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Abstract

The paper shows that a change in the cathodic current density has a significant impact on the
cracking tendency, through porosity and protective properties of coatings. As the cathodic
current density increases, the ability to cover in cracks formed at the early stages of the
process decreases during further electrolysis. It was established that the coating under
investigation exhibits the best physico-mechanical characteristics when tungsten content is the
highest. Moreover, in this case, we should expect an improvement in the corrosion properties.
The highest hardness value is observed when tungsten content is high. The porosity of the
coatings, determined by standard filter paper method, decreases when heat treatment is carried
out for 2 hours at 200°C in air. It is shown that a change in current density within the range of
0.15-0.45 A/cm? does not have a significant effect on the composition and hardness of the
coatings. Long-term corrosion tests of the investigated Co—Cr—W coatings in simulated
physiological medium (Hank’s solution) were carried out. Mass and deep corrosion
indicators/readings and corrosion severity/resistance scores were calculated gravimetrically.
The corrosion behaviour in Hank’s solution in the area of anodic potentials was studied. It is
shown that the coating under investigation has an extended passive region/area, up to a
potential of 1.2 V relative to a standard hydrogen electrode. The total/complete passivation
current on the potentiodynamic polarization curve did not exceed 0.1 mA/cm® The
dissolution of the alloy, accompanied by the appearance of a yellow colour, occurred only at
positive potentials exceeding ~1.3 V. This coating has a higher corrosion resistance in
biological and chloride-containing media, compared to chromium coatings not (doped) with
other metals (Ni, Co, Mo, W) or non-metals (P, B, C).
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Introduction

The problem of inhibiting the corrosion of metallic construction materials, such as copper
and iron alloys, is currently being successfully solved using corrosion inhibitors designed
for various media and materials [1-5]. The inhibitory effect of the inhibitors is usually
associated with the deceleration of electrode reactions due to the shift of the redox
potential of the system [1], or due to the formation on the metal surface of nano-sized
protective layers that isolate the protected metal from the corrosive environment [2—5].The
latter principle is the most universal one for the protection of a wide range of materials
since the shielding effect of the inhibitor is largely insensitive to the electrochemistry of
metal corrosion dissolution. Unfortunately, the effect of such layers may be limited in time
and often requires the permanent presence of an inhibitor in the solution to maintain the
layers integrity. This can be avoided by the aimed formation of a layer of sufficient
thickness, which performs improved physical, mechanical and anti-corrosion properties.

In previous studies [6, 7], it was shown that Co—Cr—W coatings, obtained by
electrodeposition from the water-dimethylformamide (solution), have a high corrosion
resistance [7—10], protective properties and hardness. However, in order to determine the
area of its practical application, the effect of the process conditions on the alloy
composition, as well as on the corrosion and physicomechanical properties of the coating
should be investigated in more detail. This paper describes the effect of current density on
the composition, hardness and corrosion resistance of Co—Cr—W coatings. The most
effective electrodeposition conditions to produce coatings with improved corrosion and
physicomechanical properties are determined.

Experimental methods

Co-Cr—W coatings were besieged from an electrolyte of the following composition
(mol/l): CrCl; 1.0, Na,wWO, 0.05, CoCl, 0.01-0.02, saccharin 0.5-2 g/l, water and
dimethylformamide in a ratio of 1:1. The process of electrolysis was carried out at room
temperature and in the absence of agitation, in a cell without separation of the cathode and
anode portions (compartments) with an inert (insoluble) anode from platinized titanium
[6, 7]. Part of the experiments was carried out in the absence of saccharin. The
performance (operating) range of the cathodic current density was chosen from 0.15 to
0.45 A/cm? since in trial experiments it was found that alloy deposition begins only at a
current density of about 0.1 A/cm? and at a current density of 0.15 A/cm? current output
does not exceed 2—4%. The current density above 0.45 A/cm? dramatically increases the
cracking tendency. Coatings were deposited on copper samples of 1 cm®.Some of the
coated samples were heat treated in air at 200°C in a laboratory electric furnace
SNOL-3/11-12 for 2 hours. The composition of the coatings and the surface morphology
were determined by X-ray fluorescence analysis using a Hitachi TM3000 scanning electron
microscope (Japan) with an X-ray microanalyzer. Photos were taken at 1000x
magnification. The hardness of coatings under consideration was measured in
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correspondence with Vickers hardness test with a PMT-3 M microhardness tester by the
indentation of a diamond pyramidal tip with an apex angle of 136° and a tip at the apex of
a radius of no more than 0.5 um. The applied load was changed within 2—200 g.

The loading time was 7 sec. Based on the microscopic examination of the samples
after the load removal, the linear dimensions of the diagonal in the resulting dent were
determined by the formula:

H,=1854 (L/C?, (1)

where H,—microhardness value [GPa];
L—load [g];
C—dent diagonal [pum].

The porosity of the obtained coatings deposited on samples of mild steel (0.2 at.% C)
with a surface of 4 cm” was determined by the standard filter paper method. Filter paper
impregnated with a solution containing 3 g/l Ks[Fe(CN)s] and 20 g/l NaCl was applied to
the sample surface for 5 minutes. The presence of through pores in the coating was
determined by the appearance of blue dots on the filter paper. Based on the results
obtained, the porosity of the coatings under investigation was estimated visually. We
counted the number of blue dots on paper with pore marks and determined their average
number using the formula:

Nav = Ntot/S; (2)

where Ny;—total amount of pores on the test surface;
S—test surface area, [cm?].

Corrosion behaviour in the anodic region/area was investigated using IPC-Pro digital
potentiostat at a potential scan rate of 0.167 mV/s in an argon atmosphere of high purity in
a simulated physiological medium (Hank’s solution).A 1-cm? glassy carbon sample coated
with a Co—-Cr—W alloy was used as a working electrode, a silver chloride electrode was
used as a reference electrode, and platinized titanium was used as counter electrode.

Corrosion rates and corrosion severity were evaluated by means of long-term
corrosion tests. Glass-carbon samples with a deposited coating were kept in Hank’s
solution for a week, corrosion rates were calculated gravimetrically from the weight loss
using the following formulas:

Mass: K = Am/(txs) [g/hxm®]; (3)

where Am is the weight loss during the corrosion process (g), T is the time of the corrosion
process, in this case, 168 hours, s is the coated sample area m”.

Depth: [mm/year] P = (K/p)x8.76; 4)
where p is the coating density.
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Results and discussion

Data on the coatings’ composition are given in Table 1. They show that the composition of
the resulting alloy varies widely, and in all cases, the tungsten content does not exceed
2—4%. However, it is not possible to trace any clear relationship between the composition
of the deposited alloy and the cathodic current density in the investigated range. The
coatings deposited from the saccharin-containing electrolyte were smoother, shinier and
had a more decorative appearance than the coatings obtained without saccharin. However,
the presence of saccharin did not prevent cracking of the coatings, which was particularly
pronounced at an increased current density.

Table 1. The composition of the investigated Co—Cr—W coatings with a working current density of
0.15-0.45 A/cm?.

i A/cm Element, % Heat Saccharin

C o S Co Cr W treatment 0.5-2 g/l
0.15 526  28.6 — 4451  19.92 1.7 - -
0.25 6.69 14.52 - 5058 25.29  2.85 - -
0.35 437 16.31 - 16.76  61.42 1.13 - -
0.45 499 13.35 - 4949 295 2.66 - -
0.15 6.23 1582 061 4044 35.79 1.11 — +
0.25 6.13 1654 0.87 29.04 46.27 1.16 — +
0.35 6.65 16.28 0.67 34.16 41.19 1.06 - +
0.45 6.46 143 051 4234 3518 1.2 — +
0.15 598 13.94 — 5756  20.2 2.3 + -
0.25 583 1249 - 56.33 22.79  2.56 + -
0.35 529 15.38 - 22.78 55.1 1.45 + -
0.45 527 1361 - 33.2  46.27 1.64 + —
0.15 7.44  18.15 0.7 25,57 4731 0.81 + +
0.25 779 1802 074 2785 445 1.06 + +
0.35 78 1416 0.63 40.82 35.45 1.1 + +
0.45 69 1477 054 36.39 40.37 1.01 + +

As can be seen from the data presented in Table 1, all obtained precipitates (coatings)
contain 1-2.8% tungsten. Its co-precipitation/co-deposition with cobalt is explained by the
phenomenon of so-called induced co-precipitation of a refractory metal paired with an iron
group metal [11], although in this work we could not find a clear dependence between the
content of tungsten and cobalt in the coating.
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X-Ray fluorescence analysis showed that carbon and oxygen are additionally included
in the Co—Cr—W coating. The presence of carbon in the coating is characteristic of the
electrodeposition of chromium and its alloys from electrolytes based on trivalent
chromium compounds [12—15]. The source of carbon is apparently dimethylformamide.
As shown in our earlier studies, oxygen presents in the coating in the form of chromium
and tungsten oxides and chromium hydroxides. Cobalt, chromium and tungsten are present
in the coating both at a depth of 10-20 nm and in the surface layers [6, 7]. Sulphur
inclusions are found only in samples obtained in a solution containing saccharin.

The presence of tungsten in the coating is an important factor determining the
corrosion and physicomechanical properties of coatings. According to the literature [16],
even a small amount of a refractory metal in the alloy (up to 1%) can reduce the corrosion
rate by tens of times. In our earlier works, it was also shown that small amounts of
tungsten in the coating reduce the corrosion current by several orders of magnitude.
[8, 9, 13, 14].

When measuring the microhardness of coatings (Figure 1), it was shown that the
presence of saccharin in the electrolyte has a significant effect on the hardness of coatings,
while heat treatment slightly increases it.

-o- No heat treatment and saccharin .- No heat treatment and saccharin
35 - With saccharin, no heat treatment 12 8- With saccharin, no heat treatment
“® With heat treatment, no saccharin “®- With heat treatment, no saccharin

3 With heat treatment and saccharin - With heat treatment and saccharin

W content, %(mass)
N
Hardness by Vickers, GPa

01 0,2 0.3 0,4 0,5 0,1 0,2 0,3 0,4 0,5

i, current density, A/cm’ i,current density, A/cm’

(a) (b)

Figure 1. Dependence of tungsten content (a) and microhardness (b) in Co—Cr—W coatings
on working/operating current density. a — W content, mass%; b — Vickers hardness, GPa.

The porosity of the investigated coating plays an important role, since in the
Co—-Cr—W/steel galvanic couple the alloy is the cathode with respect to the steel and,
therefore, can protect the steel only if there are no uncoated areas and no pores. Therefore,
to protect steel parts, it is essential to obtain a non-porous coating.

Samples for determining the porosity are deposited of the steel coating, both in the
absence of saccharin, and from electrolytes containing saccharin in the amount of
0.5-2 g/l at different current densities and different thickness. Porosity was determined
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visually, the results are presented in Table 2. Porosity was measured both in the heat-
treated samples and in the samples that were not subjected to heat treatment.

Table 2. Effect of current density on the porosity of the studied Co—Cr—W coatings.

Current density, Saccharin Heat Porosity,
Alem? 0.5-2g/l  treatment pore amount/cm?
0.15 - - 4 at the edges
0.25 - - 3 at the edges
0.35 - - 1 at the edges
0.45 - - 1 at the edges
0.15 + - No visible ones
0.25 + - 5 at the edges and in the centre
0.35 + - 1 closer to the centre
0.45 + - 4 at the edges
0.15 — + No visible ones
0.25 - + 2 at the edges
0.35 - + 4 at the edges and in the centre
0.45 - + 5 at the edges and in the centre
0.15 + + 3 at the edges
0.25 + + 2 at the edges
0.35 + + 5 all over the surface
0.45 + + 2 all over the surface

The lowest porosity is noted in coatings deposited at 0.15 A/cm® from an electrolyte
that does not contain saccharin, after heat treatment at 200°C for 2 hours in air atmosphere
(Figure 2).

Studies of the coatings’ morphology showed that the coating has a globular structure.
With increasing current density, the space between the globules is filled with metal, the
globules merge and a network of microscopic cracks forms (Figure 2), whose width
increases after heat treatment of the coated samples (Figure 3). The surface of the coatings
becomes smoother with the introduction of saccharin in the electrolyte in the amount of
0.5-2 g/, and the roughness decreases slightly. It should be noted that the cracks (Figure 4)
appear to be formed at the early stages of the electrodeposition process of the alloy and
subsequently partially filled with metal; therefore, measurements of the porosity of the
coatings do not trace the cracks as the through ones and their presence does not manifest
itself in increasing the porosity of the coating.
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and heat treatment.

SEl = 15kV *  WD12mm 'SS30
MUCTR . 29 Oct 2018

Figure 3. Co—Cr—W coating deposited at a current density of 0.35 A/cm? from an electrolyte
containing saccharin without heat treatment.

SElI  15kV WD12mm SS30 x1,000 10pm =~ ==
MUCTR 4722 21 Nov 2018

Figure 4. Co—Cr—W coating deposited at a current density of 0.35 A/cm? from an electrolyte
containing no saccharin, followed by heat treatment.
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As the current density increases, the number of pores decreases, and the porosity is
predominantly present at the edges. With an increase in the coating thickness, the porosity
decreases, which was also noted in previous studies, where it was shown that the porosity
reaches a constant value with a coating thickness of 2 um and above.

Figure 5 shows the corrosive behaviour in the anodic area in Hank’s solution. The
composition is given in [18]. The coating under investigation has a lengthy region of the
passive state, up to a potential of 1.2 V relative to the standard hydrogen electrode. The
total passivation current on the potentiodynamic polarization curve did not exceed
0.1 mA/cm? The alloy dissolution, accompanied by the appearance of a yellow colour,
occurred only at positive potentials higher than ~1.3 V. These results indicate a fairly good
corrosion resistance of coatings in the anodic area. At higher potentials, the dissolution of
the coating and the release of yellow hexavalent chromium compounds into the corrosive
environment were observed. There is a process of selective corrosion [19].
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Figure 5. Anodic polarization curve of Co—Cr—W coating in simulated physiological
medium.

Table 3 presents the results of gravimetric tests, i.e. indicators and corrosion severity.
Based on the data in the table, it can be argued that the coating under investigation is very
resistant in simulated physiological media containing chloride ions, unlike chromium
coatings, which are unstable in this environment. This is due to the tungsten presence in
the coating, the compounds of which form oxide films on the surface, hindering the
development of the corrosion process. The coating is X-ray amorphous, which is a
favourable factor when dealing with crevice and pitting corrosion.

The results obtained in this work show that Co—Cr—W coatings, possessing high
hardness, wear resistance and resistance in chloride-containing media, cannot provide
reliable protection of the steel base from corrosion due to their tendency to cracking and
the formation of pores. Guaranteed corrosion protection can only be provided by the
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introduction of an additional underlayer (or a combination of intermediate layers) of metals
or alloys that have sufficient ductility and do not form cracks, provided that the
combination of these layers will ensure electrochemical protection of the lower layer by the
upper/surface one. [20]

Table 3. Data on long-term corrosion tests, corrosion score/severity and indicators/readings calculated
gravimetrically by weight loss during long-term corrosion tests.

K Corrosion Coating
2 y 3
mi, g Mz, g Am, g T, h S: m g/(mZ,h) P, g/cm P’ mm/year scor(_a/ characteristics
severity
Very/rather
0.21127 0.21122 0.00005 168 0.000222 0.001207 8.7 0.001215 2 stable/
persistent

* m; — mass before corrosion; m, — mass after corrosion.
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