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This study aims to develop medium P (MP, 6 wt%) and high P (HP, 11 wt%) Ni-P-ZrO5 nanocomposites on F22
steel substrate using an original lead-free and surfactant-free solution and to quantitatively relate nanocomposite
characteristics to microhardness improvement and corrosion resistance. Incorporation, dispersion and distribu-
tion of the nanosized reinforcing phase were evaluated quantitatively by coupling Scanning Electron Microscope
(SEM) imaging acquisition with original procedure for image processing and analysis. X-ray Diffraction (XRD)
analysis revealed that nanoparticles introduction does not alter microstructure, which remains amorphous for HP
and nanocrystalline for MP. Significant differences in particles distribution are found between MP and HP
nanocomposites, which are induced by the difference in plating rate of the two formulations. Faster growth of MP
(~35 pm/h) associates with greater enveloping capability, with higher incorporation and agglomeration phe-
nomena that result in non-uniform microhardness across the thickness. Conversely, the slower growth of HP
nanocomposites coatings (=20 pm/h) relates to lower but uniform incorporation and good dispersion of the
reinforcing nanoparticles. Effective dispersion strengthening was observed for nanoparticles concentration up to
13.5 g/1. Microhardness increase by >25 % was achieved for both MP and HP coatings. The combined effect of
nanoparticles incorporation level and their agglomeration was systematically studied and a mathematical model
was implemented. It was demonstrated that strengthening effectiveness depends on both the amount of
embedded nanoparticles and the mean size of agglomerates, following a bi-liner relation that reliably predicts
experimental microhardness. Potentiodynamic corrosion test revealed that introduction of ZrO, nanoparticles
enhance corrosion resistance of both MP and HP coatings. The presented hardening strategy for Ni-P coatings can
be an efficient solution for midstream and downstream applications in the oil&gas industry, in order to increase
service-life of components in contact with both wearing and corrosive media.

1. Introduction

Electroless Ni-P coatings find wide application at industrial scale to
protect engineering components from environmental attack [1,2]. In the
energy production sector, mild steel is extensively used as structural
material because of its good machinability, mechanical strength, weld-
ability, toughness and cost-effectiveness. Yet, typical operating envi-
ronments of the oil and gas industry are rich in contaminants and erosive
agents, which lead to surface degradation and accelerated failure. To
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extend service life of components, thick metal or alloy coatings are
applied to improve wear and corrosion resistance. Historically, these
coatings were produced through the easy and cost-effective electrode-
position of hard chromium from acidic Cr(VI) solutions, but their use
was recently restricted for environmental and health concerns [3]. An
environmentally-friendly alternative is offered by the newly proposed Cr
(III) solutions, but resulting coatings are often below 10 pm in thickness,
thus unsuitable for functional applications that require thicker coatings
[4,5]. Another common protective approach involves applications of
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hard coatings by thermal spray (e.g. Co-, Fe- or Ni-based cermet coat-
ings, NiCr-Cr3Cp, TiC-based compositions, etc.) [6,7]. Despite the
remarkable anti-corrosion and anti-erosion properties of these coatings,
thermal spray methods are costly and, being a line-of-sight process,
deposition is precluded on poorly accessible internal cavities and non-
visible surfaces.

In this panorama, electroless Ni-P coatings have nowadays gained
attention thanks to their excellent wear and corrosion resistance,
hardness and solderability [8-10]. The electroless plating process in-
volves the controlled reduction of metal ions onto a catalytic substrate
by a reducing agent in solution, without requiring external current. This
enables the production of dense, uniform, and conformal coatings on
any surface in contact with the plating solution, regardless of shape or
geometry [11].

Microstructure of Ni-P alloys depends on phosphorus content: low P
(1-5 wt%, LP) results in crystalline structures, medium P (6-9 wt%, MP)
produces mixed amorphous-crystalline, and high P (10-13 wt%, HP)
leads to completely amorphous structures [12-14]. Corrosion resistance
improves with higher P content, while hardness increase is linked to the
crystalline structure typical of lower P content [15,16].

When the expected applications are particularly demanding, hard-
ness and tribological properties of the coatings can be enhanced by the
introduction of hard second-phase particles, which hinder the fast
propagation of dislocations in the ductile Ni matrix by dispersion
hardening [17]. Second phase inert particles can be easily embedded in
the coating during the electroless process, since they are readily
dispersed in the plating solution. According to the model proposed by
Ger et al. [18], particle incorporation proceeds through a multi-step
mechanism: (1) inert particles are transferred from the bulk solution
towards the substrate by means of forced convection, (2) they are
loosely adsorbed onto the cathode surface and, (3) given sufficient
residence time, they are irreversibly incorporated into the growing Ni-P
matrix. Mechanical properties of the composite coating are strongly
influenced by particles size and incorporation level [19-21]. The use of
finely dispersed nanoparticles, which can be easily kept in suspension,
can aid their adsorption onto the substrate and incorporation within the
growing coating. Strengthening induced by nanoparticle introduction
can be explained by two mechanisms: (i) load bearing effect of the
reinforcement; (ii) hindering of dislocation motion by Orowan mecha-
nism [22-24]. As extensively studied by Zhang et al. [25,26], the Oro-
wan mechanism's contribution to strengthening increases with
decreasing reinforcing phase size and effective improvement of me-
chanical properties is expected when well dispersed nanoparticles are
incorporated in the coating. Consequently, several researches were
focused on synthesizing nanocomposite coatings reinforced with various
ceramic nanoparticles such as SiC [27-30], SigN4 [31,32], Al,O3
[33-35], TiOy [36-38], TiN [39,40], HfC [41].

Among the proposed compounds, ZrO, stands out as a promising
reinforcing phase due to its toughness, strength, hardness, and chemical
resistance [42]. Additionally, high ¢-potential of ZrO, allows the easy
preparation of well-dispersed and stable suspensions, making it an ideal
candidate for manufacturing of nanocomposite coatings [43]. State-of-
the-art analysis demonstrates that approaches based on modification
with zirconia holds promise in various applications [44-50]; however,
some co-deposition challenges hinder its standardization. First, effec-
tiveness of reinforcement is strongly affected by nanoparticles quantity
and dispersion (i.e. size of agglomerates). These parameters are crucial
for the optimization of coating properties, but their assessment is not
straightforward. Second, it is difficult to obtain nanocomposite coatings
with satisfying dispersion and distribution of the reinforcing phase
without using surfactants, but introduction of additives can affect
coating characteristics in terms of composition, properties, internal
stresses and microstructure [51-53], making it difficult to opportunely
control coating properties.

A potential approach for quantitative evaluation of particle incor-
poration utilizes quantitative image analysis (QIA). Initially introduced
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in the context of Ni-P composite coatings by Bozzini et al. [54], QIA
enables particle identification through compositional contrast differ-
ences between the matrix and the reinforcing phase. Consequently, its
applicability has often been limited to particles giving high contrast
level with the Ni-P matrix. Examples include Al,03 [55-59], SiC
[21,60,61], WC [62], SigN4 [63], BN [64], Diamond [54,65], and Ag
[59].

Identification of a versatile technique to quantitatively assess both
nanoparticle incorporation and dispersion is of utmost importance in
determining coating properties. To the authors knowledge, a method for
enhancing QIA's applicability and evaluating the combined effect of
these two microstructural features is still not available in literature.

This work focuses on the manufacturing of Ni-P-nanoZrO» coatings
using an original surfactant-free solution and aims to quantitatively
relate particle incorporation and agglomeration to microhardness
improvement and corrosion resistance (without the influence of any
additive). To do this, a novel and versatile routine for image processing
and analysis was developed, capable of identifying nanoparticles with
low compositional contrast with the NiP matrix. Thanks to this new QIA
approach, MP and HP coatings with different concentrations of ZrO,
nanoparticles were manufactured and the amount of incorporation,
dispersion and distribution of the nanosized reinforcing phase were
quantitatively evaluated to provide an objective assessment of nano-
composite features. A new mathematical model was implemented to
correlate the proposed nanocomposite parameters to strengthening,
thus providing a method for the choice of deposition parameters that
help maximizing hardness improvement. Eventually, potentiodynamic
polarization tests were then conducted on optimized coatings to clarify
the effect of P content and ZrO, introduction on the corrosion behavior.

2. Materials and methods
2.1. Coating preparation

Square-shaped specimen made of ASTM 182 F22 steel with square
shape, measuring 15 mm x 15 mm x 3 mm, served as the substrates for
the experimental activity. Chemicals from Sigma Aldrich (Merck KGaA)
were used without additional purification. Surface pre-treatment was
done following the ASTM international designations B 183-79, B 322-99,
and B 733-97. As first step, substrates were immersed in a NaOH solution
(1 molar concentration) at 80 °C for 10 min, to remove any residual of
machining lubricants and liquids for storage. Second, sandblasting was
performed using corundum (mesh 80) as abrasive material, in order to
remove contaminants, increase surface roughness and promote deposi-
tion. Last, samples were activated with a 50 vol% diluted solution of HCL
37 wt% by immersion for 1 min at room temperature. This step gua-
rantees the removal of any oxide residual that may hamper deposition
by reducing the exposed autocatalytic surface. Each cleaning step was
followed by rinsing in deionized water.

Electroless solutions were prepared using a lead-free recipe, where
concentration of reagents was varied according to the amount of

Table 1
Composition of the plating solutions for deposition of MP and HP coatings.
Compound Function MP (g/1) HP (g/D)
Sodium hypophosphite Reducing agent 70 110
Sodium acetate Buffer 15 20
Citric acid Chelating Agent 6 9
Nickel sulphate Source of Nickel 12 25
Thio-organic compound Stabilizer 5 ppm” 8.5 ppm”
Nano-ZrO, Reinforcing phase 0 (MP) 0 (HP)
4.5 (MPZ-1) 4.5 (HPZ-1)
9 (MPZ-2) 9 (HPZ-2)
13.5 (MPZ-3) 13.5 (HPZ-3)

# The stabilizer was added by liquid solution (1 mol/kg) and respecting the
quantity in ppm.
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phosphorus to be deposited. Detailed composition of the plating baths
for the MP and HP depositions is reported in Table 1. According to the
proposed recipes, MP and HP solutions produce Ni-P coatings with a P
content of ~6 wt% and ~11 wt%, respectively. P content was evaluated
from EDS analysis on selected cross-sectional areas centered at half of
coating width and comprising 80 % of total thickness. Electroless plating
was carried out at 90 °C in a beaker under magnetic stirring and constant
control over temperature. Before immersing the substrates, solutions
were heated to the deposition temperature using an IKA™ RET Control-
Visc hot plate equipped with an external temperature sensor. Pre-
heating is necessary to guarantee correct activation and uniformity of
the process. pH value was set to 4.2 and monitored using a METTLER
TOLEDO™ Seven Excellence pH-meter model S400, equipped with pH
sensor InLab® Viscous Pro-ISM.

Commercial ZrO, nanoparticles, with a particle size ranging between
50 and 100 nm, were supplied by IoLiTec (Ionic Liquid Technologies
GmbH, Heilbron, Germany) and used without any further purification.
The SEM micrograph of as-purchased nanoparticles is reported Fig. 1(a).
Mean size of nanoparticles was measured by Dynamic Light Scattering
(DLS) using the Plus 90 instrument supplied by Brookhaven. Mean
diameter is 74.9 nm and nano-ZrO; particle size distribution is shown in
Fig. 1(b). Powders were added to aqueous solutions to get a final con-
centration of 4.5 g/1, 9 g/1 and 13.5 g/1. Such range of concentration
(4.5-13.5 g/1, average size ~ 75 nm) was selected to obtain a specific
surface area of nanoparticles in solution comparable to those providing
the best results (1-8 g/1, average size 5-35 nm), according to literature
state of the art [46,47,50,66,67]. To promote dispersion, nanoparticles
suspensions were sonicated with Elmasonic S 30 (H) ultrasonic bath
with ultrasonic frequency of 37 kHz and ultrasonic power effective of 80
W for at least 15 min. Sonicated suspensions were added to the plating
solution 10 min after beginning of deposition, to avoid any activation
issue. Plating time was 90 min for both standard and nanocomposite
coatings using a bath loading of 55 ml/cm?. Characteristics of all the
produced samples are summarized in Table 2, MP and HP coatings with
increasing concentration of nano-ZrO, are addressed as MPZ-1, MPZ-2,
MPZ-3 and HPZ-1, HPZ-2, HPZ-3, respectively.

2.2. Coating characterization

Surface morphology, thickness and composition of the coatings, as
well as nanoparticles dispersion and distribution, were determined by a
FEG-SEM Tescan Mira3 (Tescan, Brno, Czech Republic) equipped with
Edax Octane Elect EDS system detector (Edax/Ametek inc.) for energy-
dispersive X-Ray spectroscopy (EDS); Edax Team v.4.5 software was
employed for the elementary analysis. Samples were prepared for cross
sectional analysis by mounting in epoxy resin, cutting with a linear
precision saw with BCN cutting disc and polishing with SiC papers (grit
from P400 to P1200) and water-based diamond suspensions (from 9 pm

o~

b)

Number of nanoparticles (%)
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Table 2
Coating characteristics. MP and HP coatings with increasing concentration of
nano-ZrO, are addressed as MPZ-1, MPZ-2, MPZ-3 and HPZ-1, HPZ-2, HPZ-3.

Sample P content (Wt%) n-ZrO, in plating solution (g/1)
MP ~6 % /
MPZ-1 ~6 % 4.5
MPZ-2 ~6 % 9
MPZ-3 ~6 % 13.5
HP ~11 % /
HPZ-1 ~11 % 4.5
HPZ-2 ~11 % 9
HPZ-3 ~11 % 13.5
to 1 pm).

X-ray diffraction analysis (XRD) was performed with a Philips X'Pert
diffractometer (PANalytical BV, The Netherlands), operating at 40 KV
and 40 mA with CuKal radiation, with scan range of 20-80° (20), feed
step of 0.02° and acquisition time of 2 s. The microstructural charac-
teristics of standard and nanocomposite coatings were investigated as a
function of phosphorus and nanoparticle incorporation and the crys-
tallite size was calculated using Scherrer's equation [68]:

0.941
" Bcos(0)’

@

where A is the wavelength of the radiation used, p is the half-maximum
width and 6 is the position of the main peak. No correction for instru-
mental broadening was made.

The presence of through the thickness cracks and defects induced by
coating growth stress was investigated by the Ferroxyl reagent test
(ASTM B689-97). The test is designed to detect iron contamination on
the surface of components and it is based on the reaction of potassium
ferrocyanide with iron is a strongly acid medium: the iron dissolves in
the strongly acid medium as Fe?* to form a blue complex that can be
easily detected by visual analysis. During the test, a filter paper is
moistened with some drops of the Ferroxyl solution and placed on the
surface of the coated samples: if a blue coloring becomes visible, some of
the solution managed to reach the steel substrate, revealing the presence
of through-the-thickness porosities or cracks.

2.3. Image processing and analysis

Nanoparticles concentration in the coating and their dispersion were
determined acquiring cross sectional SEM images and analyzing them
with an original procedure for image processing and analysis imple-
mented in MATLAB (v. 2021b, The MathWorks Inc.). The main steps for
recognizing ZrO, nanoparticles from the surrounding NiP matrix are
listed below and presented in Fig. 2:

40

20 30 40 50 60 70 80 90 100 110 120 130 140
Diameter (nm)

Fig. 1. SEM micrograph of as-purchased ZrO, nanoparticles (a) and particle size distribution measured by DLS (b).
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Fig. 2. Main steps of the image processing and analysis routine for the identification nanoparticles: (a) ROI selection from the original SEM image; (b) application of
the Gaussian filter and sharpening; (c) binarized image where black regions represent particles and scratches; (d) image after filtering of scratches; (e) routine output,
with red spots corresponding to nanoparticles superimposed on the SEM micrograph; (f) EDS map of Zr element.

1. The region of interest (ROI) is selected from the SEM picture
(Fig. 2a);

2. A 3 x 3 Gaussian filter is applied to remove small scale noise and a
sharpening procedure is performed to enhance definition of nano-
particles (Fig. 2b);

3. Image is made binary according to a proper color threshold in the
grayscale: nanoparticles, which appear darker in the original image
thanks to the compositional contrast of BSE acquisition, turn black
and are easily identified from the NiP matrix, which turns white
(Fig. 2¢);

4. A critical aspect of step 3 is that polishing scratches originated from
the metallographic preparation are often deep and the darker areas
of topological contrast cannot be differentiated from the composi-
tional contrast of ZrO,. To overcome this limit, the last step involves
application of a filter that differentiates black areas according to
their aspect ratio. Scratches, which are characterized by a more
elongated shape, are removed and only nanoparticles are left in black
for analysis (Fig. 2d).

The routine output is reported in Fig. 2e, where red spots corre-
sponding to ZrO, are superimposed on the original SEM picture to

demonstrate the good matching. As a comparison, Fig. 2f shows Zr
distribution detected by EDS map: Zr signal is present all across the
coating, but only bigger particles or agglomerates can be precisely
identified due to the relatively low spatial resolution of EDS, which is
commonly limited to 1 pm for Ni-P specimen at accelerating voltage of
15-20kV [69]. Conversely, nanoparticles can be precisely recognized by
the image analysis routine, whose resolution corresponds to the one of
BSE-SEM image acquisition.

Increased flexibility of the proposed method makes QIA applicable to
a wider range of particles, including those giving low contrast with the
matrix. Moreover, step 4 of the routine increases reliability of results,
which are made independent from possible artifact or defects that
originate from the preparation of samples. The precise identification of
the reinforcing phase allows assessment of the fundamental nano-
composite features, namely the percentage of incorporated nano-
particles, calculated as the ratio between the total area of nanoparticles
and the area of the ROI, and the particle size distribution of the
embedded reinforcement. This last parameter, when compared to the
mean size of purchased nanoparticles, is representative of agglomera-
tion: the ratio between measured particle size and mean size (75 nm)
provides the average number of agglomerated particles. The combined
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effect of these two parameters on coating hardness was investigated with
a mathematical method based on experimental data fitting procedures.

2.4. Microhardness

Microhardness of the coatings was evaluated according to ASTM
E384-11 using a Leica VMHT (Leica GmbH, Germany) with a Vickers
diamond indenter under a load of 50 gf and indentation time of 15 s.
Distance between two indentations was >50 pm and measurements
were performed on cross-sections. Coating hardness was investigated for
the as-coated samples with different phosphorus content and different
concentration of ZrO, nanoparticles. Results on each of the examined
regions report the average value and standard deviation of at least
twenty repeated measurements.

2.5. Potentiodynamic polarization test

Influence of P content and ZrO, introduction on the corrosion
behavior of samples was studied by potentiodynamic polarization
technique with a three-electrode system, according to ASTM G59-97
standard (as indicated by specification B733-04) [70]. Three-electrode
setup consisted of the specimen with unit exposed area as the working
electrode, saturated standard calomel electrode (SCE) as the reference
electrode and platinum mesh as the counter electrode. Tests were per-
formed at 20 °C in open air in a cell containing 3.5 wt% NaCl solution
using a PARSTAT 3 potentiostat/galvanostat (Princeton Applied
Research) with scan rate of 0.1666 mV/s within the potential range of
—0.200 V to +0.450 V with respect to the Open Circuit Potential (OCP).
Samples were immersed in testing solutions 30 min before starting
analysis and OCP was measured for 1800 s. The Tafel extrapolation of
polarization curves was used to determine the corrosion potential (Ecorr)
and corrosion current density (Icor). Polarization resistance R, was
measured using Stern-Geary simplified equation [71]:

ﬁa'ﬁc

? T 230310 (By-Be)’ ?

where f, and f. are the anodic and cathodic Tafel slopes, respectively.

(b)
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3. Results and discussion
3.1. Morphology and phase composition

Surface morphology of MP and HP coatings reinforced with different
concentration of nano-ZrOs are showed in Fig. 3. Both unreinforced and
nanocomposite coatings exhibit the classical nodular morphology of
electroless Ni-P coatings, with smaller nodular size for HP coatings. It is
known that, during coating formation, phosphorus tends to gather at Ni
grain boundaries, and both microstructural and morphological features
depend on P content [72]. Smaller nodules of HP coatings form as a
consequence of the higher P amount, that limits growth of Ni grains and
increases the number of nucleation sites. In addition, nanoparticles
introduction also plays a role on morphology and both MP and HP
nanocomposites are characterized by a more refined nodular structure
respect to their standard counterpart. This might be caused by the
incorporation of the nanosized reinforcing phase, which limit lateral
growth of the single nodules, as also reported elsewhere [47,73].
However, no particular difference in nodular size was detectable from
top view images of nanocomposite coatings reinforced with difference
concentration of nano-ZrO, (Fig. 3b, ¢ and e, f). This is in contrast with
the results report by Sliem et al. [48], where a progressively more
refined structure was observed for increasing concentration of
nanoparticles.

XRD studies reported in Fig. 4 confirm that coatings containing
higher quantity of phosphorus are characterized by an amorphous
profile. A single broad peak corresponding to Ni (111) is located at an
angular position ranging between 35 and 55° and the calculated average
crystallite size below 2 nm. This value can only be considered as qual-
itative and it indicates that HP coatings have an amorphous micro-
structure, which originates from the Ni lattice distortion induced by the
high amount of P atoms situated in interstitial positions [74-76].
Conversely, the quantity of phosphorus contained in MP coatings (=6 wt
%) is only sufficient to create small pockets of amorphous nickel,
resulting in a nanocrystalline structure. Initial Ni (200) and Ni (220)
peaks can be identified from MP and MPZ-3 spectra and average grain
size, calculated by the Scherrer formula, is approximately 2.7 nm for
both particle-free and nanocomposite. Grain size measurements strongly
agree with those reported in literature for coatings with comparable P

(©)

Fig. 3. Surface morphology of different NiP coatings: (a) bare MP (b) MPZ-1, reinforced with 4.5 g/1 of nano-ZrO,; (c) MPZ-3, reinforced with 13.5 g/1 of nano-ZrO,;
(d) bare HP; (e) HPZ-1, reinforced with 4.5 g/1 of nano-ZrO,; (f) HPZ-3, reinforced with 13.5 g/1 of nano-ZrO,.
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Fig. 4. Comparison between XRD spectra of standard and nanocomposite
NiP coatings.

amounts [27,68,77]. The only difference between particle-free and
nanocomposite coatings is given by the additional peaks located at 20
positions 28.2° and 31.5° and corresponding to ZrO,, which indicate the
presence of nanoparticles. This suggests that incorporation of the rein-
forcing phase does not alter microstructure of the NiP matrix, as simi-
larly reported by other authors after incorporation of different types of
particles [12,27,78]. MP nanocomposites show relative higher intensity
of ZrO, peaks compared with HP ones and an additional small peak at 26
position of 34.3° can be identified. This suggests an incremented co-
deposition of nanoparticles, despite the same concentration in the

(a)

Intensity (a.u.)

20 40 60 80
20 (deg)
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plating solution. This effect will be further discussed in the next para-
graphs. Fig. 5 shows a comparison between XRD spectra of HPZ-1 and
HPZ3 (a) and MPZ-1 and MPZ-3 (b). The produced nanocomposites
share the same diffraction pattern, with relative intensity of the ZrO2
peaks that decreases for decreasing concentration of nanoparticles in the
plating solution.

No peaks that can be attributed to the substrate are identified in the
analyzed XRD spectra and all samples are successfully tested negative to
Ferroxyl reagent test, indicating the absence of through-the-thickness
defects that could prejudice both corrosion resistance and mechanical
properties.

3.2. Cross section analysis

HP coatings are characterized by a lower thickness compared with
coatings with medium phosphorus content, despite the same deposition
time (90 min). Slower plating rate of HP deposition is mainly attributed
to the lower amount of NiSO4 present in the plating solution (—45 wt%
compared to MP formulation). The decreased concentration of nickel
salt is a key factor for increasing the content of co-deposited P, but the
lower amount of Ni®* jons available for reduction also corresponds to a
dramatically slower deposition [79]. Nevertheless, this is not considered
a limitation since specific thickness requirements can be easily met by
varying the deposition time. Mean thickness of standard and nano-
composite coatings, measured directly from SEM images, are reported in
Fig. 6: nanocomposite coatings present comparable or higher thickness
respect to bare Ni-P coating, indicating a higher deposition rate. In MP
nanocomposites, a slight increase in plating rate can also be observed
with increasing concentration of ZrO, nanoparticles in the bath. A

Deposition time: 90'

60 56.7
50.8 0

-~
£50
=
N’
)
% 40
2
=30 28.7 29.0
H I

20

$ ~23

D oad 4 4 a2 af
&(\) «23(\) @Q‘\) Qs(\) ﬁé‘) QS(‘)

Fig. 6. Thickness of MP and HP coatings with different amount of nano-ZrO,
addition in the plating solution after 90 of deposition.

(b)

Intensity (a.u.)

20 40 60 80
20 (deg)

Fig. 5. XRD spectra of HPZ-1 and HPZ3 (a) and MPZ-1 and MPZ-3 (b) showing the decreasing intensity of ZrO, peaks according to the decreasing concentration of

nanoparticles in the plating solution.



G. Pedrizzetti et al.

similar increase in the plating rate upon addition of nanoparticles in the
plating solution was observed by several other authors [80-82]: the
large surface area of nanoparticles, that are easily adsorbed and co-
deposited in the nucleating NiP layer, may enhance surface activity
and increase the number of nucleation sites that are catalytically active
for deposition, thus increasing the rate of deposition [17,83].
Conversely, the thickness of HP coating remains barely constant irre-
spective of the amount of nanoparticles in the plating bath. Such
different behavior might be explained by the generally slower plating
rate of HP coating, equal to ~20 pm/h, compared with MP ones, which
grow with ~35 pm/h rate: the globally lower number of active nucle-
ation sites of HP deposition and the higher concentration of stabilizer in
the plating solution probably decreases the surface activity [84,85], so
that the effect of nanoparticles on plating rate becomes hardly evident.

Low energy back-scattered electrons (LE-BSE) cross sectional SEM
micrographs of HP and MP standard and nanocomposite coatings rein-
forced with different concentration of nano-ZrO; are reported in Fig. 7.
EDS analysis confirms that 6.4 + 0.35 wt% and 10.8 + 0.35 wt% of P is
present in MP and HP coatings, respectively, and panels of Fig. 7 show
effective embedding of ZrO, within the coatings (only EDS of MPZ-2 and
HPZ-2 samples is reported, but they are representative of all MP and HP
nanocomposites). Due to the very small size of particles and the low
compositional contrast between the NiP matrix and ZrO», it is difficult to
precisely individuate the reinforcing phase from unprocessed LE-BSE
SEM images and EDS maps. Nevertheless, three observations can be
readily done: (i) a lower concentration of nanoparticles in the plating
solution corresponds to a lower level of incorporation into the matrix for
both MP and HP coatings; (ii) a higher amount of nanoparticles is
embedded in MP coatings respect to HP ones for any concentration of
ZrOy in the plating solution; (iii) nanoparticles are not uniformly
embedded across the thickness, with higher concentration of particles
localized near the substrate, especially for MP coatings. To better
explain observation (iii), Fig. 8 shows MPZ-3 (a) and HPZ-3 (b) coatings
divided into three different regions, addressed as inner, near the sub-
strate, central and outer. It is evident that a high quantity of agglom-
erated particles is present in the inner region of MPZ-3 coating and the
amount of embedded nano-ZrO, progressively decreases towards the
outer region. A more uniform distribution can be observed in HPZ-3
coating, even though the quantity of embedded nanoparticles seems
considerably lower.

The quantitative analysis of the amount of nanoparticles (expressed
as a fraction of area, A%) embedded in the NiP matrix of each coating as
a function of the distance from substrate is reported in Fig. 9. As ex-
pected, a different initial concentration of nanoparticles in the plating
solution corresponds to a higher A%. In fact, a higher availability of
nanoparticles close to the substrate allows a more efficient entrapment
in the forming matrix [77]. Nevertheless, a steep decrease in the
incorporation yield can be registered for all MP nanocomposites after
formation of the first 10-15 pm of the coating. Conversely HP nano-
composites are characterized by a more uniform distribution of nano-
particles across the thickness, with only a small decrease in the
incorporation level in the outer region. This different behavior cannot be
ascribed to the consumption of suspended nanoparticles in the plating
solution since the embedded amount in all coatings is of the order of
milligrams, which is much lower than the availability in the plating
solutions (order of grams). The decrease in A% of particles along with
coating growth for MP nanocomposites can be partially explained by the
formation of clusters in the plating bath. Typically, particles in the
plating solution are covered by an ionic cloud and are transported to the
substrate by means of convection and diffusion and naturally tend to
agglomerate due to their extremely large surface energy [86]. This fact
cannot be avoided completely by stirring and, as the deposition pro-
ceeds, agglomeration takes place to decrease the global free energy of
the system. Agglomeration in the plating solution leads to both
agglomeration of the reinforcing phase in the coating and a reduced
yield of incorporation, since the entrapment adhesion of bigger clusters
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is lower [87-89]. This interpretation is confirmed by the steeper
decrease in incorporation registered for MPZ-3 coatings, which pre-
sented the higher concentration of nanoparticles in the plating solution
(i.e. the lower mean distance between suspended particles that increases
their chance to agglomerate). Several authors dealt with the problem of
agglomeration and resorted to the use of surfactants to enhance particle
dispersion [43-45]; yet, the use of surfactants or additives are known to
affect characteristics and properties of the produced coatings (e.g.
composition, internal stresses and microstructure [43,66,90-92]) and it
was chosen to not use them in the present work.

The phenomenon discussed above is only partially appliable to HP
nanocomposite coatings, which exhibit a completely different trend of
the amount of nano-ZrO, along the coating thickness compared with
MP. Indeed, they show a considerably lower amount of nanoparticles
embedded within the NiP matrix and a more uniform distribution across
the thickness. Given that nanoparticles concentration within the plating
solution is the same, the difference can only be imputable to the bath
formulation, that is known to highly affect the deposition process and
the coating characteristics [11,19,77]. The difference between MP and
HP plating baths can be expected to influence the rate of incorporation,
as can be verified by comparing the plating rate curves reported in
Fig. 10. Considering that the electroless co-deposition process involves
the impingement and settling of nanoparticles onto the surface of the
sample and their subsequent entrapment in the metal layer as it is
deposited, a faster forming NiP matrix guarantees a higher level of
incorporation. The faster rate of MP deposition implies a superior
enveloping capability and a shorter residence time is sufficient to embed
the reinforcing phase. The slower growth of HP coatings is only capable
of entrapping small clusters, giving quantitative smaller but more ho-
mogeneous distribution of the reinforcement across coating thickness.
The progressive decreasing of highly dispersed nanoparticles, therefore,
also explains the slight decrease of A% observed only in the outer region
of HP nanocomposites coatings.

For the sake of clarity, it must be remarked that the image analysis
process allows identification of the area occupied by nanoparticles as a
fraction of the total area of the analyzed cross section. However, ac-
cording to Sahagian and Proussevitch [93], when the aspect ratio of
embedded particles is close to unity, the 2D area fraction can be assumed
to be equal to the 3D volume fraction.

The similar amount of nanoparticles present in the outer region of
MP and HP coatings, regardless of the initial concentration in the plating
solution, also explains the similar morphology observed, respectively,
all the three types of MP and HP nanocomposites, which exhibited
comparable size of nodules.

3.3. Microhardness

Fig. 11 shows the effect of nano-ZrO5 concentration in the plating
bath on microhardness of MP and HP coatings. The general lower
hardness of HP coatings can be explained by the smaller grain size (<2
nm) associated to the higher P content. For grain size up to 15 nm,
deformation processes are governed by grain boundary sliding and
rotation [61], according to the reverse Hall-Petch effect [94]. Smaller
grain size corresponds to a higher number of triple junctions relative to
the volume fraction of grain boundaries, with detrimental effects on
microhardness. Thus, medium phosphorus coatings with higher grain
size and lower triple junction fraction have higher hardness compared to
high phosphorus ones. Introduction of nanoparticles causes micro-
hardness increase for both MP and HP coatings. Higher concentration of
nanoparticles in the plating solution corresponds to higher hardness,
with values up to 715 HV5q for MPZ-3 and 674 HVs( for HPZ-3 samples.
The strengthening mechanism of the reinforcing phase effectively takes
place and nanoparticles act as a barrier to dislocation motion, hindering
their easy sliding in the ductile NiP matrix and increasing hardness.

It is important to point out that Fig. 11 only reports average values of
microhardness and does not consider its variability across the thickness
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Fig. 8. High magnification LE-BSE SEM micrographs showing incorporation of nano-ZrO, in the inner, central and outer regions of the same coatings: (a) MPZ-3,
original SEM image on the left, output of the particle identification routine on the right; (b) HPZ-3, original SEM image on bottom, output of the particle identi-

fication routine on top.
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Fig. 9. Curves showing quantitative analysis of the amount of embedded ZrO, nanoparticles (expressed as a fraction of area, A%) as a function of the distance from

substrate for (a) MP nanocomposites; (b) HP nanocomposites.

that can arise from a non-uniform distribution of the reinforcing phase.
To uncover this aspect, Fig. 12 shows microhardness measured in the
inner, central and outer regions of the nanocomposites: as expected,
MPZs present non-uniform hardness, that progressively decreases to-
wards the outer zone. This decrease is small for MPZ-1 coating and it is
more marked for MPZ-2, whereas MPZ-3 exhibit a maximum in the
central region. Differently, all HP nanocomposites exhibit a similar trend
with only a slight microhardness decrease with comparable slope, irre-
spective of ZrO; concentration in the bath. These trends are even more
evident from Fig. 13a, that represent the relative hardness increase of
nanocomposites, AHVsg, in terms of increment with respect to the

unreinforced coatings.

The principal factors affecting effectiveness of reinforcement are (i)
the A% of embedded ZrO,, that must be high for good reinforcement and
(ii) the average size of the embedded agglomerates (expressed as the
mean number of particles per agglomerate, n,, that is inversely related
to dispersion), the lower the better. These two parameters were sepa-
rately calculated in each region by means of image analysis, and the
relative curves are reported in Fig. 13b and c (error bars are not reported
in the graphs for readability reasons). They show that the efficient
strengthening for HP nanocomposites is guaranteed by a high dispersion
of nanoparticles (low n,) despite their low A% amount. Conversely,
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dispersion hardening of MP nanocomposites is hampered by the high
agglomeration level (high n,), which limits the strengthening effect
associated to the high quantity of embedded nanoparticles (high A%):
indeed, presence of big agglomerates decreases the efficiency of Orowan
strengthening mechanism [25,27,95] and increases the probability of
micro void formation during the co-deposition, thus dramatically
reducing the mechanical properties [71,96]. It should be pointed out
that such non-uniformity in microhardness properties might affect
coatings performances in the expected anti-erosion and anti-wear
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applications, mostly during the early stages of service life because the
worse properties are localized in the outer regions, that are the first to be
exposed to environmental attack.

The objective quantification of nanocomposite parameters (i.e. A%,
dispersion and distribution of nanoparticles) provides a more compre-
hensive understanding on how deposition parameters influence nano-
particle incorporation and their effect on coating microhardness. It was
demonstrated that introduction of 13.5 g/1 of nano-ZrO, in HP plating
solution allows the production of a uniform nanocomposite with
homogenously increased microhardness, combining the well-known
corrosion resistance of HP coatings to a higher mechanical strength.
Conversely, modification of the plating condition of MP coatings is
required to prevent agglomeration issues, which detrimentally affect
microhardness. A slower deposition rate can result in a better compro-
mise between incorporation of nanoparticles and agglomeration,
ensuing a more uniform distribution of well-dispersed ZrO, and higher
microhardness improvement.

3.4. Factor influencing microhardness increase

Several authors reported a microhardness increase upon introduc-
tion of a higher amount of reinforcing phase, either for ZrO, or other
hard particles, but only up to a certain threshold beyond which a slight
decrease is always registered [38,44,47,66,97]: this behavior was al-
ways ascribed to agglomeration issues that, however, were difficult to
quantify objectively. The presented results provide evidence that the
dispersion hardening effect strongly depends on two parameters: (i) the
volume fraction of nanoparticles embedded in the coating (measured by
A%), as it affect the work-hardening behavior of the material, and (ii)
agglomeration of the reinforcing phase (estimated by n,), since it is
associated to a lower effectiveness of Orowan mechanism and a greater
susceptibility to formation of micro voids that ultimately result in poor
mechanical behavior.

The amount and distribution of the embedded particles are crucial
aspects in determining the enhancement in mechanical properties of a
composite coating. Several authors reported the importance of their
combined effect on the mechanical behavior of a nanocomposite mate-
rial [89,96-98]. Yet, to the authors knowledge, a model to evaluate the
mutual effect of the above two features on coating hardness that is based
on image analysis is not available in literature.

The presented image analysis routine provides a tool to quantita-
tively determine A% and agglomeration across coating thickness,
enabling the possibility to correlate nanocomposite parameters to

HPZ-3

HPZ-2 MPZ-3

Fig. 12. Comparison of microhardness measured in the inner, central and outer regions of MP and HP nanocomposites reinforced with different amounts of ZrO,.
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microhardness improvement. The existence of a mathematical rela-
tionship AHVso = f(A%,n,) was determined using the large dataset
available in the present experiments (360 measurement points made by
20 measurements per 3 types of coating, for both MP and HP, on 3
layers). Statistical analysis (by least square method) indicated that a
reliable relationship was of simple bilinear form

AHVsy = 23.1+12.9 A%, — 21.4n, +0.447 A%n,, 3)

where coefficients were fit to the presented data.

Fig. 14 shows the result for AHV5q predicted from the previous for-
mula in comparison with the experimental measurements (showed in
gray shade, representing the data of Fig. 13a). The agreement is visually
excellent and confirmed by the high correlation coefficient Reorr = 0.96.
The high agreement suggests that the value of AHV5 can be considered
dependent on the two investigated quantities. In confirmation of this,
when the same procedure is performed to estimate AHV5 accounting on
A% only, the correlation is substantially reduced (R¢orr = 0.45), while it
is negligible as expected (Reorr = 0.024) when accounting on n, only.
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To further confirm the correlation between experimental data and
the mathematical bi-linear relation, a new experimental dataset was
obtained performing depositions with n-ZrO, concentration equal to 16
g/1, out of the previously employed range: the dataset is composed by 90
measurement points made by 10 measurements for one MP and two HP
coatings, on 3 layers each coating. Image analysis and particle identi-
fication of the new produced coatings is reported in Fig. 15: the large
availability of nanoparticles in solution leads to high incorporation, but
the produced coatings are highly non-uniform across the thickness.
Concentration of nanoparticles is so excessive that they can be barely
kept in suspension; deposition is difficult to control over time and pa-
rameters, such as agitation, needs to be changed and monitored
continuously to mitigate settling and the bottom of the beaker. As a
result, the new dataset is very dispersed and obtained triplets of A%, n,
and AHV5 are reported as red spots in Fig. 16 and superimposed on best
fit surface given by Eq. (3). For completeness, the former experimental
dataset is reported as blue spots. The correlation coefficient calculated
with the new experimental dataset indicates an even better correlation,
giving Reorr = 0.98. Therefore, the strengthening effect upon nano-
particles introduction can be accurately correlated to the combination of
the quantity of embedded nanoparticles and the degree of agglomera-
tion, with the main contribution determining the reinforcing capability
given by A% and a non-negligible contribution determining the effec-
tiveness of reinforcement that is given by n,.

The obtained results can provide a useful tool for the optimization of
coating properties, allowing the choice of the best deposition parameters
leading to maximization of nanocomposite hardness.

3.5. Potentiodynamic polarization test
The effect of P content and incorporation of nano-ZrO; on the

corrosion resistance of the electroless NiP coatings and nanocomposites
was studied by electrochemical method. The potentiodynamic

i;’u\: -

AL s i Al Ry $
%“”@V“i‘&‘,\f? Aiabahe by

EENT g (F
L0 R - £3 e A 23 R Ca g o
sl e A et

Surface & Coatings Technology 473 (2023) 129981

-
300 1 ® Experimental points for fitting

® New experimental points

T —

200

100

AHVSO

-100

Q-

Fig. 16. Comparison between new experimental points (red spots) and former
experimental points used for the statistical fitting procedure (blue spots)
superimposed on the surface given by the obtained bi-linear relation.

polarization curves of standard MP and HP samples and MPZ-3 and HPZ-
3 nanocomposites in 3.5 wt% NaCl solution are reported in Fig. 17.
Corresponding corrosion parameters calculated from the Tafel extrap-
olation method are listed in Table 3.

Comparing MP and HP polarization curves (Fig. 17), it can be
observed that corrosion properties are greatly affected by phosphorus
content. HP coatings exhibit higher (i.e. more positive) corrosion po-
tential and lower corrosion current density compared with MP ones,
thus providing better protection capabilities. Corrosion resistance
properties of Ni-P coatings are given by the formation of a phosphorus
enriched layer that originates from the preferential dissolution of Ni.

Fig. 15. Routine output of particle identification on LE-BSE SEM micrographs of coatings produced with 16 g/1 of nano-ZrO,: (a) MP nanocomposite, inner and outer

region; (b) HP nanocomposite, inner and outer region.
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Table 3
Corrosion parameters of MP and HP unreinforced Ni-P coatings and MPZ-3 and
HPZ-3 nanocomposites.

Sample Ecorr (MV vs Leorr (RA/ fa (mV/ pc (mV/ 2

SCE) cm?) decade) decade) (kQ-cm?)
MP —487.987 3.414 57.35 —91.22 0.127
HP —423.376 1.608 10.75 —42.05 0.270
MPZ-3 —368.915 0.172 27.742 —35.23 2.518
HPZ-3 —319.138 0.156 30.94 —37.65 2.776

Such concentration of P on the outer part of the surface promotes the
formation of stable NisP and NixPy intermediate compounds, which act
as a pseudo-passive barrier film. The enriched P surface also reacts with
water to form a layer of adsorbed hypophosphite ions (HoPO3): this
layer hinders further penetration of water and corrosive ions towards
the surface, preventing the formation of soluble Ni2* compounds and
consequent additional Ni dissolution [9,53,99]. Since corrosion resis-
tance of Ni-P alloys is due to the P enrichment at the electrode surface,
the initial higher P content of HP coatings determines their superior
protective properties compared with MP [10]. Microstructure of coat-
ings is also known to play a role in corrosion resistance. Amorphous
microstructure of HP alloys can act as a barrier to the penetration of
corrosive agents thanks to the absence of grain boundaries, which form
active sites for corrosion attack [16].

Curves in Fig. 17 also demonstrate that both MPZ-3 and HPZ-3
nanocomposites offer better corrosion protection compared with unre-
inforced coatings. The increased corrosion resistance of ZrOy nano-
composites can be ascribed to the reduction of effective metallic area
available for corrosion [100]. Similar results of positive shift in the
corrosion potential and decrease in corrosion current density after
introduction of inert nanoparticles have been widely reported in liter-
ature [16,47,50,101]. The improved behavior of nanocomposites also
confirms that nanoparticle introduction does not induce defects,
porosity or micro-cracking to coatings, making them suitable for ap-
plications in aggressive environment.

Tafel corrosion parameters were extrapolated from the region of
active dissolution of nickel, where samples undergo uniform corrosion.
In that region, corrosion is governed by the diffusion of faster dissolving
elements of the alloy through the P-enriched surface and, from the so-
lution side, further penetration of water and corrosive ions is slowed
down by the hypophosphite ions (HyPO3) adsorbed on the surface of
specimens. Indeed, current density does not show the proper trend of
passive corrosion behavior in all investigated samples. Moving towards
more positive potentials, all curves show a more rapid increase of the
current density. To better understand corrosion behavior, SEM obser-
vation and Ferroxyl reagent test were carried out after potentiodynamic
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polarizations. Surface micrographs in Fig. 18 show intergranular
corrosion at the boundary of the nodules in all samples, indicating the
onset of localized corrosion. In MP and HP samples, many small cracks
can be detected inter-nodulus too, confirming the lower corrosion
resistance of these coatings. All specimen where successfully tested
negative to the Ferroxyl reagent test after polarizations, thus excluding
substrate exposure, except from sample HPZ-3. The local failure of such
coatings might explain the current density plateau recorded at potential
around —200 mV vs SCE. SEM and EDS observations confirmed the
presence of circumscribed substrate exposure and corrosion, as shown in
Fig. 19. Nevertheless, it is important to point out that the overall surface
of the sample does not show evidence of coating spalling or corrosion by
pitting.

4. Conclusions

MP and HP alloy and nanocomposite coatings reinforced with
different concentration of nano-ZrO; were produced with lead-free and
surfactant-free solutions. Reinforcement distribution was quantitatively
investigated by analysis of SEM images to identify the effect of different
deposition phenomena on the final microhardness.

Both MP and HP coatings display an increased incorporation of
nanoparticles with increasing concentration in the plating solution and
their introduction doesn't modify neither microstructure nor phosphorus
amount. Particle distribution in MP and HP nanocomposites presented
significant differences, which could be attributed to the different plating
rate of the two depositions. In particular, the faster growth of MP
coatings (~35 pm/h) leads to high incorporation level (high A%) but
highly agglomerated reinforcement (high n,), resulting in a non-uniform
distribution of nanoparticles across the thickness. Differently, the slower
growth of HP nanocomposites (=20 pm/h) results in lower A% but a
more uniform distribution and lower agglomeration (low n,). As a result,
HP co-deposition led to a more efficient strengthening effect: incorpo-
ration of 13.5 A% and agglomeration as low as 4 n, led to homogeneous
hardness improvement up to +145 HV5(. Conversely, MP hardening was
limited to by the excess of agglomeration, with maximum hardness
improvement up to +149 HVs in the central region of MPZ-3 coatings,
achieved by 18.7 A% and 10 n,. The combined effect of A% and n, on
hardness improvement was investigated systematically and a mathe-
matical bi-linear relationship demonstrated that the reinforcing capa-
bility is first driven by A% with an important contribution on its
effectiveness by ng. Eventually, potentiodynamic polarization test
demonstrated that introduction of ZrO5 nanoparticles enhances corro-
sion resistance of both MP and HP coatings. The presented strategy for
optimization of coating properties can provide a simple and effective
method to increase the resistance of engineering components for anti-
wear/erosion applications in corrosive environment, such as
midstream and downstream service in the energy production industry.
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