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Abstract

Introduction. In the areas of power engineering where the thermal energy of superheated steam is used, an important
aspect of providing the reliability and safety of equipment is the heat resistance of the materials employed. In the
manufacture of induction superheaters, the optimal material for the steam pipe (coil) is copper. However, its ultimate
resistance to oxidation does not exceed 400 °C, which significantly limits the efficiency of steam generators. Therefore,
the objective of the work was to study the kinetics of oxidation of the combined galvanic coating of the Mo-Ni-Cr system
applied to copper tubular samples and intended for thermal protection of steam generator coils.

Materials and Methods. A combined electroplating of the Mo-Ni-Cr system with a total thickness of 12-35 um was
formed on the experimental copper tubular samples. A Mo sublayer with a thickness of about 1.5 um on the surface of
the copper tube was formed to prevent the diffusion of Cu into the Ni coating. A 1.5 um thick chromium layer on the
coating surface acted as an indicator of the oxidation process. A comparative analysis of the oxidation processes of the
copper surface and the combined coating of the Mo-Ni-Cr system on a copper substrate was carried out using the methods
of optical and electron microscopy, energy dispersive analysis, and precision determination of the growth parameters of
oxide films.

Results. The intervals of thermal stability of the copper substrate and nickel coating were experimentally determined. The
obtained experimental dependences characterized the parabolic law of copper oxidation with the formation of a single-
phase diffusion zone of CuO at temperatures above 350 °C, and nickel at temperatures above 750 °C, when the transition
of NiO monoxide into oxide Ni».O3 began. The growth of oxide films according to quadratic laws provided a rapid increase
in the thickness of the films, the accumulation of stresses in them, cracking, and chipping.

Discussion and Conclusion. It is shown that the Mo-Ni-Cr electroplating is resistant to heating during long-term
operation up to temperatures of 750-800 °C. The functional roles of Mo and Cr in the coating architecture were described.
The work focused on the applied aspect of using the coating under study to increase the thermal stability of the steam
pipelines of industrial induction superheaters with low and medium power.

Keywords: superheaters, heat resistance, oxidation process, electroplating, microstructure, electron microscopy,
gravimetric analysis
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060py[[0BaHI/IH: NPUMEHCHUE CTOMKHX K OKCHUAUPOBAHHUIO

KOMOMHMPOBAHHBIX MOKPBLITHI HA OCHOBE HUKEJIA

B.H. Bapaska'~ D4, O.B. Kyapsikos ', B.W. I'punienko
JloHCKOM TOCyAapCTBEHHbIN TEXHUUECKUI YHUBEPCUTET, T. PocToB-Ha-Jlony, Poccuiickas denepanus

< varavkavn@gmail.com

AHHOTaLUA

Beeoenue. B Tex 001acTax 3HEPreTHYECKOr0 MAITHHOCTPOEHUS, T/I€ UCIIOB3YETCs TEIUIOBast SHEPT sl IIEPErpeToro napa,
Ba)KHBIM aCIIeKTOM 00€CIIeYeHUsI HaJeKHOCTH 1 6€30MaCHOCTH 000PYA0BaHUS SIBISIETCS TEIUIOCTOWKOCTD HCIOIB3YEMBIX
Marepuanos. [Ipu M3roTOBICHNHN MHIYKIMOHHBIX MaponeperpeBaTeneil ONTUMaIbHbBIM MaTepHaIoM Ui MapornpoBOaa
(3meeBuka) sBiseTcs Menb. OmHako e€ mpenenbHas CTOWKOCTh K OKcuaupoBaHmio He mpesbimaer 400 °C, gro
CYIIECTBEHHO OrpaHn4nBacT 3PEeKTUBHOCTH pabOTHI aporeHepaTopoB. [loaToMy 1enbl0 paboThl OBLIO HCCIIEI0BAHUE
KUHETHKU OKHCIICHUs KOMOMHUPOBAHHOTO TallbBAHMYECKOr0 MOKpEITHS cucteMbl MO-Ni-Cr, HaHeCeHHOT0 Ha Me/IHbIC
TpyO4aThie 00pa3Ibl M NpeIHA3HAYECHHOTO JUIS TEIUIO3aIUThI 3MEEBUKOB IIAPOT€HEPATOPOB.

Mamepuansl u memoowi. Ha ONBITHBIX MEAHBIX TPyO4aThIX oOpa3uax ObUIO cHOPMHPOBAHO KOMOWHHPOBAHHOE
rajgpBaHnyeckoe mokpeitie cucremsl Mo-Ni-Cr ¢ o6reit rommunoit 12—-35 mim. [oacnoit Mo TonmmuHo#i okoio 1,5 MkM
HA MOBEPXHOCTH MeAHOU TpyOKH ObL1 chopmupoBan aist mpenoTBpamienust quddysun Cu B Ni-nokpsitue. Cnoit xpoma
TONIIMHON 1,5 MKM Ha NMOBEPXHOCTH IOKPBITHS BBIIOJIHSUI POJIb MHIUKATOPA Ipouecca OkucieHus. CpaBHATEIbHBINR
aHaNN3 TPOIECCOB OKUCIICHHS MOBEPXHOCTH MEAH M KOMOHHHPOBaHHOTO MOKphITUs cucteMbl MO-Ni-Cr Ha MenHOi
TIOJIJIOXKKE BBIIIOJHEH C UCTIOIB30BAaHUEM METOANK ONTHYECKOH M 3IEKTPOHHONH MHUKPOCKOIIHH, SHEPTOIUCIICPCHOHHOTO
aHaJIM3a, a TAKXKE MPEIIM3HOHHOT0 ONPEIENICHNS ITAPaMETPOB POCTa OKCHUAHBIX TUICHOK.

Pezynomamut uccnedoéanusa. DKCIEPUMEHTAIBHO OIpEeNIeHbl MHTEpBalbl TEPMUYECKON YCTOMYMBOCTH MEAHOM
TMIOJJIOXKKH ¥ HUKEJIEBOTO MOKPHITHS. [loTyueHHbIE SKCTIepUMEHTANIbHBIC 3aBUCUMOCTH XapaKTepU3yIoT napaboauueckui
3aKOH OKHCIICHUS Meau ¢ oOpa3oBaHueM oxHodazHo# muddysnonnoit 30861 CUO mpu Temmeparypax Boime 350 °C u
HUKeJIS TPy TemrepaTypax Boiiie 750 °C, koraa HaunHaetcs nepexoa monookcuaa NiO u B okcu Ni2Os. PocT okcuaHbIX
IUICHOK T10 KBQJIPATHYHBIM 3aKOHaM IPHBOJAUT K OBICTPOMY YBEIMUSHHIO TOJIIUHBI IUICHOK, HAKOIUICHUIO B HHUX
HanpspKeHNH, PacTPECKUBaHUIO M CKAJIBIBAHHMIO.

Obcyscoenue u 3axmwouenue. Tlokazano, uto rampBaHmdeckoe MOkpbiTne MO-Ni-Cr ycroiunBo K HarpeBy mpu
JUINTEJIBHOW JKCIUTyatanuu BIUloTh g0 Temneparyp 750-800 °C. Onwucanbl ¢yHkumoHansHbie poan Mo u Cr B
APXHUTEKType MOKPHITHs. PaboTa akIieHTHpOBaHA Ha MPHUKJIIATHOM aclleKTe UCIOIb30BaHUs HCCIIeyeMOTo MOKPBITHS VIS
TIOBBILIIEHUS TEePMHUYECKON YCTOWYHBOCTH 3MEeeBHKa-IIapoNPOBO/IA TIPOMBIIUICHHBIX WHTyKIIMOHHBIX

rnaporneperpeBaresneil Majoi 1 cpelHel MOIIHOCTH.

Knrouesvie cnosa: aporeHepaTopsl, TeHJ’IOCTOﬁKOCTL, OKHCIUTEIbHBIA nponecc, rajJbBaHUYCCKUC TIOKPLITHA,

MHUKPOCTPYKTYpa, 3JIEKTPOHHAS. MUKPOCKOIIHSI, TPAaBUMETPUIECKUH aHaIN3

Bnazooapnocmu: aBTOpHI BRIpAXKAIOT 0JIar01apHOCTD PEAAKIINN J)KypHAJIa M pelieH3eHTaM 32 BHIMAaTEJIbHOE OTHOIIEHNE

K CTaThC.

Jas nutupoBanus. Bapaska B.H., Kyzapskos O.B., I'pumenko B.M. AcnekTs! Temno3amuTsl MAIIMHOCTPOUTENBHOTO U
SHEPreTUYECKOro 000pYyI0BaHMUs: IPUMEHEHHE CTOMKHX K OKCHAMPOBAHMIO KOMOMHHMPOBAHHBIX MOKPHITHH HA OCHOBE
uukens. Advanced Engineering Research (Rostov-on-Don). 2023;23(2):140-154. https://doi.org/10.23947/2687-1653-
2023-23-2-140-154

Introduction. Electrochemical deposition of metals is widespread in industry, being the basis of electroplating. One
of the features of the development of this branch of science is usually attributed to the fact that its development took place
“almost exclusively empirically” [1], starting primarily from the needs of various industries. Despite the fact that at
present, the theoretical foundations of electrochemistry have been worked out quite deeply [2-6], the applied aspect is
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still of priority importance here and determines most of the scientific tasks being solved, mainly related to the special
conditions for the use of electroplating coatings. Under such particular conditions, superheaters are operated, for example,
whose performance is associated with a significant change in the composition and temperature of steam along the length
of the steam coil [7]. Depending on the power of the steam generator, the temperature of the coil along its length can vary
from 150 to 650 °C, and for super-critical steam parameters in high-capacity modern steam turbines — even higher [8—
10]. This work studies the possibility of using electroplating coatings to protect the steam pipe of an induction superheater
from oxidation at high temperatures. On the totality of physical and technological properties (electrical conductivity,
thermal conductivity, ability to plastic deformation, machinability by cutting, etc.), copper is currently an indispensable
structural material for the manufacture of coils for household and low-power industrial steam generators. This is the
reason for the interest in heat-protective coatings. However, the oxidizing ability of copper is also high, and its oxidation
resistance does not exceed 400 °C. Based on the operating conditions of the superheaters under consideration, this
circumstance offers a challenge of using coatings whose oxidation resistance level is above the thermal barrier of 600 °C.

Materials and Methods. Taking into account the complex configuration of the coil, the presence of a large length of
curved surfaces and its considerable overall dimensions, electrochemical deposition was chosen as the most
technologically advanced method of applying a heat-protective coating.

To select the composition of such a coating, accurate data on its operating modes were required. For this purpose, a
thermal imaging analysis of the thermal operating conditions of an experimental induction three-coil six-turn steam
generator with a capacity of 10 kW was carried out (Fig. 1) [11]. The steam pipe was made of profiled copper tube
@25x1.5 mm of technical copper M2 grade according to GOST 617-2006.

Fig. 1. Experimental induction superheater with copper steam pipe: a — general view;
b — the most heavily oxidized sections of the steam pipe (coil) at the steam outlet

Quantitative thermal analysis of the operating conditions of the steam pipeline, including forced operating modes, was
performed using a no-contact thermal imager of Fluke Ti401 PRO model (manufactured by Fluke Corp., USA) [12] with
the main technical characteristics:

— infrared spectral range: from 7.5 to 14 um (long-wavelength);

— thermal sensitivity: < 0.075 °C at an object temperature of 30 °C (75 mK);

— error: +2 °C (at low temperatures) or 2%;

— degree of protection: according to GOST 14254-96 (IEC 60529): IP54.

The heat capacity of water vapor (¢, = 33.6 J/(mol-K) under normal conditions) is approximately twice lower than the
heat capacity of water (c, = 75.3 J/mol-K), which changes significantly the conditions of heat removal in the coil and
contributes to the intensification of oxidation of the surface of the steam pipe; therefore, substantial heterogeneity of the
degree of oxidation is observed along its length (Fig. 1 b). The thermal analysis results (Fig. 2) showed that the maximum
heating temperatures were fixed at the output half-turn of the coil (Fig. 1 b). The range of their values was 530-540 °C
with an absolute maximum of 541.38 °C. The average temperature values of most superheated (oxidized) half-turns were
at the level of 420-460 °C.

Taking into account the results obtained, in further studies on heat-resistant coatings to protect against oxidation of
the coil surface, it is needed to focus on the maximum temperature load of 600 °C. In this regard, it is reasonable to use



Varavka VN, et al. Aspects of Thermal Protection of Machine-Building and Power Equipment

nickel-based coatings. Ni forms the basis of most modern heat-resistant superalloys used in thermal power
engineering [13-15], and the technology of electroplating Ni is quite well developed [15-18].

When applying experimental electroplating coatings to samples of copper tubes of technical copper M2, standard
deposition modes and compositions of electrolytes containing Ni and Cr recommended by GOST 9.305 and 9.306 were
used. During the operation of the steam generator, the coating is practically not subjected to mechanical action; therefore,
it should not demonstrate outstanding mechanical properties during performance. At the same time, when applied to a
curved convex surface, internal tensile stresses are formed in the coating. As the number of working heat shifts increases,
their level grows. In this regard, the thickness of the investigated coating on the steam line should not be too large. It was
taken as the average of the recommended in the literature ranges of values for nickel electroplating coatings performing

protective and decorative functions, and was an approximate level of 20 pm.

445.8
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345.1
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244.4
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143.7
110.2
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43.0
0.0

Fig. 2. IR image of a general view of the thermal fields of a working superheater (the window of the Fluke Connect program,
the location of the coil is similar to Fig. 1 a, all values are in degrees Celsius)

To study the microstructure of coatings and the topography of their surface, dual beam (electron/ion) scanning electron
microscope ZEISS CrossBeam 340 (SEM) was used, which provides using a focused ion beam (FIB) to etch and perform
cross-sections (sections of a given configuration) of samples directly in the vacuum chamber of the microscope with high
positioning accuracy. The elemental composition of the studied surfaces was monitored using energy dispersive X-ray
detector (EDAX) of X-Max 50N (Oxford Instruments) model, built into an electron microscope.

The study of the oxidation kinetics of coatings was carried out through measuring the mass index of high-temperature
gas corrosion (weight gain of the sample as a result of heating and oxidation). To determine the degree of oxidation of
copper samples, both coated and uncoated, all samples were weighed before and after experiments at different stages of
interaction. Gravimetric studies were carried out on analytical scales of “VLR-20” brand with a weighing accuracy of 10~ g.

Results and Discussion

1. Qualitative analysis of oxidation kinetics. Properties of the chemical interaction of nickel and oxygen are
manifested in the fact that Ni forms two modifications of monoxide: a-NiO with a hexagonal lattice (below 252 °C) and
B-NiO with a face-centered cubic lattice. The transition occurs under continuous heating in the range of 250-300 °C. It
was experimentally established that when heated to 630 °C, a diffusion process ran through a thin film of NiO monoxide,
above 640 °C, a chemical process of NiO formation was established, which, when heated above temperatures of 800 °C,
could cause the formation of Ni,O3 oxide [19].

The applied aspect of using a heat-resistant nickel coating on a copper substrate was complicated by two
circumstances: the unlimited solubility of the Cu-Ni system components (Fig. 3) and the possibility of the Kirkendall
interaction effect [21, 22] at the “Ni-coating — Cu-substrate” boundary. These phenomena reduced the resistance of the
coating to oxidation due to the dissolution of copper in the coating.
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Fig. 3. Diagram of the phase states of the copper-nickel system [20]

To exclude the negative impact of these circumstances on the oxidation resistance of the coating, a combined
electroplating of the Mo-Ni-Cr system was formed on experimental copper tubular samples (puc. 4). Mo sublayer with a
thickness of about 1.5 um on the surface of the copper tube (Fig. 4 b) was formed to prevent the diffusion of Cu into the
Ni coating under long-term operation of the steam pipe due to the practically insoluble system of Cu-Mo components and
the limited solubility of Ni-Mo [20]. A layer of chromium 1.5 pm thick on the coating surface (Fig. 4 b) served as an
indicator of the oxidation process (for more information, see below). The total thickness of the coating on the experimental
samples with coatings was 12-35 um. The elemental distribution in the cross-section of the initial Mo-Ni-Cr coating
(before the experiment with sample heating) is shown in Fig. 5.

a) b)
Fig. 4. Initial MoNiC coating in cross section, SEM: a — coating with thickness markers; b — homogeneous microstructure
of the coating and hydrogen porosity at the boundary with the substrate
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Fig. 5. Color maps of the distribution of chemical elements by the depth of Mo-Ni-Cr coating, EDAX: a — general view of the
coating in cross-section (SEM); b—e — distribution of elements in general view image: Cr (b), Cu (c), Mo (d), Ni (e)

For the experimental study of the oxidation kinetics under conditions as close as possible to the operating conditions
of the steam pipe, the samples for the study were made of copper tubes with the corresponding wall thickness and
diameter (Fig. 6).

After plating with the technology that included heat treatment elements [11], the coating acquired a greenish hue
characteristic of nickel monoxide NiO. When operating the steam pipe, the coating was applied only to the outer (convex)
surface of the samples. However, in order to correctly determine the weight gain of the coating on the experimental
samples, the coating was applied on both sides.

Simultaneous heating of pure copper samples and coated samples was carried out at a fixed temperature in the range
of 350-1000 °C in SNOL 6.7/1300 (2.4 kW) furnace in air. Exposure at a given temperature was 30 minutes. For the
statistical picture of the experiment, heating at each set temperature was carried out for 5-7 samples with their separate
loading into the furnace. The selective results of the experiment are visualized in Figure 7.

From the experimental data obtained, it follows that under the conditions of the conducted heating, copper is relatively
thermally-resistant to a temperature of 300-350 °C. At these temperatures, a dense thin oxide film of brown color is
formed on the copper surface, regardless of its curvature (Fig. 7).

Fig. 6. Samples for the study of oxidation kinetics; external surfaces of reference samples of pure copper (right) and copper coated
with Mo-Ni-Cr (left), prepared for experiments

. 850 °C

- 450°
!ﬂ 750°C ’ S0°C

350°
650°C . ' ¢

Fig. 7. Comparison of the outer surface of the samples after heating to the specified temperatures: on the left — coated
samples, on the right — pure copper samples
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Fig. 8. Copper surface of the sample oxidized at a temperature of 650 °C, SEM: a — location of CuO crystals on the copper
surface; b — morphology of CuO crystallites

According to the literature data [23, 24], it appears to be two-layered: a thin sublayer of Cu,O is located on the surface
of the sample, and a layer of CuO is located outside. Due to the small thickness of the latter, the internal stresses in the
film are small. It has good adhesion to the substrate, low roughness, it does not loosen, and does not chip off the surface.
As the heating temperature increases, the growth of the outer oxide layer CuO accelerates. Already at a temperature of
450 °C, it becomes very loose and crumbles from the surface (Fig. 1 b). At the same time, a Cu,O sublayer of a
characteristic reddish hue is found under it (Fig. 7). During further heating, peeling and shedding of the CuO oxide layer
progresses — it practically does not stay on the surface up to temperatures of 650—700 °C. This, apparently, is due to the
nature of crystallization of copper monoxide: its crystallites have a strict cut close to cubic (Fig. 8 b), weak conjugation
with each other, and, most importantly, high heterogeneity of the nucleation sites (Fig. 8 a). Starting from the heating
temperatures of ~750 °C, the copper oxide film is compacted, the strength of its adhesion to the surface increases. On the
concave surface of the samples, due to compressive configuration stresses, the CuO film is strong enough or can peel off
completely from the entire surface of the sample without crumbling. At temperatures of 800-900 °C, the CuO oxide film
behaves similarly on the outer (convex) surface of the samples.

The surface of samples coated with Mo-Ni-Cr practically does not change up to a heating temperature of 750 °C.
Upon further heating above 800 °C, the coating is first covered with a film of Cr.O3 oxide having a characteristic bright
green color (Fig. 7). Then, at heating temperatures above 900 °C, the deeper layers of the coating are oxidized. Amphoteric
chromium oxide Cr,03 (Fig. 9 b) is fundamentally different in its morphology and crystallization character from CuO
copper monoxide (Fig. 8). Cr,0s oxide crystals have a characteristic polyhedron shape with a predominance of prismatic
crystallites. Due to the large dispersion of crystallites in size, they, unlike copper monoxide, form a layer on the surface
with a high packing density of crystallites.
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Fig. 9. Surface of samples coated with Mo-Ni-Cr, SEM:
a — after heating to a temperature of 650 °C; b — after heating to a temperature of 850 °C
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If, prior to the oxidation of the chromium layer (below 800 °C), the coating surface has a very weak crystallinity
character (Fig. 9a), then the appearance of Cr.O; oxide gives the surface a well-known polycrystalline
appearance (Fig. 9 b). In general, the nickel coating does not change its composition and structure by cross-section up to
a temperature of 850 °C (Fig. 10). The chemical composition of the coating surface at this temperature indicates the initial
degree of oxidation of the chromium layer. The presence of a thin layer of chromium oxide on the surface is confirmed
by the data of energy dispersion analysis (EDAX) both by the depth of the coating and by the surface. Figure 11 shows
that oxygen is concentrated in a much narrower surface layer (~1 pum) than the chromium layer (~3 pm), which
characterizes the initial stage of oxidation.

Line Scan=0ff | gnr= 2004V Signal A= SE2 System Vacuun» 496000 mon;

S Gun Vacuum 92e-10 mbar
TrackZ=On | wp= 7.5mm  |Aperture Size = 30.00um | o\p ¢ o1, Precsure = 7.828-07 mber

FI8 Lock Mags = No
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InfensDuo Mode = SE

Mag= 500X

Fig. 10. Thickness and structure of Mo-Ni-Cr coating in cross section after heating up to 850 °C, SEM

To reduce the volume of the article, the EDAX data is not provided in full. Its results show that the amount of
oxygen on the surface increases from 30 to 50 at. % due to a similar decrease in chromium concentration, which
indicates the oxidation of chromium (since the concentration of Ni does not change when heated from 650 °C to
850 °C, and the presence of Ni in the detection results is caused by the penetration of X-ray radiation through a thin
layer of chromium into the nickel base of the coating during EDAX analysis). The composition of the oxides
corresponds to the compound Cr;0:s.

a)
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12 2
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Fig. 11. Distribution of the main chemical elements in Mo-Ni-Cr coating by depth h after heating to 850 °C, EDAX:
a — coating in cross section, the scanning direction (SEM) is shown; b—d — content of elements in the scanning direction;
b — oxygen; ¢ — chromium; d — nickel

All stages of the oxidation process of the coating are shown in Figure 12. At temperatures above 800 °C, the surface
of the coating starts to oxidize, as indicated by a change in its color — the coating acquires the Kensington Green color.

a)

Fig. 12. Successive stages of oxidation of nickel coating, optical microscopy, x100: a — initial stage: germination of nickel oxide
(dark-gray precipitates) on the surface of chromium oxide (green field) at 850 °C; b — final stage:
collective phase pattern in the area of coating chip at 1,000 °C, where:
1 — chromium oxide Cr203; 2 — nickel oxide Ni2Os; 3 — copper surface (coating chip); 4 — sample edge

This color corresponds to chromium oxide Cr,Os. Already at a temperature of 850 °C, rare single formations of Ni>Os
nickel oxide can be found on the surface of the coating (Fig. 12 a, gray color), which, under further heating, gradually
increase their area occupied on the surface. As they grow, which mainly spreads tangentially to the surface, under the impact
of internal stresses, the Ni,O3 oxide film cracks and then chips off, exposing the surface of the substrate — pure copper of a
reddish hue (Fig. 12 b).

Thus, the basic result of this part of the research should be considered experimentally established temperature ranges
of permissible use of materials for the manufacture of steam pipe of steam generator. Thus, a copper steam pipe without
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coatings is operable up to a temperature of 300 °C and can only be used to generate wet (not overheated) steam. Starting
from a temperature of ~400 °C and up to ~700 °C, the CuO oxide film formed is very loose and easily crumbles from the
copper surface. At higher temperatures, the film becomes denser, thicker, and its adhesion to the copper substrate
increases. However, it is still prone to chipping during heat exchange. Its presence on the surface of the steam pipe
significantly slows down the heat removal, and the chemical reactions of high-temperature gas corrosion that continue
during heating, work in the direction of reducing the thickness of the pipe. Due to the heterogeneity of the ongoing
processes, the operation of the steam pipe under these conditions becomes unpredictable from the point of view of
emergency situations. The use of a combined electroplating of the Mo-Ni-Cr system increases the efficiency of the
steam pipe to a temperature of 750-800 °C. When the temperature reaches 850 °C, the coating starts to oxidize along
with copper. At 950 °C and above, the oxidized coating is prone to chipping, and its operation is subject to the same
risks as the copper pipe. A distinctive feature of the investigated coating is self-testing: if the heating temperature
exceeds 800 °C during operation, the surface layer of chromium turns the coating bright green and signals the danger
of overheating. The indicator layer of galvanic chrome after oxidation can be easily restored, and the operation of the
steam pipe then continues.

Quantitative analysis of oxidation kinetics

As part of the performed studies, a quantitative analysis of the kinetics of oxidation of pure copper samples and
Mo-Ni-Cr coated samples was carried out. The specific mass gain M = Am/S , observed during the heating process,

was used as a measured parameter, where Am — increase in the mass of the sample, g; S — area of the oxidized surface
of the sample, cm?. According to the qualitative analysis method described above, the experimental data of M values
were obtained during the heating of tubular samples made of pure copper and coated samples. They are presented in
Tables 1 and 2.

The Tables show the spread intervals of the data obtained for fixed values of heating temperatures (Table 1) or the
holding time in the furnace (Table 2), as well as the average value of M from each interval.

Statistical processing of the data shown in Tables 1 and 2, performed using the MathCAD application software
package, which included interpolation procedures, allowed us to obtain kinetic dependences shown in Figures 13 and 14.
The rectilinear graphs of the obtained dependences, shown in Figure 13 b in Arrhenius coordinates (—In M — 1,000/T),
characterized the parabolic law of oxidation of copper at temperatures above 350 °C and nickel — at temperatures
above 750 °C [19, 25-27].

Table 1
Experimental data on the specific mass gain of samples under furnace heating in air for 30 min
No. of Furnace Specific weight gain M, 10-° g/cm?

experiment temperature, °C Uncoated copper tube Ni-coated copper tube *

1 350 1.35+0.31 -

2 450 6.23 £1.37 -

3 550 24.73 £ 3.60 -

4 650 58.51 + 9.02 152+0.24

5 750 138.88 +17.85 4.25+0.58

6 850 241.03 £ 25.25 13.12+1.08

7 1,000 564.70 + 49.76 35.71+2.78

* minimum weight gain equal to 10 g, measured on the analytical scales, was taken for the criterion of the absence
of oxidation (dash in the Table)
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Experimental data on specific mass gain of samples at different exposure time in the air of the furnace

Table 2

Specific weight gain M, g/cm?

No. of Holding time in the Specific weight gain M, 10~ g/cm?
experiment furnace, min Uncoated copper tube at 600 °C Ni-coated copper tube at 800 °C
1 5 13.68 £ 2.02 3.03+041
2 15 29.43+4.15 5.93+0.54
3 30 35.76 £4.84 7.11+0.67
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Fig. 13. Temperature dependences of mass gain M of pure copper samples (1) and samples coated with Mo-Ni-Cr (2):

Temperature: T, K

a)

4-10*

3-10*

2-10*

Specific weight gain M, g/cm?

1-10*

0

Reduced temperature T, C: 1,000/T
b)

a — in absolute units; b — in relative coordinate system

200 400 600 800 1,000 1,200 1,400 1,600 1,800

Holding time in furnace t, s

Fig. 14. Kinetics of time variation of mass gain M of pure copper samples at 600 °C (1) and samples
coated with Mo-Ni-Cr at 800 °C (2)

1.6



Varavka VN, et al. Aspects of Thermal Protection of Machine-Building and Power Equipment

The growth of oxide films according to quadratic laws occurs with the formation of single-phase diffused zones, in
this case consisting of CuO and NiO oxides, respectively. It causes a rapid increase in the thickness of the films, the
accumulation of stresses in them, cracking and chipping. An additional contribution to the acceleration of this process
is made by the curved outer surface of the copper tube [28, 29].

Conclusions

1. The performed set of studies has shown that the combined electroplating of the Mo-Ni-Cr system is a
sufficiently effective protection of the copper steam pipe from oxidation. The coating is able to provide a long-term
operation of the steam generator up to heating temperatures of 750-800 °C.

2. Long-term heat resistance of the coating is provided by an internal Ni layer with a recommended thickness of
20-30 pm. The study of the oxidation kinetics of the coating, performed by optical and electron microscopy, energy
dispersion analysis, as well as using precision methods for determining the growth parameters of oxide films, has
shown that the nickel coating is indifferent to heating up to temperatures of 600-650 °C. In the temperature range
700-900 °C, the oxidation of the coating occurs with the formation of NiO monoxide according to the parabolic law.
At higher temperatures, oxidation progresses due to the formation of Ni»Os, oxide film, which quickly causes its
growth, cracking and chipping.

3. The combined architecture of the investigated nickel coating includes two thin layers of Mo and Cr. The Mo
sublayer with a thickness of about 1.5 pm is located on the surface of the copper tube (substrate). Its function is to
prevent the mutual diffusion of Ni and Cu at the coating — substrate interface during long-term operation of the steam
generator, since the dissolution of copper reduces the heat resistance of nickel and disrupts the performance of the
coating. The outer layer of chromium with a thickness of 2-3 pum serves as an indicator of the degree of oxidation of
the coating. The first sign of excessive oxidation of the coating is the appearance of a bright green hue on the surface
of the coating, which is associated with the formation of chromium oxide Cr,Os at temperatures >800 °C. The
overheating indicator — a layer of chromium — is easily updated and contributes to the prolongation of the life cycle
of the steam generator.
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3asenennwviii 6xk1a0 cOABMOPOS:

B.H. BapaBKa — HAY4YHOC PYKOBOJCTBO, q)OpMI/IpOBaHI/IG OCHOBHOM KOHICIIIMH, LCIN W 3aga4u HMCCICIOBaHMUA,

O6cy>K)IeHI/Ie PE3yJIbTAaTOB, IMOATOTOBKA TEKCTA, (bOpMI/IpOBaHI/Ie BBIBOJIOB.

O.B. KyﬂpﬂKOB — IJIAaHUPOBAHUEC U OpTaHU3al s SKCIIEPUMCHTOB, IPOBCACHUEC MeTaJ'IJ'IO(l)I/I?;I/I‘{eCKI/IX I/ICCHCL[OBaHI/Iﬁ,

aHaJIN3 MOJYYEHHBIX PE3YNbTaTOB, KOPPEKTUPOBKA BHIBOIOB.
B.U. I'puiiieHKO — MOJIrOTOBKA SKCIICPUMEHTAIBHOM 0a3bl, 00pa3IoB U 000pYIOBaHUSA, TEXHIUECKOE PYKOBOJCTBO

MIPOLIECCOM DKCTIEPUMEHTAJIBHBIX UCCIIEIOBAHHUM, BHIITOJHEHUE PACUETOB, 00CYKIECHUE PE3yIbTaTOB.
Konghnuxm unmepecos: aBTOpHI 3asBIAIOT 00 OTCYTCTBHN KOH(IINKTa HHTEPECOB.

Bce agmopur npouumanu u 0006punu OKOH4AMENbHBIN 6APUANI PYKONUCHU.
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