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Abstract

A novel composite coating containing WS, in Ni-P matrix was obtained by electroless deposition route. The incorporation of tungsten sulfide particles
enhanced the hardness and corrosion resistance of the Ni-P coatings. It was established that the electroless Ni-P-WS, coatings were able to sustain the
low coefficients of friction under severe sliding condition in comparison with the Ni-P coatings. It is evident that the Ni-P-WS, coatings have the
option of being used as solid lubricants to the sliding parts of machineries in aerospace industries. The incorporation of WS, and the existence of NizP
in the matrix have been ascertained by XRD, SEM and AFM.
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Nomenclature

Nomenclature

R. average roughness (nm)

Rq root mean square roughness (nm)
Rpy mean of maximum peak-to-valley height (nm)
R, charge transfer resistance (Ohm cm?)
Cal double layer capacitance (uF cm™)
XRD  X-ray diffraction

SEM  scanning electron microscope

AFM  atomic force microscopy

XRF  X-ray fluorescence

1. Introduction

The ultra light metal of aluminium and its alloys are widely applied to the fields of aerospace, automobile, electronic products, etc.
However, the surface of aluminium and its alloys needs to be protected due to the poor wear and corrosion resistance. Electroless
composite coatings including Ni-P—Al,05[1], Ni-P-MoS,[ 2-3], Ni-P-PTFE [4-6], Ni-P-SiC [7-9], Ni-P-Graphite [10] and few other
coatings [11-13] are synthesized by adding ceramic powders into the plating solution as a suspension during the plating process, so that
the powders can be incorporated into the coating matrix . Aluminium alloys are “difficult to plate metal” based on the following
reasons (1) The formation of passive oxide layer on the surface of aluminium alloys to deteriorate the coatings adhesion; (2) the in
homogenous microstructure consisting of the primary phase and the second phase will result in the uneven coatings; Thus, electroless
plating on aluminium alloys meets serious challenge. In order to satisfy the requirements for sliding parts with both low friction , good
wear and corrosion resistance under dry condition mainly for aerospace industries, composite coatings incorporating some transition
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metal dichalcogenides (disulfides) like MoS, , WS, etc., with low friction must be developed. Among them, tungsten disulphide posses
good lubrication and corrosion resistance properties. Owing to strong hydrophobic character of WS,, its incorporation is found
complexity in electroless plating process. In this paper, electroless composite plating Ni-P-WS, process was developed. Then, the
mechanical properties of the multilayer coatings consisting of electroless Ni-P—WS, and Ni—P coatings were investigated.

2. Experimental procedure

[ Degreasing (Acetone - 2 min) ] ) Rinsing (1 min) ]

[ Rinsing in distilled water (1 min) ] [ Immersing, 50% Nitric acid (1 min) ]

[ Alkali Clean, 4% NaOH (3 min) ] [ Rinsig T ]

[ Rinsing (1 min) ] [ Remove excess Zn ]

[ Tmmerse, 20% H,S0; (4 min) ] [ Rimmgl}n Dy ]
Rinsing (1 min u

[ gﬂ( ) ] [ EN and composite plating ]

[ Zincating, Nano ZnO/NaOH (2 min) ]7

Fig. 1. Sequences of process for electroless Ni-P-WS; coatings.

Pure aluminium samples (99.9%) of size (10 cm x 10 cm x 0.3 cm) were used as the substrates. Specimens were mechanically
polished using a SiC paper to a grit of 1000, then degreased ultrasonically in acetone. The process carried out for obtaining electroless
composite plating Ni-P-WS; is given in figure 1. The compositions and operation conditions of electroless plating Ni—P were as
follows: basic nickels carbonate 15 g.I”, sodium hypophosphite 28 g.1", sodium citrate 30 g.I"', ammonium fluoride 11 g.I", Thallium
nitrate 0.02 g.I™" pH 5.8, temperature 87 °C. To the above electroless plating solution, 2-20 g.I" of WS, (size- 2pum) were added to the
electroless composite plating solution. Before addition, the composite particle is blended with small amount of wetting agent (0.1 g.1™)
as propitiatory sludge. The bath was agitated by mechanical stirrer with 310 rpm. The thickness of deposit was 12 umh™ measured
using XRF spectroscopy (AMI, USA) and the plating duration was 5 hours.

The determination of phosphorus in the deposits of Ni-P is based on completely precipitating phosphorus as ammonium
phosphomolybdate, dissolving the precipitate in IN HNO; and excess HNO; was estimated by back titration. Nickel was analyzed by
complexometric titration using EDTA with murexide as indicator. WS, particle content in composite coatings was calculated by the
equation: C = (weight of WS, / Coating weight) x 100. Ni- P deposits dissolved in the solution of HNO; completely. WS, particles do
not react with HNO;, which was precipitated in the solution. The entire solution was placed for one week in order to completely
precipitate WS, particles. Then the WS, particles were separated and dried at 95 °C for 16 h. Finally, the dried particles WS, were
weighed on an electronic balance with an accuracy of 0.01 mg. The Vickers hardness coated composites as plated and annealed
condition 400°C were evaluated at a load 100 g with a diamond pyramid indenter technique where time of indentation was 15 s. The
results were an average of 5 times measurements.

Taber abrasion resistance with CS-10 abrasive wheel having a load of 1 kg for 1000 cycles was performed on Ni-P and Ni-P- WS,
coatings. For the studies of corrosion, EG & G Princeton Applied Research Model 6310 was used. To that extent one cm? electrolessly
deposited Ni-P and Ni-P- WS, were used as working electrodes. 4 cm® of platinum and saturated calomel electrodes were used as
auxiliary and reference electrodes. The electrolyte was 3.5% NaCl. SEM and XRD (model ES 1640 A) measurements were conducted
for determining the surface morphology and phase transition of coatings. Friction tests were conducted using a pin-on-disc tribometer.
The block diagram of pin-on-disc apparatus is given in figure 2. The samples were cut into 10x10 mm squares and mounted on a
stationary holder. The size of hole to hold the pin was 5 mm and the thickness of sample was 10 mm. A constant load of 3 N was
impulsed on specimen under press along with 220 grit silicon carbide wear paper. The operating velocity of disc rotation was five
rotations per minute and speed was 15.7 mm per second. The duration of pin-on-disc experiment was ten minutes.
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Specifications

1. Hardened Steel Disc, diameter = 20 cmz,
Speed = 2700 rpm

2. Pins(Al, Brass), diameter = 12 mm

Fig. 2. Block diagram for pin on disc apparatus.
3. Results and discussion

3.1 Structure

Figure 3 shows diffractograms of electroless composite coatings, after heat treatment at 400 °C. Nickel phosphide (NisP) phase
precipitates in the matrix and diffractograms show discrete peaks corresponding to crystalline NizP and embedded WS, particles. The
annealing process originates deposit grains to undergo significant growth, comprised good number of WS, in Ni-P matrix.
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Fig. 3. X-ray diffraction patterns of the annealed EN - WS,
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Fig. 4. SEM images of (a) Ni-P (b) Ni-P - WS; coatings.

SEM images show the surface morphologies of the conventional Ni—P coating and Ni-P— WS, composite coatings. The coatings

exhibited typical spherical nodular and layered structures of Ni-P deposits (Figure 4a). The agglomeration and crowding of WS,
particles is visibly seen in Ni-P matrix (Figure 4b).

3.2. Cross sectional profile of composite coatings

AFM image analysis was carried out on composite coatings as well as with polished aluminium surface to understand average value
of roughness R, and root mean square roughness R,.
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Table 1 AFM data for composite coatings

Samples Root mean square Average roughness, R Mean of maximum
roughness, R, > % Peak-to-Valley Height
Polished Aluminium 0.022 (um) 0.017 (um) 0.075(um)
EN-P coatings 132.14(nm) 118.23(nm) 420.7(nm)
EN-P-WS, coatings 46.93 (nm) 40.45 (nm) 157.39 (nm)

Rq is much more sensitive than Ra to large and small height deviations from the mean. Table 1 is a summary of the Rq, Ra, Rpy
values of polished aluminium, electroless Ni-P and composite coatings.

Fig. 5. Cross sectional AFM images of (a) polished Al; (b) Ni-P. (c) Ni-P - WS, coatings.

The value of Rq, Ra, Rpy height for the polished metal surface [reference sample] are 0.022 nm, 0.017nm, and 0.075 nm
respectively, The slight roughness observed on the polished aluminium (Figure 5a) metal surface is due to atmospheric corrosion. The
Rq, Ra, and Rpy height values for EN-P coatings (Figure 5b) are 132.14 nm, 118.23 nm, and 420.700 nm respectively. These data
suggests the EN-P has a greater surface roughness than the polished metal surface. The presence of WS, reduces the Rq to 46.93 nm
from 132.19 nm, and the average roughness is significantly reducing 40.45 nm when compared with 118.23 nm of EN-P. The
maximum peak-to-valley height also was reduced to 157.39 nm. These parameters confirm that the surface appears smoother. The
smoothness of the surface is due to the formation of soft WS, layers (Figure 5c) on the metal surface there by reduces the corrosion.

3.3. Hardness and wear resistance measurements

Table 2 summarizes Vickers micro hardness and wear tests, of Ni-P and Ni-P-WS, composite coatings as-deposited and after heat
treatment at 400 °C for 4 hours. The hardness values of Ni-P coatings as plated and heat-treated are analogous to those obtained for
Ni-P-SiC and Ni-P-Al,O; coatings with a similar phosphorous content [14-15]. The enhanced hardness in the case of the composite
(15 g.l'] of WS,) after annealing at 400°C for 4 h is attributed to the precipitation of intermetallic phases induced by WS, particles
incorporated aluminium in 3.5% NaCl. It has been noted that both hardness as well as abrasion resistance were found to increase as the
bath loadings from 5 to 15 g.I'! of WS,. Beyond 15 g.I" a declined trend in the above mechanical properties is visibly noticed. This
could be due to the collisions among the composite particles that may impede the deposition of Ni-P with subsequent entrapment of
WS,. Hence the optimum concentration for obtaining good results of hardness and abrasion resistance is fixed as 15 g.I"' of WS,.

The improvement in the hardness of composite coatings might be due to the dispersion hardening effect caused by WS, particles
in the composite matrix, which hinders the shift of displacement in nickel matrix. The higher hardness value of coatings containing
Ni- 9.04% P — 6.28% WS, can be ascribed to both the hard particles and Ni;P loaded matrix. The wear resistance Ni- 9.04% P — 6.28%
WS, is found to be higher than the Ni-10.82% P - 0% WS, demonstrating that the improved results are due to WS, content. The wear
resistance of both deposits is greatly enhanced after the heat treatment procedure.

Table 2. Effect of concentration of WS, particles in the bath on the hardness and wear resistance of the coating

Vicker’s Hardness (load 100 g) Weight loss (mg)
Concentration  of
WS, in As plated Annealed As plated Annealed
the bath g 1" (400°C) (400°C)
0 490 610 7.9 5.0
5 629 749 6.0 3.1
10 810 965 5.1 1.4
15 1010 2114 1.2 0.09

25 980 1100 4.2 3.3
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Figure 6 shows the relationship between the coefficients of friction and sliding time of Ni-P and Ni-P-WS, coatings. The
coefficient of friction of the Ni-P coatings was 0.19 with increasing sliding timings up to 600 seconds. For Ni-P- WS, coatings, the
coefficient of friction values was 0.14 up to a sliding distance of 600 seconds. It showed that the composite films had not been worn out
in the tests. Ni-P-WS, composite coatings efficiently reduced the frictional coefficient of aluminium.

£is
i w2 | I— EN-P (Annealed)
¢ 13.] 11— EN-P-WS; (Annealed)

£ M*""M'f
||'i—- q.-n.

E1:—- “'\ W

rz T

g W

coa—

0o i
goet

Friction coefficient

L]

cood
0 a0 AW SO0 0 1

Time (sec)

Fig. 6. Frictional coefficient Vs sliding time for EN-Composite coatings.
3.4. Corrosion resistance measurements

Nyquist plots from the EIS measurements for the aluminium substrate, electroless Ni-P (annealed), Ni—P-WS, and
Ni—P-WS; (annealed) composite coatings in 3.5%NaCl solution are given in figure 7. It is obvious that the obtained diagrams show a
single semi circle and one capacitive loop. This behaviour is typical for solid metal electrodes that prove frequency dispersion of the
impedance data and has been attributed to the roughness and other heterogeneities of the solid surface. An upgrading of the corrosion
resistance of Ni-P—WS, (annealed) composite coatings compared to Ni—P (annealed) was also observed in this study.
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Fig. 7. Nyquist plots for electroless composite coatings.

Table 3. Evaluation of corrosion resistance of the coatings by impedance measurements: Electrolyte 3.5% NaCl

R¢ Ca
Deposit (Ohm cm?) (uF cm™)
Aluminium 3200 15.2
Ni-P (Annealed) 8000 9.27
Ni-P-WS, (15 g 1) 10643 5.53
Ni-P-WS, (Anncaled) 12400 1.26

This could be due to the fact that the uniform distribution of WS, particles in Ni-P matrix is capable of filling some of the pores in
the coating and impede further diffusion of chloride ions along the interface. It also can be observed that Ni-P— WS, with 15 g1 WS,
in the bath formulation exhibits the biggest half circle radius compared to Ni-P coatings and aluminium substrate. The R, and C values
of coatings are presented in Table 3. The R, of Ni-P— WS, (annealed) with 15 g1' WS, and Ni-P (annealed) composite coating, are
12400 and 8000 Ohm.cm?, respectively and the corresponding Cg values are 1.26 and 9.27 uF.cm 2, respectively. According to Li [16]
and Karthikeyan et al [17] high values of R, and low values of Cg indicate better corrosion protective ability of coatings, while the
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Cq value is also related to the porosity of the coating. The composite coatings exhibited the best corrosion resistance, consistent with
hardness and wear resistance results. Also, the enhanced corrosion resistance of WS,coatings indicated that composite coatings are
non-porous.

3.5. Effect of coating thickness

As the rate of deposition of electroless Ni-P-WS, composite coatings was found as 12 microns per hour, the deposition timings
were increased to 6 hours to obtain coatings with thickness of 55 microns per hour by mechanical agitation. A suitable replenishment of
nickel and hypophosphite was made by periodic analysis with optimized temperature and pH. Since the thickness of deposit was above
55 microns the developed coatings exhibited good mechanical properties.

3.6. Effect of particulate concentrations in the bath on the percentage of nickel and phosphorous in the deposit
Table 4 indicates that increasing concentrations of WS, in the bath enhance its incorporation into Ni-P matrix. In the present
study, the increasing concentrations of WS, have lessened the percentage of nickel and phosphorus content in the deposits. An
optimum concentration of 15 g1 of WS, is the recommended dosages for the bath. Beyond these, collisions among the moving

particles inhibit the plating process.

Table 4. Effect of concentration of WS, particles in the bath on the percentage of Ni, P and WS, particle in the deposit

WS, in the bath Composition of the deposit
-1
gl Nickel (%) Phosphorus(%) WS, (%)

0 89.18 10.82 --

5 87.69 9.79 2.52
10 84.79 9.28 5.93
15 84.68 9.04 6.28
25 86.26 8.66 5.08

The incorporation of WS, seems to be mechanical and little due to the electrophorectic effects of the hydrophobic particles. As the
particles strike the surface they are included in the nickel alloy being deposited and become a part of the cermets. There is no
molecular bond between WS, particles and the Ni-P matrix [18]. The composite is developed mechanically by the effect of settling
and impinging of the WS, upon the substrate metal and subsequent envelopment of the particles by the matrix material, as they are
codepositing. Evenly keeping WS, in suspension and rotating the object to be coated with in resonance by bath agitation can ensure
uniformity of composition for the composites.

4. Conclusions

A novel Ni-P—WS, composite coating on aluminium metal has been developed by electroless plating process. X-ray diffractograms
confirmed the crystalline state of coatings containing tungsten sulfide particles. The micro hardness, wear and corrosion resistance of
Ni—P-WS, composite coatings have been significantly higher than Ni-P coatings. The low frictional coefficient of the coatings
indicated that it can be used as solid lubricants to the sliding parts of aircraft machines.
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