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Abstract

Various surface protection technologies, in particular, electrochemical, are used to increase the wear and
corrosion resistance of steels and alloys. Composite electrochemical coatings (CEC) technology is more
promising than "pure” galvanic coatings. Application of CEC increases the wear, corrosion and fatigue failure
resistance of metals. Nickel often is chosen as a CEC matrix because it easily forms uniformly filled defect-free
composite structures with many particles of the dispersed phase (DP).

Physical and mechanical properties of metal coatings determine practical application of such
composition. The characteristics of nickel-based CEC are: high hardness and strength, significant corrosion
resistance in atmospheric environment, as well as in alkali and mild acidy environments. An effective
composition coating with tribological designation can be CEC Ni-B, received in the process of electrolysis from
suspension of amorphous boron in nickel electrolyte. A new composite structure of matrix filled type Ni-NizB is
formed after heat treatment. Composition and structure of coating is determined by regimes of diffusion
annealing. Ni-B coatings increase wear resistance of steel in chlorine-based environments. The influence of low-
temperature thermal treatment of Ni-B CEC on steel 09Mn2Si on their tribocorrosion behavior is investigated. It
is shown that the structural factor has a decisive influence on the efficiency of such friction pairs. The CEC has
the least wear and the most positive compromise electrode potential after vacuum annealing at 450°C, when the
initial stage of solid-phase interaction of coating components with the formation of Ni-NizB occurs.

Key words: composition electrochemical coating, low temperature thermal treatment, tribocorrosion,
friction coefficient.

Introduction

Various surface protection technologies, in particular, electrochemical, are used to increase the wear and
corrosion resistance of steels and alloys. Composite electrochemical coatings (CEC) technology is more
promising than "pure” galvanic coatings. Application of CEC increases the wear, corrosion and fatigue failure
resistance of metals. Nickel often is chosen as a CEC matrix because it easily forms uniformly filled defect-free
composite structures with many particles of the dispersed phase (DP). Nickel-Boron CEC is an effective
composite coating for tribotechnical application. It is obtained by electrolysis of a suspension “amorphous boron
- the nickel electrolyte” [1]. A new composite structure Ni-Ni3B of matrix-filled type is formed in the process of
subsequent thermal treatment (TT) [3,4]. The composition and structure of composite are determined by the
diffusion annealing parameters. The wear resistance of steels with Ni-B CEC after TT at 900... 1000°C increases
by 1.5... 3 times compared to solid galvanic chromium or diffusion boride coatings [4]. It is due to formation of
Ni3B boride grains with high microhardness (9... 12.5 GPa). It is shown, that Ni-B CEC in the initial state also
increase the wear resistance of steels under conditions of corrosion and mechanical wear in chloride-containing
environments, but the effect is smaller due to increased electrochemical activity of solutions [5,6].
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Ni-B coatings after low-temperature TT can also be promising for surface protection of alloys [7, 8].
Therefore, the aim of the work was to investigate the influence of low-temperature thermal treatment parameters
on the structure, hardness and tribocorrosive behavior of Ni-B CEC on steel 09Mn2Si.

Materials and research methods

Preliminary preparation of steel 09Mn2Si samples was performed according to the requirements [9]. CEC
Ni-B was precipitated from a suspension of amorphous boron in the sulfate chloride electrolyte of nickel plating
at a cathode current density of 5 A/dm2, temperature 40...45°C and hydrodynamic electrolysis regimes,
recommended in [10]. Sodium dodecyl sulfate was used as an anti-pitting agent and suspension stabilizer. The
thickness of the coatings was 45...50 pm, and the boron content in them was 4.8 ... 5.2 wt.%. Samples with
coatings were annealed in vacuum at temperatures of 200, 300 and 450°C for 2 h. X-ray diffraction analysis of
the coatings was performed on a DRON-3M diffractometer in Cu-Ko radiation. The parameters of the fine
structure (the size of the coherent scattering regions, the magnitude of the microdeformation and the dislocation
density) were calculated by the method of approximation of the expansion of the diffraction line profile (111)
and (222) [11]. Electron microscopic studies of the coatings were performed on a scanning electron microscope
EVO-40XVP (Carl Zeiss) with an X-ray microanalysis system INCA Energy. The microhardness of the coatings
was determined on a microhardness tester PMT-3M. Tribocorrosion studies of coated samples were performed
according to the scheme rotating disk—counter-body in the form of a segment (block) on the SMC-2 test rig at a
contact load P = 280 N. The sliding speed was 0.67 m/s, the test time was 1 h. Coatings were applied to the
cylindrical surface of the "disk" specimens made of steel 09Mn2Si. Counter body - "pad" of steel IIIX 15
(100Cr6), HRC 60...63. Electro-insulating coating was applied to the non-working surfaces of the disks.
Working environment - glycerin with the addition of 10% NaCl (pH = 5.9). The change in the electrode potential
of the friction pairs was measured using a chlorine-silver reference electrode. Measurements of the friction
moment were performed with a non-contact inductive sensor mounted on the shaft of the installation. Electrical
signals (mV), from the measurement of these parameters, were transmitted to an analog-digital device and
simultaneously recorded by a personal computer with a recording step of 0.2 s. The wear of the samples after the
tests was determined gravimetrically with an precision + 0.0001 g.

Results and discussion

Structure and microhardness of CEC after TT. Thermal treatment significantly changes the properties of
CEC. TT is carried out to increase adhesion to the substrate material, to do partial dehydration and to reduce the
level of residual stresses. TT is even more effective for CEC Ni-B, because annealing is accompanied by
diffusion interaction of components with partial or complete dissolution of boron particles in the matrix and the
formation of solid solution and nickel borides. In addition, the newly formed structural components occupy a
larger volume in the matrix, than the dispersed particles in the initial state. Therefore, TT is an additional factor,
that increases the content of the reinforcing phase in the coating. Electrochemical deposition without TT does not
provide optimal volumetric filling of the matrix by the dispersed phase (30... 50%) to ensure high tribotechnical
characteristics. CEC Ni-B, obtained by the above modes of electrolysis, have significant filling of the matrix
with boron particles and their uniform distribution in the layer (Fig. 1a). Only diffraction lines of nickel are
presented on the coating diffraction pattern. The absence of boron lines - indicates the amorphous state of its
structure (Fig. 1 b).

The dislocation structure of the electrodeposited coating is formed in the presence of inclusions. Stress
fields of inclusions are an effective barrier to dislocation displacement and cause higher (50... 60%)
microhardness of CEC, compared to "pure" nickel coating (Fig. 2). The hardness is affected by effect of
dispersed hardening of the matrix by boron particles. The hardness also depends on crystal structure, due to the
new conditions of crystallization in the electrolyte suspension. The stress state of the CEC is evidenced by the
results of diffractometric studies of fine crystal structure parameters. The magnitude of lattice microdeformation
and dislocation density increase 1.6 and 4 times, respectively, compared to values for galvanic nickel, and
substructure block sizes decrease from 54... 57 to 30 ... 32 nm.

Low-temperature thermal treatment of nickel and composite coatings causes similar structural changes.
Kinetics of these process is different, therefore development and the degree of conversion at certain temperatures
occur differently. A polygonized structure with 50... 70% higher microhardness is formed after the heating of
the nickel coating at 200... 230°C, due to the migration of point and linear defects to the grain and subgrain
boundaries. The lattice microdeformation decreases after annealing at a temperature of 300°C, due to
annihilation of dislocation, and the size of subgrain blocks increases to 94 nm, which affects the decrease in
microhardness. When the heating temperature exceeds 360°C, recrystallization transformations start in nickel.
Corresponding changes of fine structure cause a significant decrease in hardness [11,12].

The inclusion of boron particles in the CEC slows down the relaxation processes at the stage of pre-
recrystallization annealing at 200... 300°C. Slight change in the parameters of the fine structure is observed. In



36 Problems of Tribology

contrast to the nickel coating, the size of the substructure blocks increases to only 33... 34 nm, the
microdeformation of the lattice decreases from 1.5 107 to 1.2 - 1073, and the density of dislocations - from
0,29-10'2 to 0.24-10'? sm™ after annealing of the CEC at 300°C. Heating within 400... 450°C determines the
initial stage of solid-phase interaction of components, which is confirmed by the results of differential-thermal
[12] and X-ray diffraction methods of analysis (Fig. 1 d). The development of the interaction between boron
particles and the nickel matrix, which is carried out by the type of reaction diffusion, leads to a marked change in

the microstructure of the coating (Fig. 1 c).
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Fig.1. Microstucture (a, c) and X-ray diffraction patterns of CEC Ni-B in initial state (a, b)
and after thermal treatment at 450°C (c, d)
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The highly developed and branched surface of boron particles in the initial state gradually acquires more
rounded shapes, framed by newly formed boride zones. It is due to the diffusion of boron atoms into the adjacent
volumes of the Nickel matrix. Stresses are removed insufficiently, the high level of microdeformation remains,
the sizes of blocks increase insignificantly. X-ray diffraction analysis showed a significant amount of NisB
phase. It is the main reason for the increase in the microhardness. The coating, obtained after this mode of TT is
significantly different from pure nickel coating (Fig. 2).
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Fig.2. Microhardness of CEC Ni-B after the different thermal treatment parameters. (1) — without TT; after TT: (2) -
200°C; (3) — 300°C and (4) — 450°C. The minimum and maximum values of microhardness are given

Tribocorrosive behavior of CEC. Changes in the electrode potential and friction coefficient (Fig. 3 a, b)
during frictional interactions in pairs “steel - Ni-B CEC after different TT” in glycerol + NaCl were studied. Test
stages: | - 0... 600 s - contact of friction pairs occurred through a layer of work environment, without load, Il -
600... 1200 s friction pairs in contact, III - 1200... 5000 s load is applied, IV - 5000... 6000 s friction pair is
unloaded (Fig.3 a, b). The compromise electrode potential is the most positive in the friction pair “steel - CEC-
Ni-B after TT at 45001C (E = - 235 mV) (Fig. 3 a), and the most negative - without TT (E = - 370 mV). The
coefficient of friction is the lowest in the first case =~ 0,005 (Fig.3 b), and the highest - in the last = 0.018. The
electrode potential in the friction pair “steel - CEC-Ni-B after TT at 300°C is E =~ - 300 mV, and the coefficient
of friction changes randomly from 0.005 to 0.008 during the tests.
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Fig.3. General changes of mixed electrode potential (a) and friction coefficient (b) of friction couples steel - CEC Ni-B
in the environment of glycerin + 10% NaCl at the contact loading 280 N. Friction couples — CEC Ni-B without
thermal treatment (1), after vacuum annealing at 300°C (2) and 450°C (3)
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After unloading, the electrode potentials of the friction pairs “steel - CEC Ni-B after TT at 450°C” and
“steel - CEC Ni-B without TT” became more negative. This indicates, that the friction surfaces are in the
activated state for some time after the test. The values of the compromise electrode potential of the friction pair
“steel - CEC Ni-B after TT at 300°C” do not change after unloading and are at the same level for some time.
Wear resistance of CEC without TT is the worst, after TT at 300°C is slightly better, and after TT
at 450°C is the best (Fig. 4).
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Fig.4. Wear of the friction pairs “steel - CEC Ni-B”, load 280 N. CEC Ni-B: (1) — without thermal treatment, after
vacuum annealing at 300°C (2), and 450°C (3)

Toporaphy of friction surfases CEC Ni-B after tribocorrosin investigations was analysed. Cracks
were found on the surface of the CEC without TT. Working environment penetrates through cracks during
friction (Fig. 5 a), and galvanic pairs are formed between CEC and base steel. Oxide films are absent and
stresses increase at the places of friction contact. It is sufficient for the development of
shift processes and accumulation of the defects with the subsequent formation of surface and near-surface
cracks. The growth and propagation of cracks ends with the separation of individual fragments of the
coating.

In addition, significant areas of plastic deformation were also found on the surface. Such
morphological changes in the structure of CEC without TT are due to the frictional interaction of the
contact surfaces in an aggressive environment and leads to a significant shift of the electrode potential
towards the negative values.
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There are no microcracks of friction surfaces of Ni-B CEC after TT at 300°C. Scores occurs mainly due
to insufficient volume content of boride grains. The low hardness of the coating facilitates plastic deformation of
the friction surface (Fig. 5 b). Defects in the structure are accompanied by a simultaneous shift of the
compromise electrode potential toward negative values and an increase in the coefficient of friction at the local
time intervals of the test.

Scores are practically not detected on the friction surfaces of Ni-B CEC after TT at 450°C, when the
initial stage of solid-phase interaction of coating components with the formation of Ni-NizB occurs (Fig.5 c).
The friction process is stable, as it is evidenced by changes in the values of the compromise electrode potential
and the coefficient of friction.

Conclusion

The influence of low-temperature thermal treatment of Ni-B CEC on steel 09Mn2Si on their
tribocorrosion behavior is investigated. It is shown that the structural factor has a decisive influence on the
efficiency of such friction pairs. The CEC has the least wear and the most positive compromise electrode
potential after vacuum annealing at 450°C, when the initial stage of solid-phase interaction of coating
components with the formation of Ni-NizB occurs.
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Xoma M., Mapaapesuu P., Bunap B., Bacuais X., Kopaabuuk 0. BniiuB TepmiuHoi 00podku Ha
TpHuOOKOPO3iiiHi BaacTHBOCTI KOMIO3UTHUX MOKPUTTIB Ni-B

Jns migBUINEHHS 3HOCOCTIMKOCTI Ta KOpO3iiHOI CTIMKOCTI cTayieil i CIUIaBiB 3aCTOCOBYIOTHCS Pi3Hi
TEXHOJIOTIT 3aXWUCTy IIOBEPXOHb, 30KpeMa, eNEKTPOXiMiyHi. TEeXHOJOris KOMIIO3UTHUX €JIEKTPOXIMIYHMX
nokpurtie (KEII) € Gibl MepcrneKTUBHOK, HiX «YHCTI» ranbBaHiuHi nokputTs. 3acrocyBanns KEII miaBuirye
CTIHKICTh METaJiB JI0 3HOCY, KOpO3ii Ta BTOMHOTO pylHyBaHHs. Hikenb 4acTo BHOMpPalOTh B SKOCTI MaTpHIIi
KEII, ockigbKu BiH JIETKO YTBOPIOE PIBHOMIPHO 3amOBHEHI Oe3feeKTHI KOMIO3WUTHI CTPYKTYpPH 3 BEIUKOIO
KUTBKICTIO YaCTHHOK quctepcHoi dazu (D).

@Di3uKo-MeXaHi9HI BIACTUBOCTI METAICBHX ITOKPUTTIB BH3HAYAIOTH IMPAKTUYHE 3aCTOCYBAHHS TAKOTO
ckiany. Xapakrepuctukamu KEIT Ha OCHOBI HiKeIIO €: BHCOKAa TBEPHICTh i MIIHICTh, , a TaKOX KOpO3ilHa
CTIMKICTD B JIy’)KHUX Ta CIAOKOKHCIHX cepeloBHINax. EQEKTHBHAM KOMITO3HIIHHUM ITOKPUTTSIM 3 BHCOKHMH
TPUOONOTIYHUMH BIACTHBOCTAMH € KOMIIO3HIiiiHE enekTpoximiune mokputts Ni-B, orpumane B mpoieci
SJIEKTPOII3Y 13 cycneHsii aMop(pHOTO 3 Cyab()aTXIOPUIHOTO EIEKTPOIITY HIKEIIOBaHHS 32 KaTOXHOI I'yCTHHH
crpymy 5 A/nm?, temneparypu 40...45°C. BcTaHOBJIEHO, IO MC/s TEPMidHOi 0OpOOKM (POPMYEThCS HOBa
KOMIIO3UTHA CTPYKTypa 3 HamoBHeHOK Marpuiiero tumy Ni-NisB. IMokpurts Ni-B cyTTeBo migBHIIyOTh
3HOCOCTIHKICTh CTadi B cepeloBHInax 3 xjopuaamu. JlocmimkeHo Tpubokoposiiiny moeeainky KEIT Ni-B y
BUXIJTHOMY CTaHi Ta Micsl HU3bKOTEMIIEpaTypHOI TepMiuHOT 00poOKku. [TokazaHo, 0 CTPYKTYpHU#T (pakTop Mae
BUpIMMaNEHUA BIUIMB Ha edekrtuBHiCTh Takux map TepTsa. KEII Ha oCHOBI HiKelr0 Mae HaWMEHIIWH 3HOC i
HaWOUTHIINI TO3UTHBHUNA KOMIPOMICHUH €JIEKTPOAHUI MOTEHIIaN Micis BakyyMHoOro Binmamy mpu 450°C, 3a
SIKOTO BiZIOYBAETHCSI MOYATKOBA CTa/isl TBep10(ha3HOI B3a€MO/IiT KOMIIOHEHTIB MOKPUTTS 3 yTBopeHHsAM Ni-Ni3B.

Kaw4oBi ciioBa: KOMITO3UINHHE eNEKTPOXiMiYHE TOKPHUTTA, HiKelb, OOp, CTPYKTypa, TBEpIICTb,
HU3BKOTEMIIEpaTypHa TEPMOOOPOOKa, TPUOOKOPO3isi, KOSQIIiEHT TepTs



