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Galvanic alloy coatings Fe-Mo (W) and Fe—Mo-W were deposited from citrate bath
based on Fe (lll) using both direct and pulsed current on substrates steel 8 and grey cast
iron GC 18. It was shown that the alloying components content, their distribution on the
surface, morphology and topography of the coatings are depended on the electrolysis mode.
It was established that the functional properties of the binary and ternary alloys of iron
(corrosion resistance, microhardness, antifriction et al.) exceed parameters of the substrate
and are predetermined by the composition, structure, material and surface roughness.
Keywords: iron alloys, refractory metals, electrochemical synthesis, functional properties,
direct current, pulsed electrolysis, citrate electrolyte, corrosion resistance, frictional prop-
erties, wear resistance.

AnexTpoautudeckue NoKpeiTusa crnasamu Fe—Mo (W) u Fe—Mo-W moxyuenst us murpar-
HOTO »iexTpoauTa Ha ocHoBe Fe (lll) B raabBaHOCTATHYECKOM M HMIIYJIBCHOM PEMXUMAaX Ha
HOIJOMKEax us cranu 3 u ceporo uyryna CU 18. Ilokasano, 4To comepiKaHue JErupyoIinx
KOMIIOHEHTOB, WX PAacOpeesieHHe II0 IIOBEPXHOCTU, Mopdosorus m romorpadus IOKPBITHAI
B3aBHUCAT OT PEXXHMA HAHECEHHUS. ¥ CTAHOBJIEHO, YTO (DYHKIIMOHAJABHBIE CBOMCTBA OMHAPHBIX U
TEPHAPHBIX CILIABOB iKeje3a (KOPPO3SHMOHHAA CTOMKOCTb, MHKPOTBEPIOCTH, AHTU(PUKIIMOH-
Hble M AP.) IPEBBIIIAIT HOKA3ATENN IIOLJIOMKKNA U IIPELOIPeLeNAI0TCI COCTABOM, CTPYKTYPOI
MaTrepuaga U IIePOX0BATOCTHIO IIOBEPXHOCTH.

dynruionaapHi BJIACTHBOCTI 6araTOKOMIIOHEHTHHUX TaJbBaHIYHHMX CILIABIB 3ajiza 3
moxai6genom i Boasdpamom. I.B.Kaparyprui, M.B.Bedv, M. JJ.Caxnenrxo, [.FO.€pmonenro,
C.I.310ano8a, 3.1.Koaynaesa.

Enexrponiruuni moxkpurrsa cmiaaBamu Fe—Mo (W) i Fe-Mo-W ogepsxano 3 murpaTHOrO
enexrpousity Ha ocuoi Fe (Ill) y ramspBamocraruumomy Ta IiMOyJIbCHOMY peRuUMaX Ha
migrmagkax 3i crami 3 ta ciporo wapymy CY 18. Ilokaszamo, 1110 BMiCT JeryoUMxX KOMIO-
HeHTiB, IX POB3MOAIN B3JOBK IOBepxHi, Mopdosoriag i Tomorpadis MOKPUTTIB 3ajeKaTh Bif
peKUMy HaHeceHHsA. BcTaHoBieHO, 1m0 QYHKI[IOHANBHI BAACTUBOCTI OiHApHMX 1 TepHAPHUX
cmaBiB sasisa (Koposifina cTifikicTs, MiKpoTBepzAicTh, aHTHOPUKIiHI TolT0) 00yMOBIEHI
CKJAJOM, CTPYKTYPOIO MaTepiasy i HIOPCTKICTIO MOBEpPXHi.

© 2015 — STC "Institute for Single Crystals”

1. Introduction

Properties of the working surfaces of
machines and mechanisms parts and ele-
ments determine their reliability and dura-
bility. In this regard, the search for effec-
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tive ways to improve the physico-mechanical
properties and corrosion resistance of con-
struction metals and alloys is going on.
The working characteristics of the mate-
rials can be effectively enhanced by super-
position of thin layer electroplatings of cer-
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tain purpose. The technological simplicity
of the process with small amount of mate-
rial, the possibility of forming systems that
are difficult to obtain by chemical or metal-
lurgical ways, as well as the variation in
coating properties depending on the nature
of codeposited components determine the
expediency and the prospect of their use in
industry.

Currently, the electrochemical technolo-
gies of metal plating by binary and ternary
alloys of iron with chromium, nickel, cop-
per, tungsten, titanium and other metals
become widespread [1]. Such alloys are char-
acterized by absence of internal stress, high
deposition rate, a wide range of applied
thickness, good adhesion to the base metal,
as well as higher indexes of wear and corro-
sion resistance in aggressive environments.
In this case elimination of the drawbacks,
that are inherent to the electroplating iron,
is explained by implantation of the alloying
components.

Choice of the alloy components for elec-
troplating is based on a wide experience in
the use of the alloy steels and dependences
of their functional properties on the compo-
sition [2]. That is why the implantation of
molybdenum and wolfram in the iron-based
coatings predictably will enhance the
physico-mechanical properties (microhard-
ness, wear resistance) and corrosion resis-
tance of the alloy obtained.

Currently, for formation of the binary
coatings the ammonium citrate electrolytes
based on Fe (ll) are used [8—5]. However, the
resulting coatings are characterized by ex-
iguous content of the alloying components
at low current efficiency, and electrolyte
are characterized by short time stability,
that have been explained by occurrence of
the side reactions like oxidation of Fe (ll) to
Fe (lll) by atmospheric oxygen as well as in
the anodic process and intense evolution of
hydrogen from the acidic electrolyte. Be-
sides, the presence of ammonium ions in the
solution requires additional activities of
wastewater purification and the working
personnel safety.

A number of studies [6, 7] shown the
feasibility of using the citrate complex elec-
trolytes based on Fe (III) salts for iron co-
deposition with molybdenum and tungsten.
Due to eliminating of the side reactions the
increasing of molybdenum content in the bi-
nary Fe—Mo alloy and current efficiency [8—
12] in comparison with the known electrolytes
based on iron (II) [4, 5] became possible.
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The aim of this work was to study the
influence of composition and morphology on
the functional properties of electrochemical
coatings of multicomponent alloys Fe—-Mo
(W) and Fe-Mo-W, deposited from citrate
electrolytes based on Fe (lll) in the gal-
vanostatic and pulse modes on mild steel
substrate and cast iron.

2. Experimental

The coatings were formed on substrates
of steel 8 and cast iron GC 18, surface pre-
treatment of which was performed by the
standard technique [13].

The coatings were deposited from electro-
lyte of the following composition, mol-dm™3:
Fez(SO4)3 — 0.1...0.15; N32M004 —
0.06...0.08 and/or Na,WO, — 0.04...0.06;
Na3C|t — 0.2...0.3; N32804 — 0.1; H3BO3
— 0.1. The acidity of the electrolyte was
adjusted with NaOH or H,SO, and was
maintained in the interval pH 3.0...4.0.
Working solutions were prepared from
chemicals of reagent grade and distilled
water.

Electrosynthesis was carried out in two
modes: galvanostatic mode at the current
density i 8.0...6 A-dm 2; and pulse mode by
varying the amplitude of the unipolar cur-
rent 3.5...6 A-dm 2, pulse duration ton
5...10 ms and pause duration toff
10...20 ms, at the temperature 20...25°C.
The anode was a plate of stainless steel
AISI, the ratio of the cathode to anode area
was 1:10. To form the coatings in the gal-
vanostatic mode stabilized DC power source
B5-47 series was used. Pulse electrolysis
was carried out at the laboratory complex,
which includes a potentiostat PI-50-1.1 with
programmer PR-8 and a computer equipped
with a card for automatic on-line data reg-
istration with the specially designed pro-
gram to digitize the measurement results.

Efficiency of the electrode process (cur-
rent efficiency, C,) was determined by
gravimetric method considering the electro-
chemical equivalent of the alloy [14]. Thick-
ness of the resulting coatings was calcu-
lated from the actual increasing of the sam-
ples weight during the electrolysis.

Chemical composition of the coatings was
examined by X-ray photoelectron spectros-
copy using energy dispersive spectrometer
INCA Energy 350. The surface morphology
was evaluated from the images obtained
using scanning electron microscope (SEM)
ZEISS EVO 40XVP registering secondary
electrons (BSE) during scanning the pat-

Functional materials, 22, 2, 2015
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projection

Fig. 1. Morphology and mass concentration (o, %) of alloying elements in Fe—-Mo (a), Fe-W (b),
Fe—Mo-W (c) coatings obtained by stationary (a, b, c) electrolysis and unipolar pulsed current (a’,
b’, ¢). Temperature was 25°C, pH of the electrolyte was 38...4, deposition time — 80 min. Magnifi-

terns by electron beam. Evaluation of sur-
face roughness of the formed electrolytic
alloys was performed using scanning probe
microscope AFM NT-206 (probe CSC-37 can-
tilever B, the radius of the probe rounding
was 10 nm) by the contact method on a
sample with 10x10x2 mm3 size. The phase
composition of the coatings was studied by
X-ray structural analysis. The surveys were
performed on DRON-2.0 diffractometer in
the emission of iron anode.
Physico-mechanical properties of the ob-
tained coatings were evaluated according to
metallographic studies of the sections. The
quality of adhesion to the base metal was
established by polishing methods using pol-
ishing paste based on chromium oxide, the
bending angle of 90° and heating up to the

Functional materials, 22, 2, 2015

temperature 150...200°C, followed by cool-
ing in air.

Microhardness Hu was measured using a
PMT-3 microdurometer with a diamond
pyramid under load of F = 50 g and 100 g.

Studies of antifriction properties of the
coating were performed on serial friction
machine 2070 SFM-1 by the scheme "disc-
shoe” in the load range of 0.2...1.0 kN at
sliding speed of 1.3 m-s~1.

Corrosion tests were carried out in the
model media of different acidity: 8 % so-
dium chloride solution (pH 7) and 1 M so-
dium sulphate solution at pH 3 and 11. The
base metal and the coating corrosion rate
were determined by the polarization resis-
tance technique analyzing the cathode and
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Fig. 2. 3D-surface maps and cross sections of Fe—-Mo (a) Fe-W (b), Fe—-Mo-W (¢) coatings. Scanning

area AFM 5x5 um.

anode polarization dependences in semi-
logarithmic coordinates [15].

The corrosion resistance of the coatings
was evaluated by deep parameter of corro-
sion k;, (mm - year 1), that had been calcu-
lated as:

ky=8.7T6 - k, - i,/ (1)

where £, electrochemical equivalent of
alloy, kg-C™1; i,,. — corrosion current den-
sity, A-m~2; p — density of the alloy, kg-m™3.
Electrochemical equivalent k£, and den-
sity p of the alloys were determined consid-
ering their quantitative composition [14].

3. Results and discussion

The performed studies confirmed the possi-
bility of obtaining regular light shining low
porosity coatings of Fe alloys with Mo and
W from the electrolytes based on iron (III)
both in galvanostatic mode and by non-sta-
tionary electrolysis [9]. The composition and
quality of the coating, as well as process
efficiency (current efficiency) depend on the
ratio of the alloying salts in the electrolyte,
pH and temperature, as well as on the elec-
trolysis mode [10]. It was reported in [8,
11] that binary galvanic alloys based on
iron contains up to 40 wt. % Mo or W and
up to 60 wt. % summary Mo+W — in the
ternary ones (on metal phase).

184

Analysis of composition and morphology
of the formed electroplatings shows that be-
sides the main components (Fe, Mo and/or
W) (Fig. 1), the coatings also contain a cer-
tain amount of oxygen due to adsorption of
oxygen from air.

Thus it is necessary to state the irregu-
lar distribution of the alloy components on
the surface of the coatings that was ob-
tained in the direct current mode: increased
metal content was indicated on the projec-
tions of the relief and increased oxygen con-
tent — in the depressions. Such concentra-
tion profile was caused by several reasons:
at first, the increased current density at the
projections of the coating ensured its en-
richment of metals, whereas in the depres-
sions complete reduction of oxometalates
was difficult at low current densities so,
consequently, the intermediate oxides of re-
fractory elements may include in composi-
tion of the sediments. Secondly, the adsorp-
tion/desorption and diffusion processes as
well as chemical stages of the surface com-
plexes dissociating, that complicating the
hole electrochemical alloying process, oc-
curred with a wittingly greater flow rate on
the relief projections but in the depressions
oxoforms of the electrolyte components may
remain. The coatings, been obtained from
electrolytes of similar composition but in
the pulsed mode, had more uniform compo-
nents distribution on the surface, and also

Functional materials, 22, 2, 2015
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contained lower amount of oxygen (Fig. 1a’,
b’, ¢’), that could be explained by elimina-
tion of the mentioned above limitation in
the pause period and features of the alloys
electro-crystallization in non-stationary
electrolysis conditions [10].

Increasing pH up to 5.0...6.0, when
monooxometalates MO,42~ (where M = Mo,
W) dominate in the electrolyte composition
and higher content of alloying elements in
the alloy should be provided by facilitating
their discharge in comparison with con-
densed forms (M2072‘ et al.), did not lead to
the desired effect. On the contrary, oxygen
content was significantly increased and the
stability of the electrolytes and current effi-
ciency were noticeably reduced
(50.0...60.0 %), the quality of the coatings
was greatly getting worse: cracks appeared,
the coating parts exfoliated from the base
metal due to the low adhesion. This oc-
curred because of the increasing of the hy-
drolysis rate and formation of Fe (lll) hy-
droxo-forms in the indicated pH range and
their inclusion in the alloys composition [8,
11].

It should be noted that the Fe-W coat-
ings ceteris paribus were more intense and
had greater number of the defects (cracks,
blisters) with a tendency to exfoliation that,
apparently, was determined by the ratio of
atoms radius of the codepositioned metals
and the phase structure and in general was
characteristic for the electrolytic tungsten
alloys [16].

Evaluation of the electrolytic alloys sur-
face topography (Fig. 2) allows concluding
that the coatings, been deposited in the gal-
vanostatic mode as well as obtained by no
stationary electrolysis, had grain size from
70...100 nm to 0.2...0.5 um. The surface of
Fe-Mo (Fig. 2a) and Fe—Mo-W (Fig. 2c¢) al-
loys was characterized by presence of ag-
glomerates of spherical grains nanometer
range, that was a feature of amorphous
structure of the material, whereas the Fe—W
coatings had expressed fine-crystalline sur-
face morphology with the large grain sizes
(Fig. 2b). Investigation of the phase com-
position of electroplating of iron with mo-
lybdenum and tungsten confirmed different
materials structure. X-ray diffraction pat-
terns of the Fe—Mo (Fig. 3a) and Fe—Mo-W
(Fig. 8b) coatings on the steel substrates
were identical. Only system of o—Fe diffrac-
tion lines was detected on them. Further-
more, quite broad halo (width at half maxi-
mum was about 10°) at angles of 26 ~ 57°
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Fig. 3. X-ray diffraction patterns of Fe—Mo
(a), Fe—-Mo-W (b) and Fe-W (c¢) coatings on
substrate of steel 3.

was found, that was indicated on the amor-
phous structure of Fe-Mo and Fe-Mo-W
coatings. Results of the phase composition
analysis of these alloys were in agreement
with the data obtained by a number of other
researchers [7, 15, 17], and allowed us to
suggest that the amorphous alloy structure
predetermines improvement of their physico-
mechanical properties and the low level of
internal stresses.

At the same time two systems of diffrac-
tion lines, those were corresponding to the
phases with body-centered lattice, that were
characteristic for alloying components, were
visible on the diffraction patterns of the
Fe—-W coating on the steel 3 (Fig. 3¢). One
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Table. Corrosion indicators of tested materials

Fig. 4. Microhardness of Fe—Mo (W) and Fe—
Mo-W coatings, formed on substrates of steel
3 and cast iron GC 18.

system of more narrow lines o—Fe (base
metal) and the second system were corre-
sponded to the solid solution of tungsten in
oa—Fe.

The phase composition of the Fe-W coat-
ing in view of sufficiently high (up to
25...30 wt.%) content of tungsten in the
alloy obtained predetermine the high level
of the internal stress, and as a consequence,
tendency to cracking and poor adhesion to
the base metal.

Study of corrosion resistance of the Fe—
Mo (W) and Fe-Mo-W coating confirmed the
increased chemical resistance of these alloys
in all environments studied in comparison
with the base metal (steel 3) (Table), that
was quite predictable experimental confir-
mation of the working hypothesis forming
the basis for synthesis of the alloys. Im-
provement of the corrosion resistance of the
alloys mentioned above in acidic medium
and in presence of CI~ should be empha-
sized; this effect was provided by the pres-
ence of the alloying components (Mo and W)
in the coating composition, that increasing
the resistance to pit corrosion as well as the
tendency to passivity. Physical-mechanical
properties of the coatings were evaluated by
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pH Corrosion Fe—Mo coating Fe-W coating |Fe-Mo-W coating| Substrate Steel
indicators No. 3
3 E..V -0.25 -0.24 -0.26 -0.62
kj,, mm/year 0.038 0.040 0.039 1.85
7 E..V -0.87 -0.35 -0.32 -0.56
kj, mm/year 0.04 0.039 0.039 0.93
11 E.»V -0.36 -0.037 -0.34 -0.43
kj, mm/year 0.028 0.028 0.028 0.12
0,15
)
0
[S) |
£ 010
(0]
8
c
2
£ 005
0,00
cast Fe-Mo Fe-W Fe-Mo-W

iron
Fig. 5. Friction coefficients of gray cast iron sub-
strate and Fe-Mo (W) and Fe-Mo—W coatings.

the quality of adhesion with the base metal,
indexes of microhardness and friction coef-
ficient. It was found that the electroplating
of Fe with Mo and W alloys, obtained in the
proposed electrolysis modes, have high ad-
hesion to the base metal and maintain it in
mechanical (flexural, polishing, a cross-sec-
tion followed by grinding) and temperature
(heating up to 150-200°C ) effects.

The microhardness of the electrolytic
coatings of iron with refractory metals on
the steel 3 in 2.5...3.0 times higher, and for
coatings on cast iron GC 18 — in 3.0...3.5
times higher than that of substrate (Fig. 4),
and Hu of tungsten-containing alloys natu-
rally increases the characteristics of Fe—Mo
coatings. Investigation of the friction co-
efficient f;. and the tendency of conjugated
materials to scuffing with stepwise loading
shown that ffr of investigated coatings in
3.0 to 4.0 times less comparing to these
parameters f, iron (Fig. 5), that indicates
the high anti-friction properties of the coat-
ing. The experimental data on the micro-
hardness and anti-friction properties ob-
tained were in full agreement with the re-
sults obtained by other researchers [18].

Thus, complex of the corrosive and
physico-mechanical properties of the Fe—Mo

Functional materials, 22, 2, 2015
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(W) and Fe-Mo-W alloys electroplating al-
lowed us to consider them as perspective
materials in technologies of iron and mild
steel parts hardening, as well as in the re-
pair manufacturing in recovery of worn sur-
faces.

4. Conclusions

Uniform shiny coatings of Fe—-Mo (W) and
Fe—-Mo—-W alloys on substrates of steel 3 and
cast iron GC 18 were obtained in gal-
vanostatic and pulse modes from citrate
electrolytes based on Fe (lll). The influence
of the electrolysis modes and pH of the elec-
trolyte on the alloying components content,
morphology and topography of the surface
electrolytic alloys were noted. Use of the
unipolar pulse current allows obtaining
more uniform in composition and morphol-
ogy coatings with decreased amount of non-
metallic inclusions and with increased con-
tent of molybdenum and tungsten in the
valloys. It was found that the Fe-Mo and
Fe—Mo—W coatings had amorphous structure
with smaller grain size, while the Fe-W
coatings represented the solid solution of
tungsten in iron and had more expressed
crystalline structure. The phase composition
of the alloys and significant content of the
alloying components predetermine the
higher physical-mechanical properties and
corrosion resistance of the materials. The
corrosion rate of these coatings in all corro-
sive environments tested was lower, and mi-
crohardness from 2.0 to 3.5 times higher
than these of the material of the base (mild
steel, cast iron). The coatings had high ad-
hesion to the base metal and better sliding
characteristics comparing to the cast iron.
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