies are shown that the intro-
duction of exothermic addition (CuO—Al) to the core filler of the flux-cored
wire provides the highest resistance of the deposited alloy to corrosion due to
additional alloying by copper. Thus, the proposed partial replacement of chro-
mium with an equivalent amount of copper has a positive effect on the corrosion
resistance increasing of Fe—C—Cr—B-Ti alloying system deposited alloy.

Key words: hardfacing, Fe—C—Cr—B-Ti alloys, self-shielded flux-cored arc
welding, copper, exothermic addition, CuO—-Al, SEM, corrosion resistance,
potentiodynamic polarization.

Y pob6orTi mpeacTaBIeHO Pe3yAbTATH eKCIIePUMEHTAIbHUX JOCIiIKeHb KOPO3iii-
HOI ITOBEIiHKM HATOILIEHUX CTOIiB cucTteMu Jerysanusa Fe—C—Cr—B-Ti, naue-
CeHUX i3 BUKOPHMCTAHHAM CaMO3aXMCHOTO MOPOIIKOBOTO APOTy. Jociimxerno
3pa3KM HATOILJIIEHOr'O CTOIY 3 BUCOKUM BMicToM Xpomy (183% wmacu Cr), ozep-
*KaHOT0 i3 caM03aXMCHOT'O IIOPOIIKOBOTO APOTYy 6e3 eK30TepMiuHOTO JOJATKY.
J 7151 TOPiBHAHHA TaKOMK JOCJIiIKYBaJIN HATOILJIEHUH CTOII, OJEePIKAHM 13 caMo-
3aXMCHOTO MOPOIIIKOBOTO APOTY 3 BMicTOM eK3orepmiunoro gomzatky (CuO—Al)
0 HATIOBHIOBAYa, 1110 3abe3meunio Hu3bKuii BMicT Xpomy (4% Macu) Ta BUCO-
kuii Bmict Kynpymy (7% macu Cu). Kopositiny cTitikicTh Ier'oBaHUX ITapiB Ha-
TOIIJIEHOTO CTONY OI[iHIOBAJIM 34 Pe3yJIbTaTaMHU IOJAPU3aIiiHUX BUMipIOBaHb.
ITopiBHIOIOUY T'YCTHUHY CTPYMY KOPO3ii I¢orr T BEIMUNHY €JI€KTPOIHOTO IIOTEH-
misgsmy Kopodii E.yr, BUMIPAHUX [Js I[IapiB  HATOILJIEHUX CTOMIB
140Cr13Si1MnBTi ta 110Cr4Cu7TiVBAI BcTanoBuIn, 110 I1i MTOKA3HUKY 3Mi-
HIOBaJIMCA Bigmosigmo Bix 1,525 MA /em? mo 0,166 mA /cm? ta Bix 0,359 MB 1o
0,631 MB 3ane:XHO Biy KOMIOOHEHTHOTO CKJIaMy JeToBaHUX InapiB. Pe3yabraTu
IOCJiIKeHb IOKAa3aJu, 110 BBeJeHH eKk30TepMiunoro gogatky (CuO—Al) no ma-
IIOBHIOBAaYa IIOPOIIKOBOTO APOTY 3a0e3Ieuye BUINY KOPO3ifHY CTiliKiCTh HATOM-
JIEHOTO CTONY 3a PaXyHOK JMOJATKOBOTO ioro jJerysauua Kynpymom. Takum un-
HOM, 3aIIPOIIOHOBAaHA YaCTKOBA 3aMiHa XpoMy Ha eKBiBajleHTHY KinbKicTs Ky-
NIpyMy YMHUTH NO3UTUBHUI BILJIMB Ha IIiABUIIEHHA KOPO3ifiHOI CcTiiKOCTH HA-
TOIIJIeHOTOo cTony cuctemu JeryBanusa Fe—C—Cr—B-Ti.

Karouosi caoBa: HaTomroBaHHs, cron Fe—B—C—Cr—Ti, camo3axucHUIH TOPOIII-
KoBuii apit, Kynpywm, ekzorepmiunumii fogarox, CuO—Al, CEM, noreHiiognua-
MiuHa IoJApu3allisai, KoposiiHa CTilKicTh.

(Received February 24, 2022)
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1.INTRODUCTION

Critical components of machines used in the mining and mineral pro-
cessing industries are subject to intensive wear in corrosive environ-
ments during operation in extreme conditions. Energy loss due to wear
in mining comprises 43% of friction. Wear-related energy loss include
energy used to produce new parts for the worn-out parts and spare worn
equipment replacement [1]. The cost of worn parts in mining is approx-
imately the same as the cost of maintenance. In addition, wearing of
some equipment in mining industry can lead to catastrophic failures
and emergency stops, which can have a bad influence to equipment effi-
ciency and therefore to the cost. It even can cause non-fulfilment of cus-
tomer’s obligations.

There are many types of wearing, such as abrasive, impact, friction
of metal with metal, corrosion, erosion, etc. Abrasive, corrosive, and
abrasive-corrosive wear is a particularly important problem in the min-
ing industry. In these conditions machines and machine parts are heav-
ily scratched by the abrasives such as minerals and earth [2, 3]. Metal
loss due to abrasive wear can be significantly increased in the presence
of aggressively corrosive environment. Corrosive environment in the
mining industry is defined by technological purposes due to the use of
water or aqueous solutions, as well as due to high humidity of extracted,
processed raw materials, or corrosive activity of raw materials.

The parts abrasion resistance can be increased due to the right se-
lected materials. However, the parts of a wear-resistant alloy in the
most cases are unreasonable because of two reasons. The first is its high
cost. The second is the further machining process complication. Moreo-
ver, the working surface of the part is only partially destroyed. As the
replacement of worn parts causes high operating costs, the service life
can be extended by means of the process of the part working surface
coating. In this case, it is more economically sufficient and technologi-
cally easier to use the wear-resistant coating locally. The use of surfac-
ing technologies allows to combine rationally the properties of coating
materials and bases [4—6], providing the necessary accuracy of the parts
manufacture [7]. Coating materials are used to increase the wear re-
sistance, corrosion resistance and crack resistance of products [8—10].

Different technologies are used for coatings application. Reinforce-
ment of the parts working surfaces is carried out by friction [11]and ul-
trasonic impact treatment [12—14]. Chemical-thermal methods of hard-
ening became widely used: sulfidation [15], boriding [16], ionic deposi-
tion [17-20], cementation [21] and eutectic coatings receiving [22].
Functional single-layer oxide coatings [23], double-layer [24—26], and
multilayer oxide coatings[27], nanocomposite coatings with metal bond
and diamond content [28], with non-metallic bond and diamond content
[29], and nanooxides [30, 31], as well as discrete coatings are used [32].
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Nowadays by means of electrospark deposition (ESD) [33—36], elec-
trochemical chromium plating [37], thermal spraying [38—40], includ-
ing the use of alloyed powders [41, 42], laser hardfacing [43], SHS-
process [44, 45], vacuum-arc hardfacing [46, 47], and electric-arc pulse
hardfacing [48, 49] form coatings on the working surfaces of machine
parts and equipment made of different metals and alloys.

The strategy of coatings development includes not only the choice of
component composition and methods of application, but also the evalua-
tion of the discrete atomic structure of the crystal lattice of materials[50,
51], corrosion and electrochemical properties [52—54] and stress-strain
state to predict the bearing capacity. Methods for the layered coatings be-
haviour are subject to development under an influence of local loads [55—
57] and non-stationary thermopower factors [568—60]. Engineering ap-
proaches for coatings and patches influence on the boundary balance of
cracked plates [61—-63] and shells [64—66] are worth of attention.

The use of hardfacing, which provides the formation of multilayer coat-
ings with a thickness of 10—15 mm, is considered to be a progressive direc-
tion for the machine parts hardening. Prediction of the high entropy alloys
phase composition perspective for wide application as a material for hard-
facing coatings was performed in theoretical studies [67, 68]. Results of
computer modelling of thermodynamic and mechanical properties of rein-
forcing phases in the deposited metals are provided in works [69—70].

It should be noted that hardfacing is a key technology because it is
more economically sufficient. Moreover, it allows to obtain surface lay-
ers of greater thickness compared to other methods of coatings for-
mation. One of the most common among many hardfacing methods to in-
crease wear resistance is the use of hardfacing with a self-shiealded flux-
cored wire (FCAW-S) [71-74]. FCAW-S are characterized by simplicity
of welding equipment, high hardfacing productivity, ability to achieve a
high degree of alloying of the weld metal, the arc visibility [74].

However, the selected of deposited metal alloying system plays a sig-
nificant role. Cast iron with a high content of chromium was used as the
most widely used wear-resistant material, provided with a high content
of hard carbides for a long time. However, despite its wide use in these
alloys, there are some disadvantages, such as high cost, low ductility,
and susceptibility to cracking of the weld metal [75]. In recent years, the
innovation of Fe—B alloys is considered a break through due to their ex-
cellent wear resistance and good corrosion resistance with moderate im-
pact strength, higher chemical and mechanical stability compared to al-
loy with high chromium content Cr[76]. However, the addition of boron
instead of expensive alloying elements reduces the filler material cost
[77]. Not with standing, it is unavoidable that boron-containing Fe—B
alloys will be increasingly susceptible to localized corrosion due to the
existence of numerous boride precipitates. Therefore, there is a great
need in the alloy development to achieve high abrasion resistance and
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corrosion resistance. Moreover, the corrosion resistance of Fe—B alloys
will enlarge the further applications in various fields, increasing the re-
sistance to abrasion and corrosion wear, hydroabrasive wear, corrosion
wear and erosion wear.

In this case, this system alloying with elements improving its plastic
properties and corrosion resistance is very interesting. Modern re-
searchers mostly focused on alloying boron-containing alloys with a
chromium [78], titanium [79-81], aluminium [76], vanadium and mo-
lybdenum [82—-84]. However, the formation of chromium-rich borides,
such as (Fe, Cr):B, reduces the content of corrosion-resistant alloying
elements in the matrix, and therefore reduces corrosion resistance [85].
In this case, it will be interesting to add to the alloy of the Fe—C—Cr—B-
Ti alloying system the alloying elements increasing the corrosion re-
sistance and almost insoluble in borides, such as copper. Cu is a well-
known alloying element used to increase the overall corrosion resistance
[86—90]. It is known the copper does not form compounds with boron (B)
and remains mostly in the matrix [91], dissolving mostly in austenite
[78]. Studies of alloys of the alloying system with a high boron content
of 3.5% wt. [92] proved the efficiency of the copper introduction as an
alloying element. However, today the use of alloys with lower boron con-
tent (up to 1% wt.)is more interesting. Yoo et al.[93] showed that steels
with relatively low boron content (less than 0.6% ) have better wear re-
sistance. This is due to the formation of a brittle phase of FeB and a
small amount of residual austenite [93].

Provision of required content of alloying elements in the weld metal is
possible by introducing them into the alloy metal wire sheath or in powder
form as the core filler. As known, during welding and hardfacing, as well
as FCAW in general and FCAW-S particularly, thereis irregular melting
of the metal wire sheath and core filler. During the melting of flux-cored
wires, due to the lag of the melting of the core filler from the metal wire
sheath, a protrusion of the core filler is formed at the end of the flux-
cored wire electrode [94]. These lags can be broken if they are formed in
the form of large particles. If they fall into the molten welding pool, they
can cause contamination of the weld metal with exogenous inclusions
[94]. One of the ways to improve the uniformity of melting is to increase
the contact tip work distance. This preheating enables the electrode to
burn off faster and increases deposition rate. However, the excessive in-
crease in contact tip to work distance (CTWD) is limited, due to the spin
of the electrode resulting from the wire spooling [95].

The consequences are the unstable arc behaviour, increased spatter-
ing, or weld seam irregularities such as lack of fusion [96]. In this case,
the introduction of an exothermic addition of CuO—Al system to the core
filler of flux-cored wire electrode is more advantageous. According to
our previous studies results [90, 97], the introduction of CuO—Al exo-
thermic addition to the core filler provides the weld metal alloying with
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copper. In addition, the exothermic additions CuO—-Al, caused grain
fragmentation and an increase in the volume of ferrite in matrix of the
deposited metal, increasing such mechanical properties as the elasticity
modulus and microhardness [97]. Therefore, the wear resistance and
corrosion resistance increasing at the stage of new parts manufacturing
and during the worn parts restoration is an actual problem.

However, today the use of alloys with lower boron content (up to
0.6% wt.)is more interesting [93] due to the better wear resistance. The
latter is explained by formation of FeB brittle phase and a small amount
of residual austenite [93]. In this case, it is very interesting to study the
effect of copper introduction in the boron-containing alloy Fe—C—Cr—

TABLE 1. Composition of core filler FCAW-S (diameter 4 mm) (% wt.).

Content of the components in core
filler of FCAW-S (% wt.)

FCAW-S FCAW-S
140Cr13Si1MnBTi110Cr4Cu7TiVBAl

The name of the component

Fluorite concentrate 'OCT

4421-73 11 11
?g:;li?lg " Rutile concentrate TOCT 7 7
g 22938-78
components
Calcium carbonate I'OCT 4 4
8252-79
Ferromanganese ®MH- 6 5
88ATOCT 4755-91
Ferrosilicon @C-92 I'OCT 9 4
1415-78
Ferrovanadium ®Bz-40 _ 9
Alloying T'OCT 27130-94
and deoxi- Metal Chrome X99 I'OCT 40 10.4
dizers 5905-79 ’
Titanium powder IITM-3 9 5
TV 14-22-57-92
Graphite is silver 8 5.3
Boron carbide I'OCT 5744- 5 6.9
85
Oxide of copper powder B 2
Exothermic T'OCT 16539-79
addition  Aluminium powder TTA1 3 7

T'OCT 6058-73
Iron powder PZWR-1 T'OCT 9849-86 15 7
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B-Ti alloying system.

The purpose and objective of the research. The purpose of this work is to
perform comparative testing of corrosion behaviour of boron-containing
alloy Fe—C—Cr—B-Ti with high chromium content (Cr 13% wt.), and an al-
loy with equivalent substitution of chromium for copper (Cu 7% wt.). At
that the required level of copper alloying, was received by recovery from
the exothermic addition CuO—Al, which was introduced to the core filler.

2. EXPERIMENTAL PROCEDURE

Fe—C—Cr—B-Ti deposited alloys with a high chromium content (13%
wt.) and a low chromium content (4% wt.) and a high copper content
(7% wt.) were obtained in order to conduct comparative tests for corro-
sion behaviour in an industrial solution, flux-cored wire arc welding
was used. The electrodes were coated with different compositions of the
powder mixtures. A marble-fluorspar-rutile was used as the slag basis,
the gas slag-forming component. For hardfacing, flux-cored wires elec-
trode manufacturing of 08km metal tape were used, the composition of
the core filler was given in Table 1. The percent fill (or filling factor) of
the flux-cored wire electrode is 0.35—0.36. Hardfacing was carried out
with reverse polarity by A-874 automatic machine from a power source
with rigid external characteristics. In Table 2 is shows the modes of
hardfacing with self-shielding flux-cored wires electrode. At the same
time, the process of hardfacing on metal plates from S235J2G2
EN10025-2 (ct3mc) with dimensions 10 x100 x200 mm was carried out
in a flat position. After deposition, the welding samples were slow
cooled in the drying box to 200°C and then cooled in the air.

In order to have the sufficient thickness of the layer and consider the

TABLE 2. Hardfacing modes used in hardfacing process.

Filler materials

Parameters FCAW-S FCAW-S
140Cr13Si1MnBTi| 110Cr4Cu7TiVBAI

Average welding current, A 410 340
Arcvoltage U,, V 32 28

Travel speed, m/min 0.3
Contact tip to work distance CTWD, 50 40

mm
Polarity DCRP
Preheating T}, °C 200

Inter-pass temperature Ty, °C 350
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TABLE 3. Chemical composition of substrate and hardfacing metals in 3* lay-
ers tested.

Metal Content of alloying element in deposited metal, % wt.
eta
c|B|cr|cu|Vv | Ti|Mn|si]| s | P
S235JRG2 EN
Sodhae N 017 - - = - = 1.550.55 0.045 0.045
1400“51”,13111"1“]3 1.42 0.22 12.72 0.15 0.13 0.43 1.39 1.8, 0.037 0.016
HOCr‘ﬁ‘WWB 1.08 0.45 3.51 7.2 0.26 1.49 1.18 1.23 0.031 0.017

results shown previously, the samples were welded into two layers and
have been used for testing. The chemical composition of both hardfac-
ing layers and the substrate is presented in Table 3.

The potentiodynamic polarization tests were carried out at a scan-
ning rate of 1mV/s in a solution from —-1.500 mV to +2.500 mV via
standard calomel reference electrode (SCE) and graphite as the counter
electrode. We used a solution corresponding to the chemical composi-
tion of technical water, used at the Central GOK (Kryvyi Rih) during
iron ore grinding (in mg/1: 252 Ca, 281 Mg, 0.34 Fe, 672 Cl, 2366 SO,
13.5 nitrates, 225 bicarbonates, 4823 dry residue, total hardness—
36 mg-eq/1, pH="7.7) to test the corrosion wear. The tests were carried
out at atmospheric conditions (25°C) and humidity level of 31% . To op-
timizing the results each corrosion tests was repeated three times using
the constant conditions such as solution weight, was performed at room
temperature T=(19 = 2)°C, and the solution pH = 6. The values of the
corrosion current (I..r) and the corrosion potential (E...) were deter-
mined by extrapolating the anodic and cathodic Tafel regions to the re-
sults of potentiodynamic studies.

The characteristics of corrosion processes were investigated in the
potentiodynamic mode, using the voltammetric system CBA-1B-M. The
reference electrode is 9BJI-1M1 type silver chloride.

3. RESULTS
3.1. Open Circuit Potential Curves

The change in open circuit potential (OCP) can indicate the corrosion be-
haviour of the samples surface. EOCP measured in an ionic solution is
an equilibrium potential of anodic and cathodic reactions. The meas-
ured OCP of a deposited metal in a corrosive solution can be regarded as
its corrosion potential. The more negative the potential, the lower the
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Fig. 1. Open circuit potential versus time plots deposited metal hardfacing:
FCAW-S140Cr15Si1TiMnB (a), FCAW-S 110Cr4Cu7Til1VB (b).

corrosion resistance of the surface.

Open circuit potential potentiodynamic polarization measurements
were made in solution corresponding to the chemical composition of
technical water, to compare the corrosion performances of the test spec-
imens (Fig. 1).

When the open-circuit potentials of the samples were compared, it is
seen that the open circuit potentials of the samples deposited metal by
FCAW-S110Cr4Cu7TiVBAI are positioned (—0.62 V) at more stable val-
ues compared to deposited metal by FCAW-S 140Cr15Si1MnBTi at
around -0.375V (Fig. 1).

Sample deposited metal with high content chrome (12% wt.), which
does not fit the general trend, displays a stable value during the first
1000 s, while the average value of the corrosion potential is —-404 mV.
However, in the time period of 1000—1500 s there is an increase in initial
in open circuit potential from —0.404 to —0.355V, followed by a steady
increase to wards —0.377 V. The increasing OCP after some exposure af-
ter immersion is due to the growth of the corrosion film. At the same
time, the subsequent increase in the potential indicates the formation of
a less stable oxide film on the surface of the sample with a low content of
chromium (4% wt.) and a high content of copper (7% wt.), which is de-
stroyed, exposing the underfilm surfaces of the alloy. This tendency to
change the corrosion potential persists with continued testing.

According to Figure 1, an alloy with a low content of chromium (4%
wt.) and a high content of copper (7% wt.) has a very stable curve of cor-
rosion potential change. The curve has a gradual curve of potential
change with a slight angle of inclination, which indicates the pas-
sivation of the surface of the samples and the slowing down of corrosion
processes. Thus, the relatively stable value of OCP is a consequence of
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Fig. 2. Polarization curves of deposited metal hardfacing by FCAW-S
140Cr13SilTiMnB.

the dynamic balance between the advance of corrosion and the deposit
of corrosion products.

In addition, the comparative values of the potentials of the samples
can be concluded about a much higher OCP (-0.625 V) of the alloy with
partially substituted chromium for copper (110Cr4Cu7TiVBAI), com-
pared with the OCP (-0.35V) of alloy with high content chrome
(140Cr15Si1TiMnB).

3.2. Potentiodynamic Polarization Test

But to determine the corrosion resistance is not enough to consider the
potential of the open circuit mainly after a short time of immersion in
the solution. Therefore, in the second stage of the study, anode-cathode
potentiodynamic curves were recorded. Analysis of polarization curves
obtained in potentiodynamic tests allows assessing the material's corro-
sion behaviour. Figures 2 and 3 shows the Tafel plots derived from the
potentiodynamic polarization curves of deposited metals.

The curve is nonlinear at low currents as the current flowing consists
of both anodic and cathodic components, but it starts to behave linearly
at high currents on a semi-logarithmic plot. This is due to the predomi-
nation of cathodic current (or anodic current) to the other one at high
current density and the corresponding hydrogen evolution. This linear
region is referred to as the Tafel region [98]. Tafel region, characterized
by a slope, which contains mechanistic information about the corrosion
reaction.

Detailed analysis of anode—cathode potentiodynamic curves allowed
the determination of the electrochemical parameters, which are
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Fig.3. Polarization curves of deposited metal hardfacing by FCAW-S
110Cr4Cub5TilVB.

summarized in Table 4.

Analysis of the sample surface with a high content of chromium
140Cr13SilMnBTishowed the areain which a sudden change in the slope
of the cathodic polarization curve occurs with a plateau in the cathodic
current, this may be attributed to the growth of the film previously
formed [99]. This behaviour of the Tefal curve may be indicative of the
possibility of the separation of the protective layer from the surface.

Analysis of the received polarization curves showed that the alloy
with a low content of chromium (4% wt.) and a high content of copper
(7% wt.) has the equally changing curves (Fiig. 3). This type of the curve
shows the stable growth of the oxide film, which gradually increases its
thickness and reduces the corrosion rate. This means that the oxide film
on the sample surface during corrosion testing is dense.

The stable potential (E..:) reflects the thermodynamic properties of
the material and the surface state of the electrode. According to the
principle of thermodynamics, the lower E..r indicates the greater corro-
sion tendency, while the higher E.... indicates the lower corrosion ten-
dency. According to the calculated values, the corrosion potential (Ecorr)
of deposited metal with a high content of chromium (183% wt. Cr) is

TABLE 4. Average electrochemical parameters obtained from the linear polar-
ization curves for each of the coatings: current corrosion (Z¢.:), corrosion po-
tential (E.orr), and the anodic (B.) and cathodic (.) Tafel slopes.

Type of filler materials | Ecorr, mV | jx> LA /cm? | be, mV ‘ b., mV
FCAW-S140Cr13SilMnBTi -359 0.524807 -358 119
FCAW-S110Cr4Cu7TiVBAl -631 0.165959 -146 120
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T /LTS

Fig. 4. SEM image of the deposited metal following the corrosion test hadfac-
ing by: FCAW-S 140Cr15Si1MnBTi (a), FCAW-S 110Cr4Cu7TiVBALI (b).

—-359 mV whilst, a nobler E.. of —631 mV determined for the alloy with
a low content of chromium (4% wt.) and a high content of copper (7%
wt. Cu).

3.3. Macroscopic and Microscopic SEM Examination of the Surface
after Electrochemical Corrosion Tests

Figure 4 presents the SEM image of the surface morphologies after po-
tentiostatic tests at the applied potential of —1.5 and 0.5 V SCE of the
deposited metal sample of hardfacing by FCAW-S 140Cr13Si1TiMnB
and the experimental FCAW-S 110Cr4Cub5TiVBAI with the introduc-
tion of exothermic addition (CuO—Al) in the core filler.

Microscopic examination of the surface of samples conducted after
electro-chemical tests showed that initiated corrosion leads to local
changes (Fig. 4). Some residues have appeared on the surfaces of Fig. 4.
This can be explained that the fluctuations in the anodic parts of the
Tafel curves occur due to the separation of the protective layer from the
surface.

3.4. Examination of Corroded Surfaces

After corrosion tests, the corrosion surfaces of 140Cr15Sil1MnBTi al-
loys with high chromium content (13% wt. Cr) and experimental alloy
110Cr4CubTiVBAI with low chromium content and high copper content
were subjected to SEM and EDS analyses, the results of which are pre-
sented in Figs. 5 and 6.

Analysis of the chemical composition of FCAW-S 140Cr15Si1MnBTi
deposited metal surface after corrosion testing (Fig. 5) proved that this
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surface is not uniform. We can determine three specific areas on the
surface.

The first areas (Fig. 5, Spectrum 1) corresponded to Fe:B borides. It
should be noted that these areas were additionally doped with chro-
mium, including their chemical formula corresponding to (Fe, Cr):B.
The area (Fig. 5, Spectrum 2) corresponded to the eutectic of chromium
carbides with a corroded matrix (CrzCs + Fe20s3). Areas with pits formed
as a result of corrosion and flat areas were revealed at the surface. The
barrier compound chemical composition of which is similar to the mag-
netite (oxidation of Fe(OH): to Fe3;0.) enriched with chromium
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Fig. 5. SEM image and EDS analysis of the sample hardfacing by FCAW-S
140Cr15Si1MnBTi following the corrosion test.



506 B. 0. TREMBACH, M. G. SUKOV, V. A. VYNAR et al.

compounds, is formed at higher potentials (E > 0.7 V). It is notable that
on the surface of the sample applied with FCAW-S 140Cr13Si1MnBTi
flux-cored wire electrode, enrichment of the end surface oxide by Cr was
not observed. We suppose that the Cr:0; layer does not increase the cor-
rosion resistance of these alloys, the concentration of Cr in the matrix
reached 13% wt.

Addition of big enough quantity of Cu to the Fe—C—B—Cr—Ti system
alloy significantly changed the corrosion film properties. The rate and
homogenization of corrosion film formation, consisting of iron oxides
and chromium oxides, was increased by introduction of copper. This in-
creasing can be explained by copper oxides appearance.
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Fig. 6. SEM image and EDS analysis of the sample hardfacing by FCAW-S
110Cr4Cu7TiVBALI following the corrosion test.
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4. DISCUSION

The oxidation reaction is an anodic reaction in which metal lost occur and
the renewal reaction is a cathodic reaction take place. Both of these reac-
tions are electrochemical in nature and are necessary for corrosion [100].
The aqueous environment in the corrosion process is an electrolyte,
therefore the electrons move from the anode to the cathode. The corro-
sion process involves metal electrons removal (oxidation). The part with
negative potential serves as an anode to initiate reaction of the metal so-
lution. Part with a positive potential serve as a cathode for cathodic re-
actions, such as renewal of water or hydrogen and renewal of oxygen.

In process solutions, the cathodic process is mainly the depolariza-
tion process of oxygen [101]:

0.+ 2H,0 + 4¢- — 40H-, 1)
2H,0 + 2¢~ — H, + 20H-. 2)

The main electrochemical reaction that is expected in the matrix
structure is the oxidation reaction, and the corrosion reactions of iron-
based alloys at pH containing dissolved oxygen, almost neutral, can be
written as:

Fe — Fe?" + 2¢". (3)

In process solutions, Fe?" continues to react with OH and O in the soil
to form insoluble hydroxides:

Fe? + 20H — Fe(OH)s, 4)
4Fe(OH); + 2H,0 + 05 —> 4Fe(OH)s. (5)

The following anodic reaction expected for the high chromium alloy:
Cr —» Cr¥ + 3e". (6)

In case of low-chromium alloy with high content of copper (7% wt.)
on anode the following reaction (7) will take place:

Cu—>Cur+e. (7

In the case of an alloy with a high copper content the main anodic re-
actions are as follows:

2Cu* + 20H — 2Cu(OH) — Cu:z0 + H;O. (8)
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Itis possible that CusO further reacts with Oz and HxO, in the environ-
ment:

2Cu20 + 02 — 4CuO, 9)
H>0 + Oz + Cu20 — Cu(OH)s. (10)

Notably, the enrichment of Cr in the outermost surface oxide was not
observed on the surface of the sample deposited with flux-cored wire
electrode FCAW-S 140Cr13Si1MnBTi. This indicates that the Cr:0;
layer does not contribute to the corrosion resistance of these alloys, alt-
hough the Cr concentration of the matrix was as high as 13% mass (Ta-
ble 1). The latter can be explained by the fact that greater part of the
chromium forms own carbides and replaces Fe in borides (Fe, Cr):B. In
corrosion film, it’s not enough for the chromium oxides Cr:0; for-
mation, which increase the corrosion resistance. In addition, the places
of the alloy matrix around the carbides are even more exhausted by Cr
and serve as the local corrosion places. Such microscopic separation, ac-
cording to Chaker [102] promotes the formation of anodes and cathodes
between the exhausted matrix and hardening particles. Therefore,
causing the corrosion inside the grains plays a dominant role in corro-
sion of the alloys subject to study [103]. Thus, the corrosive wear will be
described according to the microcorrosion cell mechanism.

Corrosion rate decrease with increasing Cu concentration may be con-
nected with precipitation of renewed Cu on the steel surface, which
forms a protective barrier against further steel oxidation. Oxidation-
reduction reaction with a presence of Cu?* on the steel surface was pro-
posed by Mobin and Shabnam [104]:

Cu? + Fe —» Cu + Fe?'. (11)

The amount of Cu in the matrix is increased [91] with the addition of
Cu, as an anodes substance during corrosion, because the standard po-
tential for the redox couple Cu?*/Cu is positive. Cu alloy elements are
separated on the sample surface and formed a compact Cu-rich passive
film [105] in the atomic scale. This effect is connected with the presence
of cathode element Cu dispersed in the ferrite matrix, stimulating the
anodic polarization of the ferrite, and increasing the passivation pro-
cess. Probably some atoms of Cu are also oxidized to Cu?*, while the most
part of dissolved Cu?' is precipitated on outer surface, forming a com-
pact layer of Cu[106]. The latter will help to increase the corrosion re-
sistance of deposited alloy. Rapid formation, increased by a higher con-
tent of copper 110Cr4Cu7TiVBALI, led to formation of more homogene-
ous crystalline layer of the corrosion product (except iron oxides and
chromium oxides) enriched additionally by copper oxides CuO. Thus,
the partial replacement of Cr with copper (Cu) contributes to the
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increase of the copper content in the oxide film on the alloy surface after
corrosion tests, which can be explained by the formation of a more con-
tinuous oxide film CuO. This film effectively protects alloy surface and
reduces the corrosion rate.

5. CONCLUSIONS

The main purpose of this work was to explore the effect of partial re-
placement of Cr on Cuduring FCAW-S process on corrosion behaviour of
deposited metal of the boron-containing alloy Fe—C—Cr—B-Ti alloying
system. The following conclusions were drawn from this investigation:
1. The results of our experiments showed that, despite the high content
of Cr (13% wt.), boron-containing high-carbon alloy without Cu have a
marked tendency to corrosion in industrial solution. However, on the
surface of the sample of the deposited metal FCAW-S
140Cr13Si1MnBTi typical Cr:0; film, which usually implements pas-
sivity in these alloys, often do not work effectively.

2. Potentiodynamic polarization curves revealed lower I..r values for
140Cr15Si1MnBTi alloy having a high content of chromium (Cr 13%
wt.) compared to 110Cr4Cu7TiVBALI alloy with a low content of chro-
mium (4% by weight) and a high content of copper (7% by weight of Cu).
3.In addition, a small increase in the copper amount in solid solution in
the remelted layer can also play a moderate but useful role, forming
more corrosion-resistant protective films.
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