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Abstract. The authors studied the structure, properties, and corrosion resistance in different acids of the nickel-phosphorus coatings with the dispersed
silicon carbides after crystallization annealing in different modes. Crystallization onset temperatures after heating at rates of 1, 5, and 20 °C/min and
the percentage of crystalline phases formed under isothermal conditions (nickel phosphide Ni,P and nickel) were determined. It was determined
that a high microhardness of more than 1000 HV is achieved in the composite nickel-phosphorus coating with dispersed particles of the silicon
carbides also during prolonged low-temperature annealing, accompanied by crystallization with the formation of already insignificant (10 %) amounts
of Ni,P. The revealed dispersed Ni,P located both inside the grains and along the boundaries of the grains make the main contribution to the increase
in microhardness. Yield strength and tensile strength of coatings increase during crystallization annealing by only 12 — 15 MPa, and elongation drops
to zero, due to the formation of the brittle Ni,P compounds. Annealing with a short-term soaking at crystallization temperatures leads to the fact that
the silicon carbides exhibit a barrier effect. This reduces the intensity of the formation of crystalline Ni,P and corrosion resistance, while a long-
term soaking at lower crystallization temperatures forms about 70 % Ni,P, contributing to consistently high hardness and improved corrosion
resistance. Corrosion resistance of the composite Ni-P coatings with the silicon carbides, regardless of heat treatment modes, is maximum in acetic
and orthophosphoric acids at the 70 % nickel phosphide and minimum in nitric acid and its mixtures with other acids.
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AnHomayus. Cratbsi COICPKHUT HCCIICOBAHHS CTPYKTYpPbI, CBOWCTB M KOPPO3HOHHOH CTOMKOCTH B Pa3iMYHBIX KUCJIOTaX HUKEIb-POCHOPHBIX
HOKPBITUH € JUCTIEPCHBIMH KapOMIaMH KPEeMHHS 110CJIe KPUCTAIM3AIMOHHOTO OTHKHUIA 110 PA3JIMYHBIM PEXKUMaM. YCTAHOBJIEHbBI TEMIIEPaTypbl
Havajia KPUCTAIUIM3ALUH [T0CIe HarpeBa co ckopoctsamu 1, 5, 20 °C/MUH 1 IPOLIEHTHOE COACPIKAHNE 00PA3YIOIIMXCS B H30TEPMHUUECKHUX YCIOBHSIX
kpucrammyeckux das (hocduna nuxens Ni,Pu nukens). Onpeneneno, 4to BbicoKas MUKpoTBepaocTh 6onee 1000 HV pocTuraerces B KOMIIO3UTHOM
HUKENb-(POCHOPHOM TMOKPHITHA C JUCHEPCHBIMH YacTHLAMH KapOMIOB KPEMHHMSI TaKXKe IPH UTUTEIBHOM HHU3KOTEMIIEPATypPHOM OTIXKHIE,
CONPOBOXKIAIOLIEMCS] KpUCTa/UTH3alKeil ¢ oOpa3oBanueM yxe HesHauuTenbHbIX (10 %) konnuects pocduna Hukens. BoissieHHble qucnepcHble
(bochuIpl HUKEIs, pacroaralnecs Kak B Tellie, TaK U [0 TPaHHUIaM 3epeH, BHOCST OCHOBHON BKJIAJ| B IIPUpALeHHe MUKPOTBepaocTH. [Ipenern
TEKy4eCTH U PEAEII IPOYHOCTH MOKPHITUI YBETMUUBAIOTCS IPU KPUCTAITU3ALMOHHOM OT>KUre Beero Ha 12 — 15 Mlla, a oTHOCHTENnbHOE yIITMHEHUE
nasiaeT J0 HyJsl, 4To 00yCJIOBJIEHO 00pa30BaHUEM XPYIKUX coeanHeHnil Gpocduna Hukens. OTKUT ¢ HEMPOAODKUTEILHBIMU BbIICPKKAMHU TIPH
TeMIepaTypax KpUCTATM3ALUK IPUBOIUT K TOMY, 4TO KapOuabl KPEMHHS POSIBISIOT OapbepHbIid 3(h(EeKT, CHUKAsh HHTCHCHBHOCTh 00pa30BaHuUs
KpHUCTAIH4eCcKoro (pochuia HUKEIsS 1 KOPPO3HOHHYIO CTOMKOCTB, TOTIa Kak MPOIOKUTENbHbIC BBIICPIKKH TPH OoJiee HU3KUX TeMIepaTypax
kpucrammsanun popmupyror nopsaka 70 % Ni P, ciocoGcTByst cTabUIILHO BBICOKOH TBEPIOCTH M yly4lIEHHBIM [OKA3aTENAM KOPPO3HOHHOM
croiikocti. KOppo3roHHasi CTOMKOCTh KOMIIO3UTHBIX MOKPbITHI Ni-P + kapOuIbl KpeMHHs BHE 3aBHCHMOCTH OT PEKHMOB TepMOOOPabOTKH
MakCHMaJbHas B yKCyCHOM u oprodochopHoii kucnorax mpu 70 % dochuaa HUKeIs 1 MUHUMaJbHAs B @30THOM KUCIIOTE U €€ CMECSX ¢ IPYTUMHU
KHUCIIOTAMH.
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- INTRODUCTION

Chrome and nickel plating are the main types
of the metal coatings. Currently, the nickel coatings
occupy a leading position in the technological pro-
cess of protecting components [1]. Thus, the compo-
site nickel-phosphorus coatings have a significant wear
resistance [2; 3], high corrosion resistance [4 — 7], good
adhesion [8] and decorative properties [1]. A promi-
sing method of hardening and protecting compo-
nents of a simple shape is the method of laser cladding
of the nickel-based coatings, providing high tribological
properties at high temperatures (about 1000 °C) [9; 10].
Methods of obtaining coatings by supersonic electric arc
spraying are being studied and improved [11]. According
to [12; 13], the most commonly used nickel-phosphorus
coatings containing about 10 wt. % of phosphorus in
their composition are amorphous after application. A sub-
sequent heat treatment eventually transforms such coat-
ings into a crystalline state which provides the necessary
level of properties.

The composite nickel-phosphorus coatings usually
have a layered structure, in the surface layer of which
there are dispersed particles (silicon carbides, titanium,
zirconium, diamond micro-powder [15 — 18]), contribu-
ting to the increase in service characteristics. Currently,
in the manufacture of critical components used in trans-
portation of oil and gas, the composite nickel-phosphorus
coatings with the dispersed silicon carbides are being
introduced, which increase the service life of products.

The purpose of this study was to determine the phase
composition of the composite nickel-phosphorus coa-
tings with the silicon carbide particles, which provides
a high microhardness of more than 1000 HV in combina-
tion with a high corrosion resistance in different aggres-
sive media.

[ RESEARCH MATERIALS AND METHODOLOGY

We applied a double-layer 60 pm thick nickel-phospho-
rus coating (Ni-P: 30 um, Ni-P + silicon carbides: 30 pm),
or a single-layer 60 um thick Ni-P coating to a prepared
300x100 mm, 4 mm thick ground surface made of steel
grade 09G2S (EU analog: MnSi5) using the electro-
less technology with the hypophosphite ions [19; 20].
The single-layer coating composition (% wt.) was as fol-
lows: 89.32-90.15Ni; 9.71 —10.14 P; 0.10-0.22 Si;
0.15 - 0.43 Cu. In addition, we also applied the coatings
to 3 mm thick ground sheets made of stainless steel grade
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08Cr18Ni10Ti (EU analog: X6CrNiTil8-10) in an electro-
less nickel plating bath. The coatings were subsequently
separated by bending for further analysis.

We studied the crystallization of the separated coa-
tings under a continuous heating in a neutral argon atmo-
sphere at rates of 1, 5 and 20 °C/min using a Netzsch STA
449 F1 Jupiter simultaneous thermal analyzer. Then we
used the curves obtained by differential scanning calo-
rimetry (DSC) to determine crystallization onset temper-
atures and to evaluate thermal effects. Under isothermal
conditions, the samples of the nickel coatings separated
from the substrate were heat-treated according to speci-
fied conditions in a LOIP LF-15/11-G1 lab muffle furnace
in an oxidizing atmosphere.

We measured the Vickers microhardness at a 100 g
load applied to a polished surface of the samples by inden-
ting a diamond indentor on a DuraScan-50 microhardness
tester with the ECOS Workflow software. The test pro-
cedure was compliant with GOST R ISO 6507-1-2007
(ISO 6507-1:2005). The microhardness measurement
error was £35 HV. We produced flat 20x250%0.06 mm
samples of the coating separated from the substrate for
tensile testing at a 5 mm/min rate on an Instron electrome-
chanical tensile testing machine with a force of 250 kN.
Tensile strength and yield strength measurement error was
+5 MPa, and elongation measurement error was 0.1 %.

The coating resistance to extremely aggressive media
was evaluated using the gravimetric method. During
the test, the coating was immersed in concentrated acids
or their solutions for 24 h at room temperature. Before and
after the test, the samples were washed in ethyl alcohol,
dried, and weighed with a VLR-200 lab scale (0,25-1073 g
error). The coating weight loss was estimated as a per-
centage.

The structure of the initial coatings and the coa-
tings after different annealing modes was studied using
an Olympus GX-51 inverted microscope. The surface
of the prepared sections was etched for 10 s in a mixture
of concentrated nitric and acetic acids using the liquid-
drop method.

We used a Jeol JSM-7001F Schottky emission scan-
ning electron microscope with an Oxford INCA X-max
80 SDD detector for electron microscopic studies
of the structure. The instrument determines the chemi-
cal composition of individual structural components and
draws distribution patterns of different elements in them.

For X-ray diffraction studies, we used a DRON-
4-07 diffractometers (iron anode radiation) and
Rigaku Ultima IV (copper anode radiation). We applied
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Fig. 1. X-ray diffractograms of the composite Ni-P coatings with the silicon carbides annealed
at different temperatures and for different soaking time:
1 — without heat treatment; 2 — 450 °C (0.5 h); 3—420 °C (1 h); 4—-390°C (2 h)

Puc.1. lndpakrorpaMmbl KOMITIO3UTHBIX TOKPBITHIT Ni-P + KapOu/1pl KpeMHUS, OBEPTHYTHIX OTXKHUTY
MIPY pa3INYHBIX TEMIIEPaTypax U BPEMEHH BBIICPIKKH:
1 —06e3 1/0; 2 —450 °C (0,5 4); 3—420 °C (1 u); 4 -390 °C (2 u)

the Rietveld method [21] for the qualitative and quan-
titative phase analysis after optimizing the interference
peaks. The accuracy of the quantitative phase analysis
was =5 %. The sizes of the coherent scattering regions
(CSRs) were determined by the Williamson—Hall and
Halder—Wagner methods [22].

- RESEARCH RESULTS AND DISCUSSION

It was found that the coatings containing about
10 wt. % of phosphorus and about 1.0 % of the dispersed
silicon carbide particles are in an amorphous state after
application to steel substrates. The X-ray diffractograms
of such coatings that were not subjected to heat treatment
lack any interference peaks. There are only a few halos
(marked with arrows) of different intensity in a wide
range of 20 reflection angles (Fig. 1, curve 7).

Microhardness of the initial Ni-P coatings is about
400 HV. As 1 % of the silicon carbide particles are added
to the solution, it increases to 600 HV. This is also lower
than the values of 1000 HV required by the specifica-
tions [23]. After application, the strength and plasticity
properties of the coatings (refer to Table 1) are low (elon-
gation varies from 0 to 1.5 %).

Heating the nickel-phosphorus coatings leads to crys-
tallization and microhardness increase to the required
values (over 1000 HV).

Crystallization onset temperature of the composite
Ni-P coating with the silicon carbide particles is above
300 °C during a continuous heating. It largely depends on
the heating rate, while a significant exothermic thermal
effect changes insignificantly (Fig. 2).

As the samples are heated above the crystallization
temperature, the X-ray diffractograms show diffraction
peaks (see Fig. 1), indicating the formation of crystalline

phases in the coating. As our tests showed, after crystal-
lization, in addition to the SiC and Si,C; carbides, the
coating contains crystallized nickel, and precipitated
Ni,P compound. The coating structure is homogeneous
and fine-grained. The grain size is 6 — 14 um, and the sili-
con carbide particle size is 0.5 — 1.5 um (Fig. 3, a).

The crystallization of the Ni-P coating with the sili-
con carbides develops noticeably under isothermal con-
ditions at a temperature lower than during a continuous
heating. For example, it was found that the coatings on
a steel substrate contain about 10 % of Ni,P after 24 h of
soaking at 280 °C (refer to Table 2). If the temperature
or annealing time is increased, the amount of the precipi-
tated crystalline nickel phosphide reaches almost 70 %
(refer to Table 2).

Note that for the coatings containing the dispersed sili-
con carbide particles, the proportion of these particles did
not exceed 1 %. For this reason, we ignored them in the
quantitative analysis of the phase composition in the cal-
culation.

Table 1

Mechanical properties of the Ni-P coatings
with the silicon carbides separated from the substrate

Tabnuya 1. MexaHn4yecKHe CBOHCTBA OTIeJIeHHBIX
oT noj1o:kku Ni-P nokpeiTuii ¢ kap0uaamMu KpeMHHUSI

Microhardness, | Tensile strength, | Yield strength, 5. %
HV MPa MPa ’
before heat treatment
600 | 177 | 172 0-15
after heat treatment
10121080 | 189 | 187 0
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Fig. 2. DSC curves for heating in argon at the following rates:
I —1°C/min (89.1 J/g); 2—5 °C/min (87.2 J/g);
3—20°C/min (87.3 J/g)

Puc. 2. Kpussie JICK, momyueHHbIE TPH HATPEBE B aproHe
CO CKOPOCTSIMH:
1—1°C/mun (89,1 Ix/r); 2 -5 °C/mun (87,2 [Ix/r);
3 —20 °C/mun (87,3 Ax/r)

With the increase in the content of the nickel phos-
phide in the coating composition after 15 min of soak-
ing at a temperature of 390 °C, microhardness increases
from an initial 600 HV to an average of 976 HV, and to
1057 HV after 120 min of soaking, when 71 % Ni,P is
formed (refer to Table 3).

When temperature reaches 420 °C, a similar high
hardness of the samples is achieved in a shorter time.
For all soaking ranges at the specified temperature, hard-
ness is ensured with consistently obtained values of more
than 1000 HV.

As the annealing temperature reaches 450 °C, micro-
hardness is at its maximum after 30 min of soaking.
Then it decreases due to phase coagulation and phos-
phorus burnout from the surface which gets a charac-
teristic bluish hue. For a 24 h soaking period at 280 °C,
the formed structure creates the same high hardness

Table 2
SCR size, amount of crystalline nickel (Cy;),

and percentage of nickel phosphide (CNi’P) in the coating
after different heat treatment modes

Tabnuya 2. Pazmep OKP, ko1n4ecTBO KPHCTANIHYECKOTO
Hukest (Cy;) ¥ MpoueHTHOe cofep:kanue pochuaa Hukes
(CNiSP) B IIOKPBITUH 10C/Ie PA3IMYHBIX PEKUMOB T/0

Annealing mode | SCR size, nm Cyi» % CNiSP, %
280°C—-24h 13.5 89 10
390°C-1.0h 20.9 75 24
390°C-2.0h 18.7 28 71
420°C-0.5h 16.0 78 21
420°C-1.0h 15.9 34 65
420°C-2.0h 25.5 32 67
450°C—-0.5h 18.4 68 31
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HV, = 1016 (1033; 1004; 1023; 1033; 985) HV.

The coatings with a high microhardness after heat
treatment have low yield strength and tensile strength.
These values are increased by only 12 — 15 MPa. Heat
treatment makes the coatings so brittle that their plasti-
city drops to zero. Such changes in the coating proper-
ties during heat treatment are mainly due to the formation
of the brittle nickel phosphide compounds with a high
microhardness.

The phosphorus microvolume distribution chart
helped us to identify the locations of nickel phosphides.
Phosphorus in this coating is part of the Ni,P compund.
Thus, the locations of phosphorus localization indi-
cate that the nickel phosphides are located both inside
the grains and along the grain boundaries. After annealing
for 1 h at 420 °C, the nickel phosphide precipitates at all
grain boundaries. The nickel phosphides inside the grains
and along the grain boundaries are indicated by arrows
in the electron microscope image (Fig. 3, b).

The fine structure of the coatings after crystallization
annealing in different modes shows that the SCR sizes
determined by the Williamson—Hall and Halder—Wagner
methods are close. In crystalline nickel, they vary from
10 to 25 nm (refer to Table 2), while in the nickel phos-
phide they are slightly larger and range from 15 to 30 nm.
As listed in Table 2, the lower the annealing temperature
and the shorter the soaking time, the smaller the size of
the SCR formed.

Corrosion resistance of the coatings to the effects
of different aggressive media (acids and their solutions)
is the most important quality metric along with a high
hardness. It was found that the studied Ni-P coating with
the silicon carbides has the highest corrosion resistance to
acetic and orthophosphoric acids, regardless of heat treat-
ment. After daily tests, the most aggressive medium for
such coatings is nitric acid, its mixture with other acids,
or even its solution diluted with distilled water. The coat-
ings are completely dissolved in nitric acid and its solu-
tions during daily tests (Fig. 4, curve 5). On the other

Table 3

Microhardness of the Ni-P coatings
with the silicon carbides after annealing at different
temperatures and for different soaking time (1)

Tabnuya 3. MukporBepaocTb nokpbITHii Ni-P + kapouabl
KpeMHHS 1ocjIe 0TKUIa MPH Pa3IMYHbIX TeMIlepaTypax
H BPEMEHH BBIIEPKKH (T)

. Microhardness, HV.
T, min e
390 °C 420 °C 450 °C
15 976 1047 1002
30 989 1049 1061
60 1047 1062 1021
120 1057 1039 1018
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Fig. 3. Microstructure of the Ni-P coating with the silicon carbides
after annealing at 420 °C for 1 h:
a —x400; 6 — SEM, x5000

Puc. 3. Mukpoctpykrypa nmokpsitust Ni-P + kapOubt KpeMHust
nocie omxura npu 420 °C B Teuenue 1 u:
a—x400; 6 — POM, x5000

hand, the max daily weight loss duting soaking in sul-
furic acid is less and amounts to 5.3 %. The weight loss
in hydrochloric acid is 11.2 %, which is also less than in
nitric acid.

We also found a relationship between corrosion resis-
tance of the Ni-P coatings with the silicon carbides and
their quantitative phase composition. Corrosion resis-
tance is at its maximum after 2 h of soaking at 390 °C
(Fig. 4) or 1 h of soaking at 420 °C when about 70 % Ni,P
is formed. Its stability is greater than that of pure nickel
or its other compounds with phosphorus. The presence
of the dispersed silicon carbides decreases the weight loss
of the samples compared to the pure Ni-P coating [24].
The introduction of the silicon carbide as a dispersed
phase, which creates a barrier effect for the formation
of the nickel phosphides, makes it possible to achieve
the set goals with the use of a longer treatment at lower
temperatures. This also improves main service characte-
ristics of the coating such as a high microhardness and
corrosion resistance.

- CONCLUSIONS

The required 1000 HV of microhardness according
to the specifications is achieved in the composite nickel-
phosphorus coating with the dispersed silicon carbide par-

THomeps maccot, %
N
S
T

0 20 40 60 80 100 120

T, MUH

Fig. 4. Weight loss (%) vs. heat treatment period at 390 °C
for the Ni-P coatings with the silicon carbides after a 24 h exposure
to concentrated hydrochloric (7), sulfuric (2), acetic (3),
orthophosphoric (4) and nitric (5) acids

Puc. 4. ITorepst Macchl B 3aBUCHMOCTH OT BpeMmeHH 1/0 ripu 390 °C
Ni-P nokpbituii ¢ kapOugaMu KpeMHHUS TTOCIIe UX CYTOYHOI BBIACPIKKU
B KOHIIGHTPUPOBAHHBIX coJistHOM (/), cepHoli (2), yKcycHOH (3),
opropochopHoii (4) 1 a30THOI (I) KUCTOTAX

ticles during a long-term low-temperature annealing with
crystallization and the formation of insignificant (10 %)
amounts of nickel phosphide.

The revealed dispersed nickel phosphides formed
during crystallization and located both inside the grains
and along the grain boundaries make a main contribution
to the microhardness increase.

A max corrosion resistance of the coatings to differ-
ent acids combined with a high microhardness is achieved
at a high (70 %) nickel phosphide content. Its amount
increases with the increase in annealing temperature or time.

With a significant increase in microhardness of the coa-
tings from the initial 600 to the required 1000 HV after
crystallization annealing, yield strength and tensile strength
increase by only 12 — 15 MPa, and elongation drops to zero
due to the formation of brittle nickel phosphide compounds.

Heat treatment of the Ni-P coatings with the silicon car-
bides forms a homogeneous, fine-grained structure with
a grain size of 6 — 14 um and the SCR size of 10 — 25 nm
in nickel, and 15 — 30 nm in the nickel phosphide.
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