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Abstract

Absorbing surfaces of solar receivers are coated with black chrome, which provides the surface of steel or
aluminum tubes with good absorption properties. However, the chrome coating does not protect well against
corrosion because of its high porosity and high internal stresses, which cause a cracking of coatings. In this
paper, we investigated two methods for formation of black coatings on chemically formed Ni-P layers: etching
in nitric acid and anodic treatment in a phosphoric acid solution. It was found that in the course of processing
the black coatings, their roughness and porosity increase. It was shown that nickel oxides NiO and Ni-O3z and
nickel phosphates are presented in the coating composition. It was established that the heat treatment
increases the wear resistance and protective ability of black coatings.

Keywords: Chemical nickel plating, ultra-black nickel-containing coatings, steel surface treatment, heat
treatment of black coatings, Ni-P coatings, protective properties, roughness, XPS analysis of the
composition

1. INTRODUCTION

Galvanic black coatings are used to absorb light in optical devices and collectors, which convert light energy
into heat, as well as protective and decorative coatings for various products [1-3]. In most cases, black chrome
and nickel coatings are used for these purposes [4-10]. Known disadvantages of chromium plating processes
are the difficulty of implementation and high energy intensity, due to the need to heat solutions and losses due
to the side reaction of hydrogen evolution. To obtain a chrome coating, you need to spend 3 times more
electricity than for applying other galvanic coatings. In addition, the chrome coating poorly protects the steel
from corrosion as it has high porosity, high internal stresses, leading to cracking of the coating [1].

Known processes of black nickel plating are less energy-intensive and easier to implement, but they have
disadvantages such as low levels of protective ability, wear resistance, and poor adhesion to the substrate,
especially to steel. As a rule, during the deposition of a black nickel-containing coating, a sublayer of copper
or brushed nickel is first applied, on which a black coating is formed, consisting of hydroxides and sulfides of
zinc and nickel, which are dispersed in the mass of metallic nickel. The thickness of such coatings does not
exceed 0.5-1.0 ym, and the corrosion resistance is determined mainly by the corrosion resistance of the
sublayer [3-5].

A possible alternative to the process of electrodeposition of black chrome and nickel coatings is the process
of chemical nickel plating [11-17]. A process feature is the application of uniform in thickness coatings onto
complex parts. The resulting coatings are characterized by high corrosion resistance and hardness, which can
be significantly increased by subsequent heat treatment.

Therefore, the aim of this work is to study the technical processes of the formation of black coatings on the
surface of chemically deposited nickel.
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2. EXPERIMENTAL MATERIALS

We used chemical reagents of grades “pur”, “ p.a.” and distilled water to prepare working solutions.
The sheets of cold rolled steel measuring 3x4 cm were used as samples.

The process of applying black coatings took place in two stages. At the first stage, a Ni-P coating from a
solution of the following composition (g / I) was applied to steel samples: NiSO4+7H20 — 35; NaH2PO2*H20 —
25; CH3COONa —18; C3HsOs — 34; CsHsO7 — 5. The duration of the process is 3 hours at a temperature of 90-
92 ° C. At the second stage, the Ni-P coating was blackened due to etching in nitric acid or anodic treatment
in phosphoric acid.

The abrasion resistance of nickel-containing coatings was studied using a modernized Taber Elcometer 5135
rotational abrasimeter. Coated flat samples were pressed against a felt disk with the same external load on
both arms equal to 3.5 N / cm?. The abrasion of the samples was carried out during rotation of the felt disk with
a rotation speed of 60 rpm. The abrasion resistance of the samples was evaluated by the number of cycles
until the first signs of abrasion appeared. One cycle amounted to one full circle of felt disk [18].

Corrosion testing of coated samples was carried out in an Ascott S450iP salt spray chamber (UK) in
accordance with ASTM B117.

Morphological studies of the surface of coatings and determination of their roughness were carried out using
an MPLAPONLEXT 100 objective using a LEXT — OSL 4100 confocal laser microscope.

The composition of the surface layers was studied via X-ray photoelectron spectroscopy (XPS) [19]. Coated
samples were fixed in a holder and placed in the pre-evacuation chamber of an OMICRON ESCA+ XPS unit
(Germany). The samples were then transferred to the analyzer chamber, where the pressure was maintained
at a level no higher than 8 x 107" mbar. MgKa radiation was used (1253.6 eV; power, 252 W). The pass
energy of the analyzer was 20 eV. To allow for the charge of the samples, the position of the XPS peaks was
standardized with respect to the C 1s peak of hydrocarbon impurities from the atmosphere; bonding energy
Eb of the peak was assumed to be 285.0 eV. The spectra were decomposed after subtracting the background
determined using the Shirley method [20]. The peak position was determined with an accuracy of £0.1 eV.
Component ratios were calculated using integrated intensities under the peaks while allowing for
photoionization cross sections ¢ of the respective electron shells [21]. Using the integrated intensity of the
peaks and the MultiQuant software program [22], the thicknesses of the layers formed on the surface were
calculated with allowance for the mean free path of electrons A, determined using the formula of Cumpson and
Seah [24]. When analyzing the obtained spectra, it was considered that the analyzing beam penetrates the
material to the depth of 5 nm, i.e. the resulting spectra correspond to a layer of material of 5 nm thick.

3. EXPERIMENTAL WORK

According to the literary recommendations, the formation of black Ni-containing coatings takes place in two
stages: at the first stage, the Ni-P film is deposited, and then in one of two ways it becomes black:

- etching in nitric acid (HNOs3);
- anode treatment in phosphoric acid (HsPOa).
3.1. Determination of the parameters of etching process of Ni-P coatings in nitric acid

It was found that the maximum black color on Ni-P coatings can be obtained at a nitric acid concentration of 6
mol / L or higher, and the processing time is at least 5-5.5 minutes. As expected, the roughness during etching
increased from 0.504 to 0.707 microns.

Raising the temperature of the solution above 45 ° C has a bad effect as the color does not become deep
enough. It is important to note that at a temperature below 35 ° C a black coating is not formed.
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Photographs of the surface obtained with a confocal microscope indicate that this process is accompanied by
the formation of microscopic conical pores perpendicular to the surface. Pore diameter, depth and distance
vary from a fraction of a micrometer to several micrometers or from about one to several light wavelengths.
Consequently, pores create a black appearance capturing any incident light in a wide spectral range.

The photographs show the Ni-P coating before etching had a thickness of 30 um. After etching, the thickness
decreased to 7 ym, 2-3 of which is the formed black layer (Figure 1). Over 20 ym of the coating obtained in
the first stage were etched.

Figure 1 Photographs of cross sections of Ni-containing coatings before and after etching in nitric acid

Using X-ray photoelectron spectroscopy, it was found that oxides of divalent and trivalent nickel, as well as
compounds of nickel with phosphorus, are present on the surface (Figure 2).
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Figure 2 The individual XPS spectrum of Ni

Based on the information received, we assume that the following reactions occur in the process, written using
chemical equations (1), (2), (3), (4), (5) and (6).

Ni + NOs~ — NiO + NO2~ @
2Ni + 3NOs~ — Ni2O3 + 3NO2~ )
3P + 5HNOs3 + 2H20 — 3H3PO4 + 5NO? 3)
Niz* + 2HsPO4 — Ni(H2POu) + 2H* 4)
Ni2* + HsPO4 — NiHPO4 + 2H* (5)
3Ni2* + HsPO4 — NisPOs + 3H* (6)

The black coatings were obtained using the treatment in nitric acid, but the significant drawback of this process
is the large loss of non-ferrous metal during etching.

- anode treatment in phosphoric acid (HsPOa).
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3.2. Determination of process parameters for anodizing Ni-P coatings in phosphoric acid

The dependence of the coating quality on the concentration of phosphoric acid and the voltage on the bath is
investigated. It was experimentally found that the blackest coatings are formed at a concentration of 2.7 M and
a voltage of 1.1-1.3 V for a duration of 9 minutes at a room temperature.

Roughness indices were also obtained after anodic treatment in phosphoric acid. The roughness during
anodization increases from 0.504 to 0.733 microns.

It was found that after anodizing the Ni-P layer, a greater surface development is observed than in the case of
etching in nitric acid. The number of pores is greatly increased.

The coating thickness is etched less from 30 to 12 microns. The thickness of the black layer is only 0.4 ym
(Figure 3).

Black coating
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Figure 3 Photos of cross sections of Ni-containing coatings before and after processing in HsPOa4

The individual nickel spectrum showed that the composition of the black film also includes NiO, Ni2Oz and
nickel phosphates (Figure 4).
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Figure 4 The individual XPS spectrum of Ni

So, we can assume that the following reactions take place, which can be written using chemical equations (7),
(8), (9), (10) and (11).

Ni+POs3—NiO+POs* )
2Ni+3P043>—NiOs+ 3P0Os% (8)
Ni2* + 2H3PO4 — Ni(H2PO4)2 +2H* 9)
Ni2* + HsPO4 — NiHPO4 + 2H* (10)

3Ni2* + 2H3PO4 — Niz(PO4)2+ 6H* (11)
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3.3. Tests of the coatings

It should be noted that black coatings formed by these methods were characterized by smearing. The
possibility of eliminating this phenomenon with the help of subsequent heat treatment of coatings is
investigated.

It is shown that coatings cease to be smeared during heat treatment in the indicated ranges. For nitric acid,
this is 220 ° C for more than half an hour. And for coatings blackened using anodic treatment in phosphoric
acid, it is 190 ° C for more than an hour and a half.

In addition, it was revealed that during the heat treatment, the roughness of the coatings increases in both
cases. When anodizing in phosphoric acid, the surface development is less than when etching in nitrogen: Ra
=0.865 and 1.212 pm, respectively.

The wear resistance of the coatings was investigated. The number of cycles was evaluated until the first signs
of abrasion appeared. Table 1 shows that coatings obtained by anodizing in phosphoric acid with subsequent
heat treatment have the highest wear resistance.

Corrosion tests have shown that these coatings also have the greatest protective ability.

Table 1 Comparison of the functional characteristics of the resulting coatings

Wear resistance of black The protective ability of black
coatings (number of cycles coatings (Time until the appearance
Process until the first signs of loss of of corrosion products of the base,
black color appear) hour)
Etching in HNO3 850 39
Etching in HNOs + heat treatment 11750 98
Anodization in H3PO4 1050 45
Anodization in H3PO4 + heat treatment 16000 130
Electrodepos_ltlpn of black nickel- 3000 50
containing coating
Electroplating black chrome coating 13000 120

This table allows you to compare the studied coatings with black electroplated nickel and chrome coatings. It
can be seen that the films obtained by anodic treatment in a solution of phosphoric acid followed by heat
treatment turn out to be the best in both terms of wear resistance and protective ability.

4. CONCLUSION

As a result, methods have been developed for the formation of black layers on chemical coatings in the
following ways:

- 6M HNOs, T (solution) = 40°C u T process 5-7 min
- 2,7M H3PO4, U=1,1-1,3 V, T (solution) = 20-40°C

It was revealed that in the process of processing black coatings, an increase in roughness and porosity occurs.
It was shown that the composition of the coating includes nickel oxides NiO, Ni2O3 and nickel phosphates. It
was found that heat treatment increases the wear resistance and protective ability of coatings.
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