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Abstract: This paper reports a simple and cost-effective procedure to coat hydrogenated nitrile
butadiene rubber (HNBR) with a well-adherent Ni-P film by using the electroless plating method.
A HNBR surface functionalization process was first optimized, creating an interpenetrating network
with polyvinylpyrrolidone (PVP). Silver nanoparticles were deposited on PVP and acted as catalysts
for the Ni-P film deposition, eliminating the expensive tin-palladium sensitization/activation step.
A homogeneous, low phosphorous Ni-P film was obtained after 60-120 min of plating in an alkaline
bath, with an average thickness of 3 to 10 um, respectively. The PVP internetwork played an important
role on the strong adhesion of the film, 1.0 + 0.5 MPa. The tribological behavior of Ni-P-plated
HNBR samples was studied for 1, 5 and 10 N applied loads under dry sliding on a pin-on-disc
configuration and the coefficient of friction (CoF) was reduced by ~30-49%, compared to uncoated
HNBR (loads 1-5N). Based on these results, Ni-P-coated rubber can be regarded as a novel solution
for enhancement of the tribological behavior of dynamic seals; it can be regarded as a means to avoid
machinery failure. This method offers an alternative to the diamond-like carbon (DLC) coatings.

Keywords: electroless plating; Ni-P; surface functionalization; rubber coating; antifriction

1. Introduction

Machinery failure is still one of the most common occurrences that causes substantial inconveniences
in any industry that depends on the reliable function of the machines, either inside the factory operation
or postproduction inside the customers” homes.

Mechanical sealants represent 20-60% of machinery failure [1] causing unwanted leakage of
corrosive processing fluids, accidents and turning the machine obsolete. More often than not the seal
selection falls upon elastomers for economic reasons and because their intrinsic characteristics provide
an efficient sealing action [2].

Elastomer seals failure is attributed to this material having high and erratic friction and exhibiting
nonlinear behavior and most importantly hysteresis, all of which are temperature sensitive [2]. On the
other hand, frictional heating can accelerate chemical and thermal degradation.

For this reason, the design of dynamic seals must be optimized to the specific application in need.
The optimization is done with the intent to minimize the friction of the seal using the thinnest thickness
of lubricant film to avoid leakage. Nevertheless, in some applications such as those involving food,
lubricants cannot be used, and thus dry, low frictional coatings offer a good alternative. To address this
issue and find a more definitive solution several authors explored the surface functionalization of rubber
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with diamond-like carbon (DLC) films [3] which allowed significant improvement of the tribological
properties of the sliding rubber contacts, while keeping the elastomeric and sealing properties of the
rubber. However, the DLC method involves an expensive and sophisticated experimental apparatus
that often cannot be scaled-up.

An alternative to DLC coatings would be to coat the rubber parts with a thin metallic or ceramic
layer resistant to corrosion, wear, and abrasion and that possesses lubrication properties.

Electroless Ni-P (ENP) coating has been widely used on machining and finishing tools [4] to
extend the life of moulds, extruders for plastics, and pumps and valves that are exposed to aggressive
service conditions [4,5]. Furthermore, electroless plating (ELP) has been considered a very promising
metallization process due to its straightforward implementation (there is no need for complex and/or
costly equipment as in vacuum-based vapor deposition methods) and to the resulting homogeneous
coatings even on non-conductive and complex shaped surfaces. ELP was already successfully applied on
a myriad of polymeric substrates, namely polyethylene terephthalate (PET) [6], acrylonitrile-butadiene
styrene (ABS) polymer [7-9], carboxylated nitrile butadiene rubber (XNBR) [10], and thermoplastic
polyurethane (TPU) [11]. The main disadvantage of ELP is its need for a surface functionalization
step which traditionally involves the sensitization of the surface with stannous chloride followed by
activation in palladium chloride solutions [12].

This costly and heavily polluting sensitization—activation step has been increasingly replaced by
seeding the functionalized surface with particles of the metal to be deposited, or of another inexpensive
metal with catalytic potential that acts as auto-catalyst. This method was successfully employed on
copper plating of ABS by Garcia et al. [7], by dipping the previously functionalized substrate with
polyacrylic acid (PAA) in a copper sulphate solution to induce copper ion adsorption by ion-exchange.
The substrate was then immersed in sodium borohydride (NaBHj,) for subsequent reduction of the
Cu?* into Cu particles. Similarly, Tang et al. [12] promoted the Ni** exchange on the surface of
chitosan-modified ABS sheets followed by its reduction in potassium borohydride. Despite these
works, ELP on rubber substrates remains a mostly unexplored topic in the literature, although it has a
strong potential for rubber coating and, thus, impart it with a non-stick and low friction surface.

In this paper, a method is proposed to functionalize hydrogenated nitrile butadiene rubber
(HNBR), one of the oldest and most used oil-resistant elastomers [13], to obtain a well adherent,
low frictional Ni-P coating. HNBR functionalization proceeded by dipping the substrate in a solution
of polyvinylpyrrolidone (PVP) in chloroform (CHCI3) to create a PVP-rich surface network using a
modified surface physical interpenetrating network (SPIN) [14]. ELP was used as the coating method,
using silver particles as catalytic sites for a well-adherent and low friction Ni-P film.

2. Materials and Methods

2.1. Sample Preparation

The substrates were prepared from an HNBR sheet, with 3 mm thickness and shore hardness of
75 shore A, acquired from The Plastic Shop (Coventry, UK). The rubber was 99.5% hydrogenated and
its acrylonitrile (ACN) content was 34%. The HBNR sheet was cut into 35 x 12 mm samples which
were then manually abraded with emery paper mesh 600, until approximately 0.5 mm were removed
from both sides. Finally, the samples were ultrasonicated in boiled distilled water for 30 min and dried
at 90 °C until constant weight. This is an essential surface cleaning procedure since rubber plasticizers
tend to exude, leading to irreproducible HNBR surface states [15].

2.2. PVP Coating

A solution of PVP (MW 29,000, Sigma Company, St. Louis, MO, USA) in chloroform (CHCl3)
(for analysis EMSURE® ACS ISO reagent, Merck, Germany) was prepared at 15% (m/v) concentration.
The samples were dipped in the PVP solution for 15-30 min, at room temperature, and then immediately
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immersed in n-hexane (for HPLC, VWR International Ltd., Lutterworth, UK) for 30 min. The samples,
now named PHNBR (PVP-coated HNBR), were dried at room temperature overnight and at 60 °C for 2 h.

2.3. HNBR Surface Activation and Electroless Nickel Plating

The PHNBR samples were subjected to Ag™ adsorption for 30 min using a silver nitrate solution
(AgNO3 90 g/L, reagent grade, >99.8%, Sigma Company, St. Louis, MO, USA). The samples were
rinsed in water, to remove any non-adsorbed ionic silver, and reduction of the fixated Ag™ occurred
in a sodium borohydride solution (NaBHy, 5 g/L, reagent grade, Riedel-de Haén, Sigma-Aldrich,
Darmstadt, Germany) for 30 min. Afterwards, the samples were ultrasonicated in distilled water to
remove any traces of loosely attached silver. Electroless nickel plating (ENP) was carried out in an
alkaline bath containing nickel sulphate (NiSO4 6H,0O, 40 g/L, ACS reagent >98%, Sigma Company,
St. Louis, MO, USA) as the Ni?** source, tri-sodium citrate (C4HsNazO; 2H,0, 20 g/L, laboratory
use 99.5%+, Chem-Lab, Belgium) as a stabilizer and chelating agent, and sodium hypophosphite
(NaH,PO, H,0, 30 g/L, Acros Oganics, Geel, Belgium) and dimethylamine borane (DMAB, 2 g/L, 97%,
Sigma Company, St. Louis, MO, USA) as reducing agents. Ammonia (Normapur, 28% NH3, VWR,
Strasbourg, France) was used to adjust the pH of the plating bath to 8.5 + 0.2. The plating proceeded at
40 + 5 °C for 60 min with mild stirring. After that, the samples were thoroughly rinsed by distilled
water and dried until a constant weight at 60 °C was reached.

2.4. Characterization

2.4.1. Surface Functionalization

Contact angle (CA) measurement was used to evaluate HNBR's wettability after the PVP coating.
Theta Lite (TL100) Optical Tensiometer equipment, with an acquisition frequency of 5 frames per second
was used. Ultrapure water was chosen for the liquid phase and a Young—Laplace approximation was
applied to calculate the contact angle for 6 measurements per sample.

Fourier transform infrared spectra were recorded on JASCO FI/IR-4100 equipment (JASCO
International Co. Ltd., Hachioji, Japan) with an ATR (ATR PRO410-M) accessory to characterize HNBR’s
organic structure and to identify PVP’s presence on the PHNB samples. Each spectra was the sum of

64 scans performed with a resolution of 4 cm™'.

2.4.2. Ni-P Film

The morphology and elemental composition of the Ni-P plated samples’ surfaces and cross-sections
were assessed by scanning electron microscopy (SEM, Quanta 400 FEG, FEI company, Hillsboro,
OR, USA), with energy dispersive X-ray spectroscopy (EDS). The samples were fractured upon
immersion in liquid nitrogen and coated in a SPI Module Sputter Coater equipment with an Au/Pd
thin film.

The microstructure of the Ni-P films was evaluated as to its crystallinity by XRD analysis.
The equipment was a PANalytical X’Pert PRO MPD (Almelo, The Netherlands), using Cu K« radiation
at 45 kV and 40 mA with a parallel beam in 6-26 geometry. X-ray collection was performed with a
PIXcel detector in receiving slit mode.

2.4.3. Mechanical Tests

The mechanical properties of the PHNBR samples were evaluated according to ASTM D 412-16,
using a tensile testing machine, (Shimadzu, EZ Test, Kyoto, Japan at a 500 mm/min strain rate.
The results displayed are relative to the mean of 3 tested samples.

Qualitative assessment of the adhesion was first performed by the Scotch tape test, following the
ASTM D3359 standard. The adhesion of the Ni-P films was also quantified by the direct pull-off (DPO)
test according to the ASTM D4541 standard. An aluminium stud (J15 mm) was bonded to the Ni-P
plated PHNBR samples (60 X 20 mm) with an epoxy adhesive (Standard Araldite®) and left to cure for
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14 h. A spew fillet of approximately 1-2 mm of adhesive was formed at the stud edge (see Figure 1 for a
schematic representation). The force at which the separation of the Ni-P film and the PHNBR interface
occurs was recorded with a tensile test machine (Shimadzu, EZ Test) at a crosshead speed of 5 mm/min
by pulling off the aluminium stud (16 mm). A minimum of 4 measurements were performed.

1 Applied force

—

aluminium stud

excess epoxy

¢ metallized HNBR

Figure 1. Schematic representation of the direct pull-off (DPO) test.

2.4.4. Tribological Tests

The coefficient of friction (CoF) was evaluated on a pin-on-disk apparatus working at room
temperature and 30-35% relative humidity, against a 10 mm diameter AISI 52,100 ball. The tests were
carried out in triplicate for pristine HNBR and Ni-P plated PHNBR samples, at a linear speed of 0.1 m/s,
using 1, 5 and 10 N loads for 6500 cycles in a 10 mm track radius. The CoF reported in this work is the
average of the last 1000 cycles of 3 samples for each condition.

2.4.5. Surface Conductivity

The surface conductivity was measured with a home-made four points probe device, equipped
with 2 mm spaced gold-coated spring-loaded probes (RS Amidata). In order to evaluate the effect
of mechanical stress (90° bending) on the electrical properties, a 10 A current was applied through
the sample (35 X 12 mm) extremities while the potential difference was measured at the current
injection points with a high precision voltmeter equipped with an acquisition system (500 samples/s).
The bending movements were manually controlled.

3. Results and Discussion

3.1. PVP Coating on the HNBR Surface

As of most elastomers, the surface of HNBR is chemically inert, due to the presence of nitrile
groups and the saturation of the butadiene units [16]. Thus, prior to Ni-P deposition, the HNBR
sample surface was functionalized to provide surface groups with affinity to the metal to be plated.
This step was carried out by following a modified surface physical interpenetrating network (SPIN)
technique developed by Desai et al. [14], which promotes the entrapment of a dissolved polymer
within a solid polymer network. PVP was chosen as the functional polymer in this work, as it is
known to protect/stabilize and nucleate metal nanoparticles [17] such as silver and nickel [4,15,17-22],
through its functional groups C=0, C-N and pyrrole rings distributed along the molecular chain [22].
In the SPIN technique, the base polymer’s (HNBR) network swelling is promoted in a solution of the
functional polymer (PVP), which is then rapidly collapsed in a non-solvent for HNBR, leaving the PVP
physically entrapped on the HNBR'’s surface. Chloroform (CHCI3) was chosen as the swelling solvent
and, given that it is crucial to promote the penetration of PVP molecules into the HNBR surface layer,
immersion times of 15 and 30 min were selected from preliminary experiments.
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The prepared HNBR samples were then immersed in a 15% PVP:CHCl3 solution after which the
swollen samples were immediately quenched in hexane. The surfaces of the PVP-functionalized HNBR
(PHNBR) were assessed by ATR-FTIR spectroscopy for 15 and 30 min. ATR-FTIR spectra of the HNBR
surface before and after immersion are shown in Figure 2. The HNBR spectrum, Figure 2a, shows two
bands at 2920 and 2850 cm ™!, assigned to C-H stretching in the -CH, butadiene and acrylonitrile groups,
respectively [16,23], as well as a band at 913 cem™1 [24], assigned to the -CH=CH), deformation at the
terminal/side, which is characteristic of HNBR. The strong peaks at 1007, 1031, 1097 and 1733 cm~! are
ascribed to rubber additives. The band at 1733 cm™ is related to the C-O-C stretching vibration as
presented by stearic acid or curing agents [25], and the 1007-1100 cm~! bands may be due to a silica
reinforcing agent [26].

(¢) 30 min
(b) 15 min
-~ T ™
= \ N\ Iy ,ﬂ Lonn® A A
. \ _ " f',lf\,u f |
2 NP e[ L
O g e s (I )
2 g 3 | 2| ‘ 5~ |
g | f * |
= [
‘= 1
8 (a) HNBR ‘ | B l’l ‘ !
= S e
s
H
T T T T T T T T r T T T T
4,000 3,500 3,000 2,500 2,000 1,500 1,000

Wavelength (cm’l)

Figure 2. ATR-FTIR spectra of: (a) pristine hydrogenated nitrile butadiene rubber (HNBR), HNBR after
immersion in a PVP:CHClj3 solution for (b) 15 min and (c) 30 min and quenching in hexane for 30 min.

After the SPIN surface functionalization, the HNBR peaks in the fingerprint region are shielded
by a top layer, Figure 2b,c, and the main characteristic peaks of PVP are detected at 1658 em™! (due to
the amide carbonyl group), 1460 and 1423 cm™! (assigned to the -CH, absorption), and 1290 cm™!
(absorption of the tertiary amine group) [27].

Even though the increased 1658 cm™ band area may suggest that more PVP is entrapped for
30 min immersion, it was noticed that HNBR samples already show roundness of the edges and corners
due to over-swelling. Thus, an immersion time of 15 min was chosen to carefully foster the rise of a
PVP SPIN layer on HNBR, yet minimizing the permanent rubber damage due to over-swelling.

After immersing HNBR for 15 min in a 15% (m/v) PVP:CHCl;, elongation at break increased
by 11%, while the ultimate tensile strength and Young’s modulus (YM) decreased by 0.3% and 48%,
respectively, as shown in Figure 3. These results indicate that HNBR becomes softer after the chloroform
treatment. This behavior has been previously reported by other authors [28,29] who studied the
influence of PVP on polymeric blends, and observed a decrease in the mechanical properties of the
blends, when compared with those of the polymer. The PVP penetration weakens the HNBR inter-chain
interactions, thus behaving as a plasticization agent [29]. To note that it was in our best interest to
minimize the exposure time to chloroform, for its well-known toxicity. Regretfully its replacement
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with another solvent was not possible, as PVP solubility is limited to a small number of innocuous
solvents (alcohols, ketones and paraffins), where, unfortunately, HNBR shows no swelling.
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HNBR HNBR + 15% PVP:CHCI,

Figure 3. Elongation and break (left axis) and ultimate tensile strength and Young’s modulus (right axis)
for pristine HNBR and HNBR immersion in 15% PVP:CHClIj3 for 15 min followed by air drying.

3.2. PVP Layer Stability

In order to ensure the collapse of the substrate polymer (HNBR) while the functional polymer
(PVP) stays entrapped on the surface, the functional polymer should be soluble in the quenching
solvent while the substrate polymer should not [14]. Water could be used as the quenching solvent
as it fulfils the above requirements. However, using hexane as the quenching solvent (where both
PVP and HNBR are insoluble) proved to be a preferable solution. Indeed, when water and hexane
quenched PHNBR samples are tested for stability, by immersion in water for 1 h, it is verified that the
mass loss of the hexane quenched sample is the lowest: 7.4 + 0.6% vs. 10.3 + 1.2% mass loss for the
hexane and water quenching, respectively. Eventually, hexane induces a strong, irreversible coiling of
the PVP molecular chains which results in a PVP layer more resistant to dissolution in water.

In both cases the PVP mass loss came with an increase in the CA of PHNBR samples,
from ~31.5 + 3.8° to 60.5 + 3.2° and 68.0 + 6.0°, for quenching in water and in hexane, respectively,
which is still significantly lower than the CA of pristine HNBR (87 + 7.0°), proving that PVP still
exists on the surface. Though the CA increase is practically the same for both quenching solvents,
the smaller mass loss for hexane is important since ELP occurs in aqueous media and it is critical to
ensure that the entrapped PVP stays on the HNBR surface for enough time in order to help promote
the plating process.

The surface stability of PHNBR was also evaluated by ATR-FTIR analysis, after immersion in
water for 1h, as shown in Figure 4. Part of the PVP is leached out, as evidenced by the decrease of
the PVP’s amide band at 1658 cm~! and the disappearance of the band at 1290 cm~!. Additionally,
the strong rubber band at 1445 cm™! and the bands ranging between 1750 and 1500 cm™! reappear,
due to the loss of PVP shielding effect, as shown in Figure 4c.
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Figure 4. ATR-FTIR spectra of: (a) pristine HNBR, (b) HNBR after surface physical interpenetrating
network (SPIN) functionalization and (c) HNBR after SPIN functionalization and immersion in distilled
water for 1 h.

3.3. Formation of Catalytic Nanoparticles for ELP

As for any other metal deposition by ELP, Ni-P deposition can only occur if catalytic seeds
are present on the substrate surface [30]. Usually, palladium seeds are used for this purpose.
In this paper, ENP was performed without using palladium seeds, based on the premise that
silver [11,31], copper [7,32], and even nickel nuclei [12] behave as autocatalytic seeds once present
on the surface in the form of nano-aggregates. Therefore, the PHNBR was immersed in an AgNO3
aqueous solution in order to form PVP:Ag* complexes, where the Ag™ charge is stabilized by the
non-shared electron pairs of oxygen and nitrogen of PVP [33]. Next, Ag* was reduced to the metallic
form. SEM micrographs and EDS analysis of a PHNBR sample after silver nitrate activation are
shown in Figure 5. The abundant white specks in the micrograph correspond to the Ag nanoparticles
formed after adsorption of Ag* species and reduction to Ag®. The fact that silver remains adhered
to the surface after 5 min of ultrasonication proves the excellent adhesion that is achieved with the
PVP functionalization.

3.4. Ni-P Plating in an Alkaline Bath

After the silver nitrate surface activation, the samples were immersed in an alkaline Ni-P bath
constituted by nickel sulphate, acting as the source of Ni?*, and sodium hypophosphite as the reducing
agent. According to Sudagar et al.’s review article [4], alkaline Ni-P baths are more suitable for plating on
plastics and non-metals. Because electroless deposition is strongly dependent on temperature, pH and
metal/reducing agent ratio [4,5,34], these parameters were fixed at values most commonly reported in
the literature [4,5]. However, Ni-P plating was unsuccessful when using sodium hypophosphite alone.
This result is most likely due to the inability of silver to catalyze the oxidation of hypophosphite [35].
This problem was solved by the addition of dimethylamine borane (DMAB), as its addition in small
amounts has been shown to be very effective at promoting the catalytic activity of silver seeds [36-38].
This procedure is also commonly used to promote the catalytic activity of copper [35,39,40], a metal
with a lower reduction potential than silver. Watanabe et al. [40] studied the influence of DMAB
concentration on the Ni plating rate using copper as a catalyst and proposed a deposition mechanism
that is initiated by the oxidation of DMAB by copper. According to these authors, the electrons donated
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by the oxidation of DMAB are used to reduce Ni>* to Ni° and, since DMAB is quickly depleted due to
its residual concentration, the oxidation reaction of hypophosphite proceeds promoted by the already
reduced nickel particles.

30 Ag

06 - s

N
Mg si P
0 Na

T T T T 1 1 1 1
085 170 255 340 425 510 595 680 7.65 850 935 102
Energy - keV

Figure 5. Scanning electron microscopy (SEM) micrographs of a PVP-coated HNBR (PHNBR) sample
after silver nitrate activation and energy dispersive X-ray spectroscopy (EDS) analysis. The white
specks correspond to nanoparticles of Ag.

The Ni-P deposition becomes visible about 2 min after immersion of the silver activated sample,
and the reaction progresses with a strong release of gas bubbles starting at the bottom of the sample
and extending to the edges. The gas bubbles are an indication of the reduction mechanism, as a
release of hydrogen ions is a consequence of the reduction of Ni?* by the hypophosphite ion (H,PO;").
Phosphorous is formed from the reaction between hypophosphite and the adsorbed hydrogen ions [5].

3.5. Ni-P Film Properties

3.5.1. Morphology and Adhesion

The surface morphology of the Ni-P plated sample is shown in the SEM micrograph of Figure 6.
The substrate surface is fully covered by the Ni-P film and a close inspection of the surface of a plated
sample, as shown in the inset in Figure 6, leads to the conclusion that the deposition of Ni-P occurs in
nodules, in a “cauliflower-like” shape common to electroless plated Ni-P metallic alloys. The particles
tend to agglomerate close together, forming a non-porous and well compacted film. The cracks
observed on the deposit surface are most likely a consequence of the formation of compressive stresses
in the phosphorous deposits [41].

Figure 7 shows the cross-section of the Ni-P plated PHNBR. A homogeneous Ni-P film can be
seen, which covers the substrate surface, following the irregular shape of the PHNBR substrate without
any interfacial free spaces.

The average thickness of the Ni-P coating is about 3 pm after 60 min plating and, as shown in
Figure 8, the thickness increases to ~10-12 um when the plating time is doubled to 120 min. As the
plating starts at the bottom and at the edges around the sample, followed by a lateral growth from
outside to inside, there is a thickness difference of ~2 um between the center (Figure 8a) and at the
edges (Figure 8b) of the samples.
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Figure 7. SEM micrograph of a cross-section of a PHNBR sample after silver nitrate activation and
electroless nickel plating (ENP).
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Figure 8. SEM micrographs of a cross-section of a Ni-P plated PHNBR sample for 120 min, from (a) the
middle of the sample and (b) the bottom corner of the sample.

As indicated in Figure 7 by a circle mark, some of the silver nuclei are deeply embedded within
the PHNBR composite, which confirms the penetration of PVP into HNBR. These nuclei anchor the
Ni-P film to the HNBR substrate, suggesting an excellent adherence of the Ni-P film as evidenced by
qualitative evaluation through a Scotch tape test. Around 5% of Ni-P film was detached from the grid
which, in accordance with the standard ASTM D3359, results in an adhesion grade of 4B. Additionally,
a DPO test was performed showing the predominance of adhesive failure between the Ni-P coating and
the epoxy adhesive, although the black parts indicate a failure at the Ni-P/PHNBR interface, as shown
in Figure 9. The mean adhesive strength was 1.0 + 0.5 MPa which is not far from the values reported
for electroless plating on other polymeric substrates: 1.65-2.09 MPa for electroless copper plating on
acrylonitrile butadiene styrene (ABS) resin [42] and 2.5-4.5 MPa for metallized PEEK via ENP [43].

Figure 9. Top view of pulled-off area of an Ni-P plated PHNBR sample at 40 °C for 60 min.
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The adhesion and structural integrity of the Ni-P film plated on HNBR were evaluated under
strong deformation conditions by using an indirect method, namely by measuring the electrical
resistance while bending the samples repetitively at 90°, as shown in Figure 10. It is apparent that
the normalized resistance increases sharply upon deformation but rapidly stabilizes around a value
lower than Ry (R/Rg = 0.25-0.36). One should consider that upon sample bending the convex side of
the film is stretched, whereas the concave side is compressed. The first should translate into a higher
cracking of the film, leading to a resistance increase, whereas the compression observed on the concave
side will close the fissures, thus decreasing the resistance. In the end, a lower resistance is obtained on
the bent sample. Eventually some of the fissures that existed in the film were closed, forming new
conductive paths. When the film is unbent, returning to its original shape, it first reaches a higher
resistance, R/Rp = 1.5-2.9. This means that the cracks formed upon bending closed, re-establishing
some conductive paths, although some gaps between the Ni-P islands remained. Looking at the
decreasing trend of R/Ry, this also means that the Ni-P structure rearranges such that more adherent
islands progressively form. However, further studies are needed to clarify what really happens to the
Ni-P upon repetitive bending. In the end, the electrical resistance variation due to the mechanical stress
is negligible, supporting the conclusion that the film keeps its integrity upon mechanical deformation.
No debris were observed whatsoever after several cycles, proving the excellent adhesion of the film
to HNBR.
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Figure 10. Normalized resistance during 90° bending and unbending of Ni-P plated PHNBR samples,
in a logarithmic scale.

3.5.2. Composition and Structure

Figure 11 shows an EDS spectrum of the Ni-P plated PHNBR sample deposited at 40 °C for 1 h.
As expected, the film consists mostly of nickel and phosphorous. The low phosphorous content
(2.78 wt %) is due to the alkaline nature of the plating bath and allows for the classification of the deposit
as a low-phosphorous coating [4,5,44,45]. Elemental boron was not detected in the EDS analysis,
despite the use of DMAB. Indeed, Wattanabe et al. [40] only found 0.2% of boron in their deposited
nickel films (using ~8 g/L of DMAB) while Shao et al. [36] did not detect this element in their silver
catalyzed Ni deposition when using 0.2 g/L. of DMAB and six times less sodium hypophosphite than
that used in this work.
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Figure 11. EDS spectrum of a Ni-P plated sample at 40 °C for 60 min.

Figure 12 shows the XRD pattern of the Ni-P plated PHNBR sample. The peaks at 20 = 45°, 51°,
76° and 94° are attributed to the (111), (200), (220) and (311) planes of the face-centered cubic phase of
nickel, respectively. As concluded by Abrantes et al. [46] for low-phosphorous Ni-P films deposited
for 60 min, the broad diffraction peak at 45° corresponds to the deposition of a low order crystalline
structure. The formation of this broad peak is due to an overlap between the (111) and (200) diffraction
peaks and the most intense NizP diffraction peaks, the (231) and (141) peaks, that can appear in the
same angle range.

1,000

— Ni-P plated PHNBR
Reference (Ni ICDD #00-004-0850)

800

600

Intensity counts

400

200

Position 26 (degree)

Figure 12. XRD pattern of a Ni-P plated PHNBR sample for 60 min at 40 °C.
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3.6. Tribological Behavior

HNBR and Ni-P-coated PHNBR samples were subjected to tribology tests to assess the influence
of the coatings on the HNBR CoF. Pristine HNBR displays the typical running-in period followed by a
decrease in friction [47-49] and the CoF initial behavior varies with the applied load, see Figure 13.
Furthermore, one can see that for the lowest load, 1 N, the initial CoF is the highest and it suddenly
decreases after about 3200 cycles, while for higher loads, 5 and 10 N, the CoF drop takes place
sooner, after 300-500 cycles. The explanation could be that as the load increases, so does the adhesion
between the counter body and tested specimen, sooner resulting in a thin layer, “dead layer” as
depicted by Persson et al. [50], or debris with modified properties that act as a solid lubricant [51].
Rubber has a high static CoF [52,53], which means that for macroscopic motion to occur, the tribosystem
must first overcome a friction force that decreases with the normal load [54]. In terms of machinery
failure, this often leads to the degradation of the rubber contact, eventually disabling the sealing
function. This initial delay can be critical in the start-up of some equipment [52,53]. This undesired
tribological behavior is greatly attenuated when HNBR is coated with a Ni-P film. To note that, however,
this reduction of the static CoF results from a relatively short time contact. In practical terms, the high
static CoF exhibited by rubber seals in machines comes from the combination of two factors: being an
intrinsic feature of rubber and the contribution of the dwell time, i.e., long standstill times under load
from other components that compose the machine [55].
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Figure 13. Variation of the coefficient of friction as a function of cycles for pristine HNBR and Ni-P
plated PHNBR for one of three samples tested for each load.

In addition to a lower static CoF, the sliding CoF is also significantly lower and instead of the
steep drop observed for HNBR, there is a CoF increase after the first 200-300 cycles, attributed to the
gradual penetration of the ball on HNBR (rubber is a viscoelastic material), that translates into an
increase of the ball-rubber contact area [55].

The CoF stabilized values for HNBR and Ni-P-coated HNBR are plotted in Figure 14, showing a
decrease of 30-49%, depending on the applied load. The one-way ANOVA analysis for the influence of
load on the CoF (p < 0.05) allows the conclusion that while for uncoated HNBR the CoF depends on
the load, this is not observed for the Ni-P plated samples. However, this result should be confirmed
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with a more significant number of samples. It is noteworthy to mention that the CoF values obtained
are within the range of those usually measured on Ni-P plated metallic parts such as steel [56-58].

1 [ Ni-P plated PHNBR
1.4 4 ] HNBR

Coefficient of friction

0.4 -
0.2
0.0 —
IN 5N 10N
Load

Figure 14. Mean and standard deviation of the CoF for the last 1000 cycles of the pin-on-disc test for
pristine HNBR and Ni-P plated PHNBR for each load.

Finally, a prolonged (69,000 cycles) pin-on-disc test with a 5 N load was performed, in order to
test the tribological behavior of the films in limit conditions. Even though the CoF increased to 0.68,
it is still ~40% lower than that of pristine HNBR, see Figure 15. The SEM micrograph of the wear track
after the pin-on-disc test shows that the cauliflower shaped Ni-P film seen in Figure 6 disappeared
and the wear debris are visible, together with grooves in the direction of the pin movement. This is
an indication of abrasive wear, in good agreement with the predominant wear mechanism of ENP
films [59-63]. However, the film remains fully functional, as attested from the final CoF value.

Coefficient of Friction

0.1 —
0 10,000

T T T T T
20,000 30,000 40,000 50,000 60,000

cycles

Figure 15. Variation of the coefficient of friction of Ni-P plated PHNBR sample at 5 N for 69,000 cycles
and SEM micrograph of the sample after the test.
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The most common way found in the literature to decrease rubber friction in a dynamic contact is
coating it with a diamond-like carbon (DLC) film. This is usually carried out by using plasma-based
deposition techniques which, as stated before, require expensive machinery and are often limited to
low production rates [64]. CoF values obtained on NBR and HNBR range from 0.1-0.5 [55,65-67],
depending on the plasma deposition techniques, DLC film compositions, counter-body material and
configuration of the tribological test [65]. Nonetheless, the CoF values are lower than those obtained
with Ni-P films in this work.

However, the CoF of DLC films tend to be more sensitive to the load than the CoF of the Ni-P
films developed in this work, see Figure 14. For instance, Lubwama et al. [65,66] report CoF values for
DLC-coated nitrile butadiene rubber (NBR) of 0.2-0.3 for a 1 N load, that increase to 0.48-0.53 when the
load increases to 5 N. The same load dependence of the CoF of DLC coatings on rubber was observed
by Aoki et al. [67], who also reported a severe degradation of the rubber substrate after only 200 cycles
with a 4.9 N load.

The scaling up is a common problem of plasma techniques applied to the production of DLC
films. Pei et al. [64] addressed this problem by using an expanding thermal plasma chemical vapor
deposition (ETP-CVD) technique, to produce hard carbon coatings. However, the coatings presented
CoFs in the range of 0.25 to 0.35, higher than those of DLC films, and the values showed a growing
tendency over the tribological test, even for 1 N loads.

To sum up, Ni-P-coated HNBR stands as an alternative to DLC or hard carbon coatings, allowing for
a higher throughput deposition on rubber parts of any shape, including 3D geometries, which is
not trivial with DLC. Tribology tests proved that these films decrease the CoF of HNBR by 30-49%,
while combining an excellent wear resistance with a stable and load independent CoF up to a 5 N load.

4. Conclusions

This paper reports a simple and cost-effective electroless plating method to obtain a well-adherent
Ni-P film on HNBR that proved to significantly reduce the CoF of HNBR. First, the HNBR surface
is chemically activated for Ni-P deposition through the formation of a HNBR-PVP (PHNBR)
interpenetrating network. Tensile tests revealed that after surface functionalization, elongation at
break and tensile strength displayed negligible changes (+11% and —0.3% respectively), while Young’s
modulus decreased by 48%, giving rise to a more malleable rubber.

The PVP functionalization of HNBR was followed by the deposition of silver seeds that catalysed
the Ni-P deposition, without the need of expensive noble metal catalysts. SEM micrographs of the plated
samples evidenced a uniform and compact Ni-P film, formed by nodular nickel particles arranged
in cauliflower shape whose thickness ranged from 3 to 10 um, for deposition times of 60 to 120 min.
The Ni-P film was well adhered to HNBR’s surface, with a mean adhesive strength of 1.0 + 0.5 MPa.

Tribological tests proved that the Ni-P film lowers the HNBR CoF by 30-49%, and its performance
seems to be independent of the load, unlike pristine HNBR. However, the CoF values of Ni-P coated
HNBR were not as low as those achieved in DLC coated HNBR.

In conclusion, the excellent tribological properties for which Ni-P films are known, associated
with the good film adhesion to HNBR, makes the Ni-P-coated HNBR a promising candidate for
applications in high wear resistance contacts or dynamic seals, as an alternative to DLC coatings where
3D geometries cannot be easily coated.
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