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Electroless nickel plating has undergone a sea change 
over the last decade. These coatings find wide appli- 
cation in the automotive and aerospace industries. 
As a means of overcoming problems associated with 
corrosion, abrasive wear and for the metallizing of 
nonconducting materials, this technology is rapidly 
expanding. Of all the electroless nickel plating pro- 
cesses available, the most widely used is the nickel 
phosphorous alloy acid bath. The main objective of 
our project is to codeposit TiO, with Ni-P at different 
concentrations and to study the mechanical and cor- 
rosion properties of the deposits. 

Introduction and background 
Conventional electroplating is accomplished when metal 
ions are reduced to the metallic state and deposited as such 
at the cathode by use of electrical energy. Electroless plat- 
ing is a chemical reduction process which depends on the 
catalytic reduction of a metallic ion in an aqueous solution 
containing a reducing agent, and the subsequent deposi- 
tion of the metal without the use of electrical energy. 

Credit for the discovery of electroless plating goes 
to Brenner and Riddell,',2 with their work in develop- 
ing a process for plating the inner walls of tubes with 
nickel-tungsten alloy, using an insoluble anode. This 
work first discussed the unusual reducing properties of 
the hypophosphites. This process was eventually cov- 
ered by patents3 in 1950. While the initial acceptance of 
the chemically deposited coating was slow, subsequent 

development of the process, including improvements of 
both bath composition and techniques, has increased its 
industrial utilization. 

The reducing power of hypophosphorous acid and the 
hypophosphites has commanded considerable attention 
ever since the discovery of these compounds in 1819. 
The reduction of a nickel ion to nickel by hypophosphite 
was first observed by Wurtz4 in 1845. Subsequently, other 
investigators studied this reaction, including B r e t e a ~ ~ , ~  
Paal and Frederici: Scholder and Heckel7 and Scholder 
and Haken.B 

Electroless nickel-phosphorus acid bathg 
The acid solutions are the most popular and have been 
well investigated. The compositions of the chemical nickel 
plating solutions used by Bremer and Riddell have certain 
advantages over the alkaline solutions and hence are more 
popular. The rate of deposition is as high as 20 to 25 pmlhr 
(787 to 984 pin.). They are more stable since there is no 
loss of complexant by evaporation. The coatings obtained 
from acid solutions are of better quality. The properties 
can be easily controlled by controlling the amount of phos- 
phorus in the deposit. Hence, acid solutions are generally 
preferred in many applications. 

The reaction proceeds, yielding the following results: 

Reduced nickel ion concentration 
Hypophosphite converted to phosphite 
Increased hydrogen ion concentration 
Hydrogen gas may be adsorbed by the deposit 

Amine boranes are also used as reductants instead of 
hypophosphite in acid electroless nickel solutions. The 
deposits obtained from these solutions contain boron 
which enhances the hardness of the coating. Nuts & Bolts: 
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Reasons for spontaneous decomposition of electroless 
nickel baths 
The main reasons for the spontaneous decomposition of electroless 
nickel baths are:l0." 

Local overheating, 
Too rapid an addition of sodium hypophosphite, 
High phosphite concentration, 
Too rapid an addition of alkali, 
Excessive deposits of nickel on tank walls or on heating coils, 
High pH during bath preparation (causing precipitation of nickel 
compounds), 
Incomplete removal of palladium after the use of a palladium 
activator, 
Instability of freshly prepared baths, 
Low bath loadings and 
Overuse of baths, leading to precipitation of phosphites. 

Composite coatings 
Electrodeposited composite plating is defined as one in which a 
uniform dispersion of small discrete particulates is deliberately 
codeposited within a metallic c ~ a t i n g . l ~ - ' ~  Electroless nickel-phos- 
phorus coatings have many properties that are superior to those 
of electrodeposited nickel.16 Because of the phosphorus content, 
electroless nickel is harder and has better corrosion resistance.17 
Electroless nickel composites combine the unique properties of 
conventional electroless nickel deposits, such as uniformity of 
deposition over complex geometries, high hardness and good cor- 
rosion resistance with those of abrasive materials possessing high 
temperature resistance and tribological (wear) properties. 

Electroless Ni-P-TiO, composite coatings 
M.H. Fawzy, et a1.I8 studied the electrodeposition of Ni-a-A1203 
and Ni-TiO, composites from baths containing 100 g1L (13.4 
ozlgal) NiS0;7H20, 40 g/L (5.3 ozlgal) NiCli6H20, 25 g/L (3.3 
ozlgal) H,B03 and 40 g/L (5.3 ozlgal) Na2SO;1OH2O with 1 to 20 
glL (0.1 to 2.7 ozlgal) a-Al,O, or 1 to 20 g1L (0.1 to 2.7 ozlgal) 
TiO, particles suspended in the-bath. During electrodeposition, the 
cathodic polarization increased with an increase of both the size 
and concentration of the inert particles in the bath. The current 
efficiency of nickel electrodeposition is relatively high (95%) and 
was not affected by inclusion of the inert particles. The growth 
morphology of the nickel deposit was affected by the inert particle 
content, the deposition current density and pH of the bath. The 
microhardness of the nickel deposit (1 16 kgflmm2) increased with 
an increase of the inert particle content and the current density until 
it reached 243 kgflmm2 as a maximum. The data obtained revealed 
that the microhardness of the deposit is a morphology-sensitive 
property. 

Experimental 
Electrode preparation 
Copper, mild steel and stainless steel panels were used as sub- 
strates. The electrodes were cut to a suitable size and mechanically 
polished. The polished specimens were degreased with trichloro- 
ethylene. The mild steel panels were used for corrosion studies, 
while the copper and stainless steel panels were used for rate mea- 
surement and phosphorus analysis, respectively. 

Bath development 
Various formulations available in the literature were selected and 
their deposition rates at 80°C (176°F) were studied. Among the 

various solutions, baths based on sodium citrate, sodium hypo- 
phosphite and nickel sulfate were selected for further study. The 
bath composition was varied to arrive at a suitable composition to 
yield an acceptably high rate of deposition at 80°C (176°F). The 
following bath composition was selected: 

Nickel sulfate 50 g/L (6.7 ozlgal) 
Sodium citrate 50 g1L (6.7 ozlgal) 
Sodium hypophosphite 40 g1L (5.3 ozlgal) 

Ammonia was used for pH control and TiO, was added to range 
from 0.5 to 4.0 g/L (0.07 to 0.53 ozlgal). 

Bath preparation and purification 
The required amounts of chemicals were weighed and dissolved 
in distilled water (314 of the total volume required). The solution 
was then filtered through a G4 crucible and made up to the required 
volume using distilled water. The solution pH was adjusted electro- 
metrically using a pH meter, using ammonia. 

Bath maintenance and control 
The temperature of the bath was maintained within +2 CO (k3.6 FO) 
and the pH was continuously monitored. Suitable additions of sul- 
furic acid or ammonia were made as warranted by the bath pH. The 
bath ingredients, mainly nickel sulfate and sodium hypophosphite, 
were suitably replenished depending on the nickel that was depos- 
ited out from the solution. 

The electroless bath container was replaced periodically and the 
tank was cleaned with nitric acid. The bath was periodically fil- 
tered through the G4 crucible to remove any nickel metal reduced 
and suspended in the solution. 

Analysis of the deposits 
Atomic absorption spectroscopy (AAS) was used to analyze accu- 
rately the chemical composition of the deposits. 

Sample preparation 
Mild steel samples were cut to a size of 7.5 x 2.5 cm (approx. 3 
x 2 in.) and mechanically polished. They were then degreased in 
trichloroethylene and etched in 20% H2S04 at 60°C (140°F) for 2 
min. The electroless nickel deposition was then camed out on the 
etched samples for different times to obtain 2-, 5- and 10-pm thick- 
nesses. The bath temperature was maintained at 80°C (176°F) and 
the pH was set at values of 3.0,4.0,5.0 and 6.0. Experiments were 
camed out for each pH and the desired thickness was obtained on 
the mild steel specimens. These specimens were used for measur- 
ing hardness, impedance and for studying surface morphology. 

Impedance testing 
Polarization measurements were carried out galvanostatically by 
exposing a 1.0 cm2 (0.16 in2) area of the plated specimen using 
constant current. Platinum was used as an auxiliary electrode and 
a saturated calomel electrode was varied from 0 to 1.0 rnA. The 
corresponding change in potential was measured versus SCE using 
a digital voltmeter. The electrolyte used in the study was 5% NaCl. 
Polarization measurements were also camed out for bare mild steel 
specimens. The AC impedance spectra obtained for the electroless 
nickel deposits were camed out before and after heat treatment of 
the deposits. In this experiment the AC voltage was superimposed 
on the rest potential of an electroless deposited electrode immersed 
in 5% NaCl. Using the Nyquist plot, the charge transfer resistance 
was calculated as the X intercept of the semicircle where the X axis 
represents the real part of the impedance. 
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Results and discussion 
Figure 1 shows the effect of bath temperature on the deposition rate 
in the presence of 3.0 g/L (0.4 oz/gal) TiO, particles. 

Figure 2 shows the variation of deposition rate with time. The 
rate is seen to increase, achieving a near-constant value after 30 
min. Though not shown in the figure, a very high rate was observed 
in the first few seconds. This may be related to the deposition of 
electroless nickel on freshly activated mild steel surface. With 
time. the reduction takes place on an electroless nickel surface 
which has a different catalytic property. In addition, phosphorus is 
codeposited with the nickel. 

Figure 3 shows the variation of the deposition rate with pH. The 
solution pH was varied between 4.0 to 7.0. Increasing the bath pH 
increased the deposition rate. 
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Temperature OC 

Figure I -  E&ct of ttwrperatrrre on the deposition rote in the presence of TiO, 
purticles (3.0 RIL ar pH 4 .0) .  

Deposition time (min) 
Figure 2-Ejfect of deposition rate with respect to deposition rinre in rhe pres- 
ence of TiO, particles (3.0 gIL ar pH 4.0 and a constant ternperarwe of'RO°C 
(176°F)). 

PH 
Figure 3-Effect ofpH on the deposition rate in rhe presence of TiO, parricles 
(3.0 gIL). 

As shown in Fig. 4, the hardness decreased as the TiOz content in 
the bath was increased. This would be expected owing to the incor- 
poration of additional particles in the deposit. Similar observations 
were made by Balaraju, et aP9  in the case of graphite composites 
and by Nishira, et al." in the case of Ni-P-PTFE composites. After 
heat treatment at 200°C (392"F), the TiO, particles may become 
sintered, leaving TiO, films on the surfack of the deposit. which 
would account for the dry lubrication characteristic, a desirable 
feature of this composite. As the heat treatment process proceeds 
and exudes more TiO, particles onto the surface from the bulk of 
the deposit, it may also increase the hardness. 

The four plots of Figure 5 give the impedance measurement 
results. For the Ni-P-TiO, coating, the charge transfer resistance. 
Rc,, was 6.0 kQ while the value for the Ni-P coating was 1.6 kQ. 
The results of the impedance studies with and with out TiO, addi- 
tions are shown in Table 1. From this table we can observe that the 
charge transfer resistance increased with the TiO, additions. We 
can conclude that Ni-P-TiO, coated specimens were more corro- 
sion resistant than Ni-P deposits. 

Table 2 shows the effect of the TiO, particle concentration in the 
bath on the percentage of Ni, P and TiO, in the deposit. Increased 
TiO, in the bath increased the incorporation of TiO, in the deposit. 
Beyond 3.0 g/L (0.4 oz/gal) however, no further increase in TiOz 
content was observed. Hence the maximum concentration of TiO, 
particles in the bath was fixed at 3.0 g/L (0.4 oz/gal). Further 
experiments were carried out at this level. 
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Figure 4-Ejfect of TiO, particle concentration on the coating hardness with 
respect to heat treatment. 

Table 1 
Effect of TiO, particle concentration (g/L) in 

impedance testing to determine corrosion resistance 

Heat treated 
-0.5 1 1 

without TiO, 
0.380 

Heat treated 
-0.420 

with 1.0 g/LTiO, 

Sample 
Number 

Heat treated 1 1 with 2.0 gRTiO, 
1 -0.405 1 6.0 1 

Heat treated 1 / with3.0g/LTi07 
1 -0.338 1 8.0 / 

Specimen 
Condition 
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Table 2 
Effect of TiO, particle concentration in the bath on the 

percentage of Ni, P and TiO, in the deposits 

'Tlicsc measurcmcnts indicate that the conrpositc will bc lnorc corrosion rcsis- 
tmt tlrall Ni-l'coatillgs ill  marille cnv i ro~~ incn t~ ,  'l'hc grcatcl- corrosion resihti~ncc 
is attl-rbut;tt)lc to thc unil'osm tlispcrsion o f  TiO, particlcs vltl to the scducecl 
porosity in the coating. 

Sample 

I 

Suri~ce ~ i x ) r p / i o / o g y  

PIiotogr;lph.; of the heat trcatcd Ni-Pco;ttiny ~ i d  thc Ni-P-Tic), coxtings contain- 
inp I .O and 3.0 \ ~ t ( l ;  TO,. T'hcse art' shown in F:if\. h. 7 a n d  S. scspeclivcly. I t  is 
clCady eviclcl~r from the 1igu1r.s that there was ;ui increase in incorporated 1'10, 

~xirticlc.; ill the tlcpwir fmni the j~~csc;iscd particlc concciitrntion Fi-om I .O to 3.0 
g1L (0.13 to0.40 o//gitl) i l l  tlic bath. 

Real Part l Kf2 

TiO, 
Concentration 
in the ~ ~ t h ,  ,,JI, 

0.0 

Real part I KR 

Deposit Composition, wt% 

Nickel 

89.80 

Phosphorus 

10.20 

TiO, 

--- 



Conclusion 
A new bath has becn dcvclopcd fix producinz Ni-P-TiU, cornpoh- 
ite cclittingz. The optimum concentration and opcruting cmtfitir~ns 
arc ;is Sollou,~: 

Nickel sullllti. SO $1, (6.7 ozlgal j 
Sodium citratc 50 g/L (0.7 o z / p l )  
Sodiuni hypophosphitc 40 yll, (5.3 cv/gal) 
TiO, 3.0 @I. (0.4 cvlgal) 
pH 4.0 
Tcrnperature 80°C (I 7h°Fj 

lJndcr thesc conditions. the deposit wac t'ountl to contain Hb.0 
wt%; Ni, 10.1 wt% I' and 3.0 \vrl% TiO,. Tlierc was a dccrcasc in 
Imdncss wilt1 thc incorpor;ltion of XO,. iluc to t l~c  soft rlnturc of 
the TiO, partick.;. l'hc w a r .  and corrositrn r f i i s tarw were wry  
much irnprovecl with thc presence of  TiO, particles. Thcrcl'orc, thc 
coating can be uwd t'or cnfinccring  application^ whcrc high w a r  
rtsist;~ncc and lubricity arc required. 
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