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Abstract

Short-pulse laser treatment was used to deposit boron carbide and nitride-based ceramic
coatings on a non-alloy steel surface. The coatings thus obtained show promising properties in
terms of high hardness, wear resistance, adhesion to the substrate, and low coefficient of
friction. In parallel, the coatings obtained were characterized by reduced corrosion resistance
in a model borate buffer solution and under conditions of recurrent water vapor condensation
in a thermal humidity chamber. Preliminary treatment of samples with solutions of some
inhibitors made it possible to reduce anodic currents substantially in potentiodynamic
experiments. The addition of benzotriazole, mercaptobenzothiazole, and potassium dichromate
proved to be effective. Electrochemical and atmospheric corrosion tests revealed that
preliminary exposure of the samples to solutions of the inhibitors indicated above made it
possible to reduce the corrosion rate significantly compared to the untreated samples.
Potassium dichromate occurred to be most effective.
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Introduction

Over the past few decades, the search for new materials with an improved combination of
mechanical and protective properties becomes increasingly relevant because of its high
technological and economic importance. The majority of components in machinery
manufacturing are made of iron-containing steels and alloys. An increase in specific load
on a motor or machine unit requires efficient technologies of surface modification to
combine the intrinsic properties of ceramic coatings with those of metal alloys. The
application of ceramic coatings to steel or preparation of metal matrix composite materials
through the addition of solid ceramic particles to a steel matrix increases the hardness,
wear, and heat resistance, and also reduces the coefficient of friction [1,2]. These
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properties of materials provide their extensive application in the machine industry, engine
building, air transport, and nuclear power stations.

The particles of silicon carbide (SiC), aluminum oxide (Al.O3) [2], boron carbide
(B4C) [3], boron carbonitride [4], chromium carbide (Cr;C,, Cr;Cs, and Cr»3Cs), tungsten
carbide (WC, WCy5), titanium boride (TiB;) [5], and zirconium diboride (ZrB;) [6] usually
form a strengthening phase in metal matrix composites (MMC). Boron carbides and
carbonitrides are promising materials for various applications [1] because of their low
specific density (2.51 g/cm®) compared to other materials, for example, diamonds
(3.51 g/cm?), SiC (3.21 g/cm?®), and Al,Os (3.92 g/cm?®) [1, 2]. Boron carbide has a high
Young’s modulus (445 hPa) and hardness (37 hPa).

Combining the properties of ceramic coatings with those of metals and metal alloys
makes it possible to improve the physicomechanical properties of a surface. Such
composite materials are most appropriate for high-temperature operational conditions
[1, 2], operation under excessive wear conditions or surface degradation, where increased
thermal loads are often combined with intense mechanical friction. The physicomechanical
properties of these materials, their thermal stability, resistance both to oxidation and water
vapors were addressed in a series of publications (see for example [7-10], etc.). At the
same time, there are virtually no works that focus on the study of corrosion resistance of
coatings based on boron carbides and nitrides on steels, or MMCs with a combination of
these materials under electrochemical corrosion conditions. Only scattered data on the
corrosion behavior of aluminum-base alloys with added boron carbide particles are
available [1], where a substantial negative impact of these particles on the corrosion
resistance was reported. There are numerous reports on the beneficial effect of oxide
ceramics on corrosion properties only [11]. Another negative example is demonstrated by
cobalt-base alloys with added boron where boron carbide particles are formed [12]. In this
context, a study on the properties of B,C—Fe and BN—Fe phases formed in the system in a
wide range of electrode potentials is relevant since the effect of both carbide and boride
phases on the corrosion resistance of these systems may be fundamentally different
depending on the range of potentials or type of corrosive environment [13].

Due to the prospects of using the surfaces of materials with deposited boron-carbide
and boron-nitride coatings as hard and wear-resistant coatings, atmospheric corrosion is of
certain interest. During downtimes and work interruptions, humidity condensation on
friction surfaces may occur, which creates conditions for electrochemical corrosion of the
entire surface or some structural elements. Therefore, it is necessary to carry out a study on
the corrosion properties of the coatings under conditions of recurrent condensation of water
vapors, for example, in a thermal humidity chamber.

Thin multilayered coatings based on boron carbide or nitride are usually produced by
chemical vapor deposition [9]. Boron carbide and nitride can be deposited by magnetron
sputtering using appropriate targets [10]. The low adhesion stability of the resultant
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coatings is the primary constraint of these methods. Such super-hard coatings are therefore
deposited on hard alloy substrates and used mostly for cutting tools.

In this work, the corrosion behavior of samples with ceramic coatings based on boron
carbide and nitride deposited on steel 10 substrate were studied. A borate buffer solution
(BBS) with pH=7.4 with natural aeration was used as a model corrosion environment. The
conditions of atmospheric corrosion are simulated in a thermal humidity chamber (THC).
The coatings were produced through short-pulse laser treatment with high energy density.

Experimental

Solid-phase coatings with three compositions (wt.%): B4C; B,C—-40% BN; B,C—-40% BN—
10% L.i,O were deposited onto steel 10 substrates with a size of 10x10x1 mm. According
to the previous studies, the last two compositions provided a high degree of hardness and
excellent anti-friction surface properties measured in friction tests under conditions of dry
slipping friction at elevated contact loads [14].

An experimental setup consisted of an ytterbium fibre laser with a maximum average
power of 50 W and a wavelength of 1.065 um was used to apply the coatings. The laser
treatment was performed in a chamber with a controlled atmosphere. The chamber was
blown by pure argon for 2 min. The laser treatment was carried out by pulses with a
duration of about 40 ns, which is three-four orders longer than the relaxation time for the
energy transmission from a valence-electron gas, which absorbs laser energy, to the
crystalline lattice of metal parts [15]. Hence, the action of laser energy on a ceramic
powder can be described by means of the mechanism of thermal conductivity. However,
there is a need to take into account that the pulse duration is short enough, thus ensuring
ultra-fast heating and a high temperature gradient in the treatment zone. The pulse
frequency was set to 100 kHz, the pulse energy to 0.5 mJ, and the momentary laser beam
power to 5 kW. The laser beam was focused to a spot with a size of 30 um. Therefore, the
momentary laser power density attained the value of about 7-10*2 W/m?. The scanning rate
was 600 mm/s. The modes of laser irradiation were selected using the procedure reported
in [16].

A number of methods were used to examine the microstructure and the phase and
chemical compositions. X-Ray studies were carried out on a DRON-3 diffractometer using
Fe Ka radiation. Data collection was carried out at each 26 point with a step of 0.02° and
an acquisition time of 5s. The topography of the laser-irradiated surfaces was studied by
scanning electron microscopy (SEM) with the use of a FEI INSPECT S50 microscope
equipped with an energy-dispersive X-ray (EDX) detector.

The composition of surface layers was estimated with the use of X-ray photoelectron
spectroscopy (XPS) on a SPECS spectrometer using Mg Ko radiation (1253.4 eV)
combined with a layer-by-layer surface etching by argon ions with an energy of 4 keV and
a current density of 30 pA/cm? (the etching rate was about 1 nm/min). The CasaXPS
software package was applied for experimental data processing.
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The corrosion-electrochemical behavior of the samples was examined by anodic
polarization under potentiodynamic conditions following a procedure reported in [17].
Polarization measurements of the samples were carried out at a potential scan rate of
2 mV/s. An Ipc-Pro L potentiostat and a YaSE-2 cell at ambient temperature 20+2°C were
employed. A borate buffer solution with pH 7.4 (BBS 7.4) was used as the background
electrolyte. This electrolyte was chosen since borate ions are almost indifferent in respect
to electrode materials, i.e., they exhibit neither an ability to passivate the materials nor
activate them (violate the passive state). The potentials E (mV) of the polarized samples
were measured with respect to the saturated silver chloride electrode. Current | was
calculated per 1 cm? of the electrode surface and measured in pA.

Atmospheric corrosion tests were carried out in a KTV-0.1-002 thermal humidity
chamber (Russia) in accordance with GOST 9.054-75 under the conditions of recurrent
humidity condensation on the samples. The testing process included examinations of the
samples at fixed intervals from the beginning of the test in order to estimate the area of
corrosion damage.

Results and Discussion

A high laser power density leads to an ultra-high heating rate of 107 K/s and forms a high
gradient of temperatures of about 108 K/m. At the stage of cooling, the solidification front
moves with a velocity of up to 2 m/s. These data were obtained by computer simulations
of the processes of heat and mass transfer following the procedure reported in [18]. The
short duration of laser pulses gives rise to an effect of overheating in a local zone near the
powder/substrate interface up to the temperature of 3500°C, which far exceeds the melting
point of boron-based ceramic powders (the melting point of BN is 2973°C [19]). The
results of computer simulations revealed that simultaneously with the melting of the
ceramic powder, a thin layer of the steel substrate with a thickness of about 20 um is also
melted. Such a limited melting depth is a result of a high gradient of temperatures in the
irradiated zone. Against this background, the solidification of the melt is a strongly
nonequilibrium process leading to the formation of metastable phases, as it was
demonstrated in [20]. The active mixing of the melt at high temperatures results in an
interaction between the boron-based ceramics and the melted steel. Based on the
thermodynamic estimation of oxidation-reduction reactions [21], it was shown that such
reactions are thermodynamically allowed if the temperature increases significantly.

All the experiments revealed that the short-pulse laser alloying of the ceramic
coatings on the steel substrate resulted in a high degree of adhesion of the coatings
obtained. In addition, the method makes it possible to produce multilayered coatings
without exfoliation that can emerge from significant internal compression stresses in the
steel substrate and tensile stresses in the external ceramic layer. Figure 1 demonstrates the
SEM surface images of samples after the monolayer laser deposition of B,C—BN-L.i,0,
B,C—BN, and B4C ceramics. One can see that the chosen modes of laser treatments make
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it possible to produce a relatively uniform surface that is also smooth and dense. In this
case, the B4,C—BN-Li,O ceramic coating is free from cracks (see Figure 1a), as distinct
from the samples with the B,C—BN and B4C compositions where a network of
microcracks is observed across the surface of the samples (see Figure 1b and 1c). Thus, the
addition of lithium oxide to the composition of ceramic coatings has a positive impact on
the reduction of tensile stresses within the surface layers of the sample and smoothes away
the cracks. One can see from Figure 1d that there is no cracking or exfoliating of the
B.C—BN coating, which is observed with the coatings of other compositions. Figure 1d
also demonstrates traces of mixing of the melt and heterogeneous regions with various
concentrations of iron emerging on the surface. EDX data (see Table 1) indicates that the
film surface contains boron, carbon, nitrogen, oxygen (where lithium oxide was added),
and iron that emerges on the surface because of remelting of a ceramic layer on the
substrate and a reaction of boron carbide and nitride with iron.

Figure 1. SEM surface images of the samples with the compositions B4C—BN-Li-O (a),
B4sC—BN (b), and B4C (c), and a cross-section of a sample with the B4sC-BN coating after
etching (d).
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Table 1. Elemental surface compositions of the samples based on EDX analysis, at.%.

Composition of the coating B C N O Fe
B4C 60 19 - - 21
B4sC—BN 21 5 2.40 — 71.6
B.C-BN-Li,O* 18 4 1.14 0.87 75.99

* The EDX technigue cannot determine the concentration of Li; the concentrations of light elements (B,
C, N) are estimated with significant errors.

To explain the high degree of adhesion of the ceramic layer to the steel substrate, we
carried out an X-ray diffraction study of the samples after the short-pulse laser treatment.
The X-ray diffraction pattern indicates the presence of a-Fe, iron borides (FeB, Fe;B), and
boron carbide (B4C). The presence of FeB and Fe,B phases in the treated samples is
indicative of the possibility of the following chemical reactions:

4Fe + B,C — 4FeB + C,
8Fe + B,C — 4Fe;B + C.

Due to the low intensity of the reflections attributed to nitrides, only traces of Fe;N
are observed in the diffraction patterns. In this case, the formation of the composite
ceramics containing boron carbide and nitride is confirmed by the Vickers microhardness
tests. The microhardness of the B,C-BN and B,C—-BN-Li,O coatings was determined to
be HV 2400 and HV 2100, respectively. The coatings were characterized by a low rough-
ness (Ra 0.4) and dry sliding friction coefficient (up to 0.02) determined by sliding against
a tungsten carbide counterface under contact loads of up to 120 MPa. The reasons for the
improved anti-friction properties of the coatings are discussed in [14].

As already noted, the compositions of a surface layers of the samples obtained were
determined by XPS measurements. Figure 2 shows the C1s and B1s spectra for the sample
with the boron carbide coating. The spectra were recorded after various etching times: the
spectra from bottom to top correspond to the changes in the etching time: 0, 1, 2, and 3 min
(to the layer depths of O, 1, 2, and 3 nm). Peaks corresponding to the C—H bond, which is
similar to that in hydrocarbons, can be seen in the spectrum of carbon recorded on the
surface at depths up to 2 nm. It is highly plausible that the surface retains traces of
adsorbed hydrocarbons. However, the intensity of these peaks is relatively low. Also, the
peaks associated with the C—B and C—Fe (substrate) bonds are clearly observed in the
spectra. As follows from Figure 2a, boron exists mostly in an oxidized state on the surface
(without etching), with a peak corresponding to the B—O bond (192 eV). It is not unlikely
that it is a result of interactions between adsorbed oxygen and boron (from boron carbide)
under the influence of laser irradiation. However, at depths exceeding 2 nm, the intensity
of the peak associated with the B—C bond (188 eV) increases, and the peak position
corresponds to the original boron carbide powder. Iron exists on the surface in an oxidized
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state. However, with increasing depth of analysis, this peak disappears (the Fe2p spectra
are not provided). Based on the energy of the peak, non-oxidized iron may be expected to
be involved in the Fe—C or Fe—B bonds.
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Figure 2. XPS data: (a) C1s spectra; (b) B1s spectra (184—196 eV).

Summarizing the results obtained by different methods, one can conclude that the
coating includes such phases as a-Fe, FeB, Fe;B, B4C, FesN, and Li,O, which exist in
direct contact. It is known from the literature that carbides, silicides, and borides of many
metals produced in compacted crystalline form by metallurgical method possess an
enhanced electrocatalytic activity. As a rule, it is expressed as a high velocity (low
overvoltage) of hydrogen evolution from acidic media. There are indications that metal
carbides (for example, chromium carbide) can also be active in the electrochemical
reduction of oxygen dissolved in neutral media [13]. Preliminary electrochemical tests of
the produced ceramic coatings revealed that very high rates of anodic dissolution of the
samples was observed both in acid and neutral media. An attempt to introduce a passivator
(sodium nitrite) did not hinder the anodic process. The active surface dissolution of the
composite coating can be attributed to the high velocity of the cathodic process on carbide
and boride particles contained in the coating, by the scheme:

1/20, + 2e + H,0 — 20H".
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This cathodic process involves electrons, which results in a shift of the electrode
potential of the samples towards anodic values. However, this potential shift does not bring
the surface of the sample to the passive state but contributes to a further growth of anodic
currents.

Various inhibitors were preliminarily tested for improving the corrosion resistance of
the produced metal-matrix coatings. The effect of various inhibitors (aqueous solutions of
sodium nitrite (C = 10 g/L) and potassium dichromate (C = 5 g/L), alcohol solutions of
benzotriazole (C = 10 g/L) and mercaptobenzothiazole (C = 10 g/L)) was examined by the
method involving preliminary formation of an inhibitor layer. The samples were immersed
into a solution with one of the inhibitor concentrations mentioned above for 30—40 min
and then dried in the air. Afterward, the samples were studied in the BBS using the
potentiodynamic method.

The results of these studies indicated that only potassium dichromate reduced the
anodic current density significantly. Figure 3 demonstrates the anodic potentiodynamic
curves for the studied materials. The anodic curve of the starting untreated steel 10 is also
shown for comparison. It can be seen from curve 2 that the high rate of anodic dissolution
Is inherent in steel with the B,C—BN composite coating. A similar coating containing
lithium oxide (curve 3) is characterized by substantially lower anodic currents, which can
be attributed to the more perfect and defectless surface structure of the material containing
lithium oxide (see Figure 1a). A slight decrease in the anodic current is also observed when
the sample is held in a potassium dichromate solution (curve 4).

-800 -
-600 A
-400
-200

200 A
400 4
600 +
800 +

1000

0 500 1000 1500 2000
I, nA

Figure 3. Potentiodynamic tests of the samples in BBS with pH 7.4: 1 — steel 10; 2 — steel 10
with the B4C—BN composite coating; 3 — steel 10 with the B4C—BN-Li.O composite coating;
4 — steel 10 with the B4C—BN-Li>0 composite coating after conditioning in the potassium
dichromate solution.

As it was shown in [22], powders of carbide phases, for example, tungsten,
molybdenum, and titanium carbides, as well as that of mixed carbides embedded in the
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steel 08kp surface contributed to the significant growth of total anodic current that did not
bring the systems to the passive state even in alkaline media. It was found that under these
conditions, only potassium dichromate reduced the rate of anodic dissolution of the
samples significantly.

In the THC test, the samples were immersed in agueous solutions of the inhibitors,
removed from the solution after 30 min of exposure, and dried in the air. Afterward, the
samples were placed into the THC. By visual monitoring, the moment of arising corrosion
instances was detected, and the percentage of the corroded surface area was estimated
(Figure 4). Table 2 summarizes the test results for the coatings exposed in a THC for
4 days. It can be seen that a noticeable improvement in the anti-corrosion properties of the
coatings under study is achieved only after treatment with potassium dichromate.

C

Figure 4. Exterior of samples with the B4C—BN-Li.O coating after atmospheric corrosion
tests after THC exposure for 48 h: a — before the test; b, c, and d — after the test of the coatings
additionally treated with inhibitors: benzotriazole (b), mercaptobenzothiazole (c), and
potassium dichromate as a passivator (d).

Table 2. Effect of the coating and corrosion inhibitor (passivator) formulations on atmospheric corrosion
in the tests after THC exposure. The percentage of the area damaged by corrosion after THC exposure for
different periods.

Type of coating, anti-corrosion treatment 45 min 8h 4 days
Untreated steel 10 (0.1% C) 0 signs 3
B4C coating, NaNO> treatment 0 50 100
B4C—BN coating, treatment with benzotriazole 20 90 100
B4C—BN-Li.0 coating, treatment with benzotriazole 10 70 90
B4C—-BN-Li,0 coating, treatment with mercaptobenzothiazole 10 50 60

B4C—BN-Li.0 coating, treatment with potassium dichromate 0 0 1
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Conclusions

1.

Ceramic composite coatings on non-alloyed steel 10 classified as metal—matrix
composites (MMC) were obtained by short-pulse laser treatment of powdered boron
carbide and nitride with addition of lithium oxide. MMC preserved the properties
inherent in B4,C and BN (hardness, wear resistance, low coefficient of sliding friction)
along with firm adhesion to the substrate. XPS, XRD, and SEM data indicated that the
surface of steel 10 with deposited B,C—BN coating contained the phases of B4C, BN,
iron carbides, borides, and nitrides. Peaks associated with the Fe—B and Fe—C bonds

were found in the XPS spectra. The indicated compounds can be deemed to ensure a
high degree of adhesion of the substrate to the deposited coating.

. The studies to establish the electrochemical corrosion susceptibility of the produced
samples revealed their low corrosion resistance in the background neutral borate-buffer
solution. Polarization measurements showed high values of anodic dissolution currents
of the samples and their lack of ability to move to a passive state.

. Preliminary treatment of the samples with solutions of some inhibitors, which are known
for their effectiveness in a neutral environment, provided a substantial reduction in the
anodic currents in potentiodynamic experiments. The addition of benzotriazole,
mercaptobenzothiazole, and potassium dichromate had proved to be effective. The test
in THC revealed that preliminary exposure of the samples to solutions of the inhibitors
indicated above made it possible to reduce the corrosion damage rate significantly
compared to the untreated samples. Potassium dichromate occurred to be the most
effective.
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