ELECTRODEPOSITION OF HEAT-TREATABLE
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Heat-treatable Ni-P-Al,O; composite coatings have been produced so as to expand the
application range of Nickel Composite Coatings. The effect of various factors e.g. surface
condition & bath load of Al;O; and current density on Al;O; and P content in the coating and
microhardness in as-plated and heat treated conditions has been studied. Under optimum
conditions, microhardness was within a range of 1140 to 1300 kg/mm’ as compared to 530 to
630 kg/mm? for as-plated coatings. Mechanism of codeposition was similar to that in Cr-AL,O;
composite coatings.
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INTRODUCTION

Electroless Ni-P alloy coatings first developed by Brenner and Riddel ¥ have become
quite popular due to their excellent corrosion and wear resistance in as-plated and heat-treated
conditions. Their wear resistance is comparable to hard chromium coatings®. Tribological
properties of these coatings have been further extended by codepositing second phase particles
with electroless Ni-P; second phase particles being of Al,Os, Cr;C,, Cr,0;, SiC, SisNs, WC,
PTFE, Grphite etc.®* However, the electrolytes used for electroless plating are expensive and P
content of the coating is usually limited to 8%. To overcome these difficulties Ni-P coatings have
produced by electrodeposition."*'? These electrodeposited Ni-P coating can be hardened by heat
treatment. Present investigation was undertaken to examine the possibility of electrodepositing
heat treatable Ni-P-Al,O3; composite coatings.

EXPERIMENTAL

Al,O; powder particles obtained by dry grinding as-received Al,O; for 12 hours and
having an average particle size of 4 um, suitably pretreated, was added to a electroplating bath
containing Nickel Sulphate (NiSO4.7H,0) 150 g/1 , Nickel Chloride (NiCl,.6H,O) 45 g/1 ,
Phosphoric Acid (H;PO,) 50 g/l and Phosphorus Acid (H3;PO;) 5 g/l . A magnetic stirrer was
used to blend Al,O; particles for 1 hour before starting of electrodeposition & for keeping the
particles under suspension during plating. Water was added to make up for evaporation loss
during plating. Plating was carried out for 15 minutes at 80°C on suitably prepared mild steel
specimens.

The AlL,O; content of the coating was determined gravimatrically by dissolving it in
concentrated sulphuric acid containing few drops of formaldehyde, diluting to approximately 4:1
and filtering through a previously weighed Whatman filter paper no. 40, washing, drying and
reweighing it.

Microhardness of the coating was measured using a Tukon microhardness tester by using
a diamond pyramid indentor with an open angle of 136 at a load of 1 kgf.

RESULTS & DISCUSSIONS

Preliminary results showed that surface condition of Al,O; was affecting the nature of
Ni-P-Al,O3 composite coating. When Al,O; was added in as-received condition bath pH
increased and deposits obtained were black, loose and spongy. Frequent adjustment bath pH was
necessary to obtain acceptable deposits. Using Ni-P coated Al,O; powder also was not effective
and coatings obtained were rough and porous with poor adherence. Treated Al,Os; produced by
mixing as-received Al,O; with electroplating solution at 80°C for 4 hours followed by filtering,
washing and drying at 150°C; produced bright, smooth and adherent coatings. In the present
study all further experiments were carried out using treated Al,Os.



With increasing Al,O; content in the bath (bath load), the Al,O; content in the coatlng
increased steadily for 0.1 A/cm”and 0.4 A/cm’ whereas for 0.2 and 0.3 A/cm? there were regions
where Al,O; content in the coating was almost independent of the bath load. (Fig. 1)

At all bath loads and at all current densities the amount of phosphorus in the coating was
always lower than the value expected from a bath containing no Al,O; particles. When the bath
load was increased from 20 g/l to 40 g/, the amount of phosphorus in the coating increased.
Thereafter it either decreased (at 0.1 and 0.2 A/cm?) or remained almost constant (at 0.3 and 0.4
A/cm?). At 0.3 and 0.4 A/cm? the phosphorus content of the coating increased when bath load
was increased from 100 to 120 g/1. (fig.2)

With i 1ncreasmg Al,O; content in the bath, cathode current efficiency (CCE) decreased at
0.1,0.2 and 0.4 A/cm?, whereas at 0.3 A/cm? it increased. In all cases CCE was between 80 to 90
% (ﬁg 3).

In the As-plated condition the microhardness of the composite coating first decreased and
then 1ncreased with increasing Al;O; content in the bath at all current densities except for 0.1
A/cm® where a reverse trend was obtained (fig. 4). The minimum microhardness observed
increased with increasing current density.

For samples vacuum annealed for 1 hour at 200°C, Al O; content in the bath versus
microhardness showed a minimum at 0.1 and 0.2 A/cm®. At 0.3 A/cm? it was almost constant ug
to a bath load of 60 g/l, thereafter it increased with increasing bath load. At 0.4 A/cm
microhardness of the coating increased up to about 50 g/l thereafter it remained constant up to
about 100 g/l and increased thereafter (fig.5).

When samples were vacuum annealed for 1 hour at 400°C, microhardness increased
regularly with increasing Al,O; in the bath at 0.1 and 0.2 A/cm®. Whereas at 0.3 and 0.4 A/cm>
there appeared to be a region where microhardness was independent of Al,O; in the bath (fig.6).

For samples vacuum annealed for 1 hour at 600°C, microhardness of the composite
coatings increased regularly with increasing Al;O; content in the bath at all current densities
(fig.7).

For samples vacuum annealed for 1 hour at 800°C, microhardness increased with
increasing Al,O; in the bath at 0.1 A/cm’ whereas as 0.2, 0.3 and 0.4 a/cm’ a maximum is
observed at about 80 g/l (fig.8).

At all current densities, the plot of annealing temperature vs. microhardness resembled
very much to that of Ni-P alloy coatings. With increasing annealing temperature the hardness
increased reached a maximum and then dropped, optimum being observed at about 400°C (fig. 9
to 12).

When microhardness was plotted against either Al,O; or P content in the coating wide
scatter in results was obtained. This was apparently due to the fact that both Al,O; and P in the



coating affect its hardness. Using Linear Regression Analysis following relationship was
observed for samples in as-plated condition.

Microhardness (Kg/mmZ) = 714.30 + 15.49 x AL,O3 (Wt %) — 35.77 x P (wt %)

Since bath load and current density are independent variables an attempt was made to
correlate microhardness with these variables at different annealing temperatures. Following
equations can be used to predict Micro-hardness of Ni-P-Al,O; composite coatings in as-plated
and annealed (for 1 hour) conditions using Al,03 (wt.%) in the bath and Current Density (A/cm?)

As-Plated : Microhardness = 0.31 x AlL,O; + 378.99 x P + 472.78
Annealed at 200°C : Microhardness = 0.82 x AlL,O3; + 653.30xP +634.50
Annealed at 400°C : Microhardness = 3.49 x AlLOs3; + 5864.80 x P - 662.56
Annealed at 600°C : Microhardness = 0.47 x AlLO; + 34120 x P +482.50
Annealed at 800°C : Microhardness = 0.38 x ALO; + 150.50 x P + 242.56

The two stage adsorption mechanism proposed by Guglicmi“n is not applicable in the
present case since a plot of volume percent and volume fraction of Al,O; in the bath and the
coating respectively failed to give a sheaf of straight lines converging at a point. Also other
mechanisms based purely on electrophoretic deposition and mechanical entrapment of solid
particles in the electrodeposit are unable to explain all the results obtained.

A mechanism proposed by Narayan & Chattopadhyay!'® for electrodeposition of Cr-
AlO3; composite coatings appear to be applicable in the present Ni-P-Al,O; system also.
According to this mechanism the transportation of Al,O; particles towards the cathode and their
subsequent deposition within the Ni-P matrix would depend upon :-
1. The surface charge of Al,O; particles, which may be modified due to adsorption of certain
species from the plating bath.
2. Transportation of the particles towards the cathode due to hydrodynamic and electrophoretic
forces.

Al,O; particles, which are initially negatively charged in aqueous solution, adsorb the
hydrogen produced by oxidation of hypophosphite anion to a more stable phosphite ion.

H,PO;, "+ H,0 = H(HPO;) + 2H" (adsorbed by Al,O; particles )

This adsorption of H' ions would either neutralize the charge on Al,O; particles or positively
charge it. These neutral or positively charged particles move towards the cathode due to
hydrodynamic and electrophoretic forces and get entrapped within the growing Ni-P matrix and
the adsorbed hydrogen evolves as H; gas.

At a given current density increasing the bath load should increase the amount of Al,Os
codeposited with Ni-P, whereas increasing the current density will have the following mutually
opposing effects:



¢ Increased production of H' produced by decomposition of H,PO, ions, which are produced
by reduction of H;PO; molecules at the cathode. This would result in higher amount of
codeposited Al,O; due to increased chance and magnitude of H' adsorption on Al,Os
surface.

¢ Increased evolution of H, gas bubbles at the cathode and thereby making codeopsition of
AlyOs difficult. This would result in lower amounts of codeposited Al,O;.

The above explains why at low current density (0.1 A/cm?) codeposition is negligible at
20 and 40 g/l bath loads and high as we increase the bath load from 60 to 80 g/l, whereas at
higher current densities codeposition is appreciable at lower bath loads also. This will also
explain why initial rate of increase of Al,Os in the coating with Al,O; in the bath is less at higher
current densities as compared to lower current density (fig. 1). This also explains optimum
codeposition at 0.2 A/cm” for bath loads of 40, 60 & 80 g/l and at 0.3 A/cm? for bath load of 20

g/l.

Effect of bath load and current density on the amount of P in the present investigation can
be best explained by the effect of these parameters on reactions taking place at the cathode
surface. During electrode position of Ni-P coatings following reactions occur at the cathode.

Ni** +2 > Ni (1)
H,PO; + ¢ = 20H +P Q)
2H + 2 = H, 3)

The present observation that the amount of P in coatings containing Al,Os , at all current
densities and bath loads, was lower than the expected value for a bath without Al,O; can be
explained in terms of its effect on bath pH. It was observed that addition of Al,O; to the bath
increases its pH. This would tend to shift the equilibrium in the above reaction (2) towards left
and result in lower P in the coating.

Similarly the present observation that increasing current density results in lower P in the
coating can be explained in terms of the effect of increasing current density on the above
reactions. It appears that initially increasing current density accelerates reaction (1) more than
reaction (2) and thereby results in lower P in the coating. At current densities above 0.3 A/cm’
rate of reaction (2) is also inceased in the forward direction resulting in higher P in the coating.

Ni-P-Al,O3; composite coatings harden on heat treatment by precipitation of Ni;P phase
as they do in any thermally prepared alloy. However, the first stage of the hardening process,
high temperature heat treatment, in not necessary in case of electrodeposited coatings because in
as dep051ted condition they are in smgle-phase metastable phase. When this single-phase alloy is
heated in temperature range of 200 — 400°C precipitation of sub-microscopic NisP results in
increased hardness. At higher temperatures these precipitates coarsen resulting in drop in
hardness. The effect of annealing time on hardness at various temperatures has not been studied
in the present investigation. However, it is reasonable to assume that it will follow the general
effect observed for precipitation hardening.



CONCLUSIONS
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It was possible to produce heat-treatable Ni-P-Al,O3 composite coatings.

Addition of as-received Al,Os to the electroplating solution increases its pH, which in turn
effects the nature of electrodeposited coating. Black coatings being obtained at pH higher
than 1.6

Using treated Al,O; it was possible to produce composite coatings of acceptable quality.

At a given current density the Al,O; content in the coating increased with increase in its
content in the bath.

P content of the coating decreased with increase in current density.

Microhardness of the coating was always higher than pure nickel coatings. It increased with
increasing Al,O3 and decreasing P content in the coating,

Microhardness of as-plated and heat-treated coatings was strongly dependent on current
density. It increases with increasing current density and then shows an optimum.
Microhardness of Ni-P-Al,O; composite coating increased with increasing heat treatment
temperature up to 400°C, thereafter it decreased. The peak hardness was higher than Ni-P
alloy coatings.

Mechanism proposed by Narayan and Chattopadhyay for Cr- Al,O; appears to be applicable
in Ni-P-Al,O; system also.
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