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Abstract 

 

Ultrafine TiO2 dispersed nickel composite coatings have been prepared by direct current 

deposition process on steel substrate from Watt’s bath to improve the surface mechanical 

property of conventional nickel coating. To resist agglomeration of ultra fine particles in 

plating bath due to high surface free energy and to get homogeneous coating, magnetic 

stirring was applied during deposition with prior ultrasonic agitation. For de-

agglomeration, Hexa decylpyridinium bromide (HPB) was used in varying quantity in 

plating bath as surfactant. Characterization of TiO2 powder as well as microstructure, 

hardness and wear properties of the coatings were studied by means of XRD, SEM, 

microhardness tester and ball-on-plate type wear tester. TiO2 incorporation in the coatings 

was uniform and dispersion of TiO2 was below 100 nm size along with the faceted nickel 

matrix. Selective amount of HPB addition produces hard orientation of nickel in the 

composite coating along with better TiO2 co-deposition rate leading to higher 

microhardness and wear resistance. Wear is mainly adhesive in nature and the worn out 

TiO2 particles shift it nominally to abrasive mechanism. 
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1. Introduction 

Electro-deposition of nickel is widely used to improve surface properties like corrosion 

resistance and physical appearance. The nickel-plated surface shows low surface mechanical 

properties such as hardness and wear resistance and to improve this electro-co-deposition of 

Ni with non-metal was investigated regularly [1-12]. Ceramic dispersed metal matrix 

composite coating has been widely studied earlier. Manna et. al. [13,14] synthesized Cu—

aluminide composite coatings for better strength and conductivity by laser surface alloying 

and electrodeposition. The electro-co-deposition of Ni with second phase hard inert particles 

such as metal oxides, metal carbides, nitrides, borides (TiO2, ZrO2, SiO2, Al2O3, Cr2O3, SiC, 

WC, TiC, Cr3C2, Si3N4, BN, ZrB), carbon nanotube (CNTs), diamond are generally used in 

composite coating to improve properties such as hardness, wear resistance, corrosion 

resistance [7-12, 15-18]. The semiconducting titania particles with nickel coating show the 

photo catalytic behavior along with the low coefficient of friction, good wear, hardness and 

high temperature properties of the coating [19-21]. Recently, Ni-TiO2 composite coatings 

have been extensively studied by many researchers [22-27]. They have mainly emphasized 

on surface mechanical property modification and role of matrix morphology and texture on 

strengthening of these Ni-TiO2 composite coatings. These coatings have large projected 

applications in automotive parts, printed circuitry, electrical contacts, trophies, soft metal 

gaskets, decorative door, light & bathroom fittings, engine cylinders, high pressure valves, 

musical instruments, aerospace, medical devices, marine, agriculture, nuclear field and soft 

magnetic materials for magnetic recording [4-6]. 

 

Mechanical property of coating depends on grain / particle size and thus obtaining fine size is 

of major concern. Electro-deposition process can produce such coatings by optimizing the 

process parameters, e.g. plating condition, bath composition etc. Coatings obtained from this 

process are also porosity free and it incurs low cost and is simple in operation. Due to this 

reason nickel deposited from Watt’s bath has versatile applications starting from home 

appliances to industrial components; but Watt’s bath produces stresses to the plated material 

which leads to lower fatigue properties. Attempts have been made to decrease the stress level 

during electro-deposition. Prasad et al. [28] explained that the ultrasonic agitation improves 

the deposition rate, current density, smoothness of the surface and reduction of the residual 

stress on the coating surface. 
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Nano particle reinforced composite coatings have highest mechanical properties than the 

micron size particles due to number density of the embedded particles in metal 

electrodeposits and different embedding mechanisms in metal electrodeposits [29-31]. For 

co-deposition of ceramic particles, the problems like sedimentation of large particles and 

agglomeration of fine particles are of major concern.  Agglomeration of particles in the 

electrolyte or in the matrix is the main problem in the coating due to high surface energy, pH, 

organic surfactant and agitations are maintained for de agglomeration and uniform dispersion. 

Bath agitation is used to increase adhesion of the deposit to the electrode, de-agglomeration 

of the particles in the bath and increase hardness of the coating by reducing the grain size of 

the deposited nickel [28, 32, 33]. Addition of organic surfactant in an electrolytic bath also 

improves the homogeneity of the composite coating by changing the contact angle between 

the particles and the electrolyte also reduces the grain size of the deposited nickel [34, 35]. 

Surfactant is used for decreasing viscosity and thus gravitational force of the electrolytic bath 

and diffusion coefficient improve the deposition process [36]. The composition, structure and 

properties of the composite are affected by several parameters, such as composition of 

particles, concentration of the plating bath, particle characteristics, temperature, pH, agitation, 

type of applied current and current density. 

 

The present work aims to improve surface mechanical property of normal nickel coatings by 

electro-co-deposition of Ni with dispersed second phase ultrafine titanium oxide particles in 

presence of surfactant (HPB). The Ni/TiO2 metal matrix composite coatings were prepared 

on steel substrates through electro-co-deposition from a bath containing dispersion of TiO2 

powder in Watt’s bath. For determination of optimum composition of the bath; amount of 

particle and surfactant amount were taken as variables, whereas current density and 

temperature of the bath were maintained constant in presence of magnetic stirring with proior 

ultrasonic agitation. More emphasis was given to study the effect of HPB along with different 

amounts of titania particles in the bath on nickel texture and TiO2 co-deposition rate and 

thereof its affect on surface mechanical properties.  

 

2. Experimental 

Specimens with approximate dimensions of 10 mm x 15 mm x 6 mm were cut from hot 

rolled SAE 1020 grade mild steel bar with nominal composition of  % C: 0.18-0.22;  % Si: 

0.1-0.35; % Mn: 0.6-0.7; % Al: 0.01(max); %S: 0.02(max); % P: 0.03; and balance Fe (in 

wt.%). This steel was selected as the substrate of the coatings for the present study as model 
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plain carbon steel used for structural applications. The steel samples were metallographically 

polished and ultrasonically cleaned in acetone before electroplating without any activation 

pre-treatment. 

 

For electro-co-deposition of Ni/TiO2, 200 ml Watt’s bath was used as the plating bath. Ultra 

fine TiO2 powder which was dispersed in the bath was procured from Inframat Advanced 

Materials, Formington, USA. Purity was claimed as 99.99% and average particle size as ~ 30 

nm. The particle size was checked by Malvern Zetasizer nano series Nano-ZS model 

instrument. Bright field transmission electron microscopy (TEM) studies were carried out to 

ascertain the size and morphology of the as received powder. A JEOL-2100 TEM was used 

for this purpose. The compositions of the bath along with plating parameters are shown in the 

Table 1. Ultrasonic agitation (120 watts power and 34 kHz frequency) was used for the 

dispersion of particles for 1 h just before initiation of the plating process and magnetic 

stirring was done during plating. The temperature was maintained by using hot plate and the 

electro-deposition was controlled by a DC source (APLAB 7103). An austenitic stainless 

steel plate was used as anode whereas the prepared specimens were used as cathode. The pH 

of the plating solution was maintained by adding NH4OH (for increasing pH) and CH3COOH 

(for decreasing the pH). As the isoelectric point (IEP) of TiO2 is about pH 5.7 [37], the pH 

was maintained below this value (pH 4) in acidic bath to get co-deposition on the cathode. 

This value is also suitable for obtaining better properties of the nickel substrate as earlier 

work [38] suggested the pH range 3-4 for optimal mechanical properties of nickel. Nickel 

deposition bath with this pH range conventionally mentioned as ‘semibright bath’ [39]. The 

different surfactant concentrations (as mentioned in the Table l) were used to improve the 

coating property. Hexa decylpyridinium bromide was used as surfactant and was procured 

from Alfa Aesar, USA. Earlier the same was tried for Ni-Al2O3 composite coating [9]. 

 

After deposition, the phases obtained in the coating were analyzed by Bragg-Brentano (theta-

2theta) x-ray diffraction (XRD) using Cu Kα (λ = 0.15406 nm) radiation in a Philips X-ray 

diffractometer. Same method was used to analyze the as received TiO2 powder and the 

substrate (before coating). Microscopic studies to examine the morphology, particle size and 

microstructure were done by a JEOL 6480 LV scanning electron microscope (SEM) equipped 

with an energy dispersive X-ray (EDS) detector of Oxford data reference system. The 

secondary electron imaging was used with suitable accelerating voltages for the best possible 
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resolution. Cross sectional plane was also observed under SEM. For higher resolution, some 

samples were observed under a field emission gun assisted scanning electron microscope 

(FESEM) (ZEISS: SUPRA 40). Atomic force microscopy (AFM) was used for studying the 

surface morphology and roughness of Ni-TiO2 coated samples. Veeco id Innova AFM 

instrument with contact mode scan was used and Spmlab analysis software was used for 

analysis of the AFM data and to get the roughness values. Microhardness measurements were 

carried out on the surface using a Vickers indenter with 50 g load (Buhler microhardness 

tester). Each hardness value reported here is an average of 4-5 measurements on the same 

sample at equivalent locations. Wear resistance of the samples was evaluated using a ball on 

plate type wear testing instrument having a hardened steel ball (SAE 52100) indenter of 2 

mm diameter. DUCOM TR-208-M1 ball on plate wear tester was used for this study to 

evaluate the wear resistance of the Ni, Ni-TiO2 coated samples. Sliding distance vs. wear 

depth were plotted and compared for the different samples. Penetration rate was also 

analyzed and compared for different samples. Surface damage caused by wear testing was 

subsequently analyzed by scanning electron microscopy to get an idea about the wear 

mechanism. 

 

3. Results and discussion 

3.1. Particle size 

As raw material characterization, the particle size of the procured TiO2 powder was analyzed 

by Malvern Zetasizer. The powder was dispersed in de-ionized water and magnetic stirring 

followed by ultrasonic agitation were carried out each for 1 hour just before the 

measurement. Figure 1, which shows the particle size distribution of the powder, consists of 

two peaks, one below 100 nm (peak value at ~ 30 nm) and the other above 1 μm. The particle 

size distribution was bi-modal kind and wide in nature. But after studying the cumulative 

value it can be observed that more than 50% particles are below 100 nm. 

 

Figure 2 shows the TEM micrograph of TiO2 particles dispersed in de-ionized water after 

agitation. It is evident that the particles are indeed near spherical in shape with ~30 nm in 

average diameter after ultrasonic vibration and magnetic stirring. 

 

 3.2. XRD analysis  
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Figure 3 shows the x-ray diffraction pattern of procured TiO2 powder. Peaks confirming 

tetragonal structure do not show appreciable broadening though the particles are nanometric 

in size. The powder source was confirmed to be synthesized by a chemical route which does 

not introduce strain in the material during synthesis.  So, the broadening observed was only 

due to the fine crystallite size, not due to strain and peaks do not show huge broadening 

though the crystallite size is ultrafine. 

XRD study was carried out on all the coated samples as well as the substrate to identify the 

phases present on the surfaces. Figure 4(a) shows XRD pattern of substrate, nickel coating 

without addition of ceramic particles and XRD pattern of co-deposited samples (TiO2 bath 

composition: 5, 10 and 15 g/l) without addition of surfactant.  

 

Substrate XRD shows only α-Fe peaks, whereas after nickel coating mainly peaks of nickel 

were observed as predicted. In the three co-deposited samples there was no significant 

intensity of TiO2 peaks. To judge it properly, one XRD profile (TiO2 = 15 g/l, no surfactant) 

was enlarged to see the low intensity peaks (Figure 4(b)). Figure 4(b) shows the various 

peaks which confirm the presence of TiO2. Using such technique, TiO2 peaks were observed 

only in 4 samples in the present study. Those are: all the samples with different amount of 

TiO2 powder in the bath without surfactant and sample with bath concentration: TiO2 15 g/l 

and surfactant 0.3 g/l. These may happen either due to the absence of TiO2 in the deposit or 

due to the presence in very low amount [40].  

 

Careful observation of Figure 4(a) reveals different relative peak intensities corresponding to 

different planes of nickel with change in deposition parameters. For systematic study of the 

texturing, texture coefficient (TC) of each plane for all the samples were calculated using the 

following equation [41]: 

%100
)/(

/

)(0)(

)(0)(
)( ×=

∑ hklhkl

hklhkl
hkl II

II
TC  

Where I(hkl) is the intensity obtained from textured sample and I0(hkl) is the intensity of the 

standard oriented sample; i.e., from JCPDS data. Table 2 shows such TC data calculated on 

four different planes, i.e. (111), (200), (220) and (311) resulting in random TC value of each 

plane as 0.25. It reveals that out of these 4 planes presented here, (311) is more pronounced 

for nickel coating without any surfactant and powder addition followed by (111) and (200). 

This can be attributed to the presence of a mixed [211] and [100] orientation with the [211] 
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orientation more pronounced. Similar result of nickel deposition was reported earlier [26,42]. 

After addition of TiO2 powder, the nickel deposition shifts to high (220) TC value leading to 

predominance of [110] orientation when no surfactant is being added. With 0.1 g/l surfactant 

addition all the samples shows decrease in (220) TC value and increase in other three planes 

leading to effect similar of pure Ni deposition (mixed [211] and [100] orientation) but now 

the [100] orientation is more pronounced compared to pure Ni. This amount of surfactant 

may act as inhibitor of [110] growth. Further increase in surfactant amount to 0.3 g/l leads to 

orientation effect similar to Ni with no surfactant condition, i.e. predominance of [110] 

orientation. Texturing effect at a particular surfactant addition with increase in powder 

content in the bath shows similar reversal effect. As example, the TC of (220) peak for the 

samples deposited without surfactant shows lower value at intermittent composition TiO2 (10 

g/l). So, composite coatings without surfactant or with 0.3 g/l surfactant addition contain 

more strain energy as angle between (220) and (100) is more compared to that of (200) and 

(100) [43]. When 0.1 g/l surfactant is added, samples contain less strain as it has tendency of 

(200) texturing. Similar study was reported earlier [6] in Ni-Al2O3, but the texturing effect 

was different. This may be due to the reason that texturing effect primarily is governed by the 

plating current density and temperature followed by the powder and surfactant used. Earlier, 

Guo et. a. [44] found preferred orientation at (200) with 0.2 g/l SDS addition and (111) plane 

with same addition of hexadecyltrimethylammonium bromide (CTAB). In the present study, 

less amount of SDS was added as wetting agent to all the coating baths leading to different 

types of orientation. 

  

To enumerate the effect of nickel morphology, Scherrer equation was used to calculate the 

crystallite size of nickel based on the (111) diffraction lines and the results are listed in table 

2. It shows that there is no major change in grain size after addition of powder and/or 

surfactant in the deposition bath and all are in the range of 20-35 nm.  

 

3.3. Microstructure and composition 

Microstructural analysis on the coated surface as well as on the cross section was carried out 

and Figure 5(a) and 5(b) show representative FESEM micrographs of sample co-deposited 

with 5 g/l TiO2 bath concentration and 10 g/l TiO2 bath concentration, without surfactant 

respectively. The structure consists of facets of nickel with maximum size below 2 μm along 

with distribution of TiO2 particles. Similar microstructures were observed in other coatings 
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synthesized in the present study. Presence of such facets of nickel was also reported earlier 

[26,45]. To judge the particle size, figure 5(b) was analyzed and it was observed that particles 

are below 100 nm in size and distribution is highly homogeneous. Figure 6 shows the SEM 

micrograph of cross sectional plane perpendicular to the plane of deposition for the sample 

obtained from 15 g/l TiO2 and without surfactant. Figure 6 shows multiple images containing 

low magnification cross sectional SEM of the coating and substrate, X-ray mapping of the 

marked area for Fe, Ni and Ti. It shows that the layer deposited was uniform in nature. In 

coating Ni is the main element whereas in substrate that is Fe. In Ti mapping sharp interface 

was observed with few dots in substrate. This may be due to embedding of TiO2 particles 

worn out from coating to the substrate during metallurgical sample preparation, ie, grinding 

and polishing. As the bath temperature control was in the accuracy level of + 5oC, it may 

have effect on the thickness also.  

 

To determine the chemical composition of the different phases observed in Figure 5, energy 

dispersive spectroscopy (EDS) study was performed on different region on the coated 

surface. Individual analysis was done on full sample surface viewed under 2000 X 

magnification with accelerating voltage of 15kV, sampling time 60 seconds and with a spot 

size of 50 nm. The overall spectrum of the sample which was viewed in Figure 5 is shown in 

Figure 7(a). The spectrum confirms the presence of Ti along with Ni and small amount of Fe. 

In EDS, Fe peaks appear as stainless steel plate was used as anode during deposition and the 

quantitative value of the same is negligible. Quantitative analysis of the spectra was carried 

out for all the samples. The amount of Ti was converted to equivalent amount of TiO2 using 

the stoichiometric ratio of Titanium and Oxygen as per chemical formula of TiO2. Figure 7(b) 

shows weight percentage of TiO2 on the coating with different TiO2 bath composition at 

different surfactant level. Each data point shown here was actually average of 4 EDS 

spectrum. The amount of TiO2 wt. % in the coating increases with the increase of TiO2 in the 

bath in general. Co-deposition rate at a particular TiO2 bath content with varying surfactant 

amount reveals that up to 0.1 g/l surfactant addition the change in particle deposition rate is 

small. Increase in co-deposition rate is the highest at 0.3 g/l surfactant. This may be due to the 

increased surface adsorption of chemical species on titania particles that facilitate the co-

deposition of particles with Ni matrix at this surfactant amount. Thus, small amounts of 

surfactant have negligible effect on particles co-deposition, while pronounced co-deposition 

rates were observed at high amounts of surfactant.  
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3.4. AFM analysis 

Figure 8 shows the representative atomic force microscopy (AFM) images of different 

coating surfaces (10 μm X 10 µm area). Fig. 8(a) and (b) show surface after deposition with 5 

g/l and 10 g/l TiO2 bath concentration (no surfactant) respectively. Other samples also exhibit 

similar AFM figure even with addition of surfactant. To judge the surface roughness (Ra), 

AFM data was used and it was observed that with increase in TiO2 bath concentration (thus 

with increase of coating TiO2 wt. %) Ra increases. For example, the corresponding Ra value is 

220 nm in Fig. 8(a) where as in Fig. 8(b) it is 310 nm. This is due to increase in TiO2 particle 

(agglomerated or homogeneous distribution) on the coated surface with increase in bath 

concentration as mentioned earlier. With increase in TiO2 concentration in the deposit (as per 

Fig. 7(b)), the Ra increases due to addition of fine TiO2 particles both on the ridges and 

valleys of the nickel facets. It can also be mentioned that the Ra values measured here are 

well in the range of applications where nickel coatings are used. 

 

3.5. Microhardness 

Figure 9 shows variation of microhardness values measured on the coated surface as function 

of TiO2 and surfactant concentration of the bath. Hardness values were measured with 50 g 

load confirming that the values are not affected by the substrate. The base hardness of the 

steel substrate was measured 184 VHN and that of nickel coating from Watt’s bath was 

around 375 VHN. 

 

Surface mechanical property is the outcome of particle co-deposition along with Ni grain size 

and texture obtained by the deposition process. Furthermore these can be affected by varying 

amount of surfactant addition. From the figure it is clear that with the addition of ceramic 

(TiO2) powder in the bath, the microhardness values increase even without addition of 

surfactant in the bath. Dispersion strengthening primarily helps in improving surface 

mechanical properties. Earlier, similar strengthening effect was reported on Cu-Al2O3 and Ni-

Al2O3 system by Ding et. al. [46]. The grain size effect of the Ni matrix may not play a 

crucial role as table 2 does not show any wide variation in nickel grain size. But, at the same 

time the texturing effect of the substrate on hardness can be obtained from Table 2. As strain 

is less in sample deposited with 0.1 g/l surfactant ([100] orientation) compared to zero or 0.3 

g/l surfactant ([110] orientation) as discussed earlier, they shows drop in hardness compared 

to the others. It should also be noted that 0.3 g/l surfactant exhibits higher hardness values 
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compared to 0.1 g/l surfactant as both having [110] preferred orientation but 0.3 g/l surfactant 

increases the co-deposition rate as shown in Fig 7(b). Similar dual strengthening  mechanism 

was reported earlier [25,41]. Moreover due to little variation in texturing at mid value of 

powder content (i.e. 10 g/l) there is also such variation in microhardness. So, the hardness 

effect can be as a result of powder loading in coating as shown in Fig. 7(b) and texturing 

effect as given in table 2. Surfactant addition increases powder loading more prominently 

when the amount is 0.3 g/l, resulting to high hardness values; whereas due to soft orientation 

and less pronounced powder loading, samples with 0.1 g/l surfactant shows lower hardness 

values. In the present range of study of 0.3 g/l surfactant and 15 g/l TiO2 shows the best result 

due to favorable bath condition for deposition of TiO2 and texturing effect. Similar results 

were presented by Chen et al. [47] earlier. 

 

3.6. Wear study  

Figure 10 shows the variation of cumulative wear loss (in terms of vertical penetration of the 

indenter or wear depth) as a function of sliding distance of different bath composition at an 

applied load of 5 N at 15 rpm speed (linear sliding speed 0.00157 m/sec) on a 2 mm diameter 

track for 5 minutes duration on the coatings. Fig. 10(a) shows such data for TiO2 co-

deposited coating without surfactant. The general trend observed was: wear loss decreases 

with increase in ceramic TiO2 powder contents on the bath/coatings whereas Ni coating 

without co-deposition of TiO2 shows huge wear loss. So, the trend is similar with 

microhardness observations (Fig. 9). In case of some graphs, momentary negative slope could 

be observed. This may due to welding of soft Ni phase with the hardened steel ball (indenter) 

resulting in decrease in the wear depth. The same was confirmed after carrying out scanning 

electron microscopy and EDS study of the counter body (hardened steel ball) after the wear 

test. Figure 10(b) shows variation of cumulative depth of wear as a function of sliding 

distance for the coatings: nickel, different surfactant concentration with 10 g/l TiO2 bath 

concentration. It shows best wear resistance at 0.3 g/l surfactant value; similar report as 

shown in hardness section. Thus it can be concluded primarily that, with increase in ceramic 

powder contents, the wear resistance of Ni coating increases. Apart from this, other 

hardening/softening mechanism described in microhardness section must be operative due to 

addition of surfactant in the plating bath.  

 

Figure 11(a) shows the variation of penetration rate (penetration depth/time) with surfactant 

amount  in the plating bath with 10 g/l TiO2 bath concentration. Fig. 11(b) shows variation of 
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penetration rate with TiO2 % in the bath without surfactant. This parameter is similar to that 

of wear rate (weight loss/sliding distance or time) in standard pin-on-disc type wear test. 

With change in surfactant amount at a particular TiO2 bath concentration, the penetration rate 

shows highest value (low wear resistance) in 0.1 g/l surfactant added sample (Fig. 11(a)) due 

to the fact that zero or 0.3 g/l surfactant added samples show hard [110] orientation compared 

to 0.1 g/l sample (soft [100] and [211] orientation) as was mentioned in section 3.2. Moreover 

0.1 g/l sample contains less TiO2 compared to 0.3 g/l sample as shown in Fig. 7(b) leading to 

higher penetration rate. With the increase in titania amount in the bath the penetration rate 

decreases due to the fact that these samples contain similar orientations (Table 2) but having 

more TiO2 content with increase of same in the bath. This indicates that wear resistance of 

the coating increases with increase in TiO2 %, confirming the result obtained from fig. 10(b).  

 

Figure 12 shows the scanning electron micrographs of wear tracks on different samples. From 

Fig. 12(a) and (c) it can be observed that the wear track width of simple Ni coating is far wide 

and the appearance is smooth due to mostly adhesive wear. In case of co-deposition of nickel 

and ceramic powder the wear resistance increases in terms of the decreased wear track width. 

Same was also observed in Fig. 12(b) and (d). When the tracks of Fig. 12(a) and (b) were 

observed under higher magnification (Fig. 12(c) and (d)), it was seen that the appearance of 

the wear scar was not so smooth and this is due to partly abrasive wear. Adhesion or welding 

of soft nickel with steel ball was observed in all cases as mentioned earlier confirming mainly 

adhesive wear mechanism. But the presence of hard particle (worn out TiO2) in the wear 

track during the test leads to three body motion. Moreover, with increase of titania content in 

the coating would increase this rubbing action leading to slightly abrasive wear regime. 

Elemental composition scan across the wear tracks were also carried out by EDS analysis and 

those do not show increase in Oxygen across the wear track. So, oxidative wear mechanism 

could not be ascertained in the present study. It can be concluded that wear mechanism is 

primarily adhesive in nature and presence of ceramic particle (TiO2) shifts it nominally to 

abrasive regime due to three body motions. 

 

4. Conclusions 

In this study, an attempt was made to co-deposit Ni-TiO2 on steel from ultrafine TiO2 

dispersed Watt’s bath. From the detailed investigation, the following conclusions can be 

drawn: 
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(i) TiO2 particles of less than 100 nm size were homogeneously co-deposited with nickel on 

steel substrate. 

(ii) Orientation of nickel in the composite coating was found hard [110] in zero or 0.3 g/l 

surfactant added samples whereas it is softer ([100] & [211]) in case of 0.1 g/l surfactant 

added samples.  

(iii)TiO2 co-deposition rate increases more in zero or 0.3 g/l surfactant added samples 

compared to 0.1 g/l surfactant added samples. 

(iv)  With increase in TiO2 amount in the coating surface roughness increases marginally. 

(v) Microhardness values were increased after incorporation of TiO2 compared to pure nickel 

deposition. Due to soft orientation and less powder loading hardness increase is less 

pronounced in zero or 0.3 g/l surfactant added samples compared to 0.1 g/l surfactant 

added samples. Maximum hardness was reported with 0.3 g/l surfactant and 15 g/l TiO2 

in the bath. 

(vi)  The wear test results show similar trend as reported in microhardness due to combined 

effect of nickel orientation and TiO2 amount in the coating both greatly affected by the 

surfactant addition. Wear mechanism was primarily adhesive in nature and the worn out 

particle shifts it nominally to abrasive regime. 
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TABLES 

 

Table 1: Bath composition and deposition conditions 

Electrolyte (Watt’s bath) Nickel sulphate (NiSO4.6H2O): 350 g/l 
Nickel chloride (NiCl2.6H2O): 45 g/l 
Boric acid (H3BO4): 37 g/l 
 

Wetting agent Sodium dodecyl sulphate (SDS): 0.2 g/l 
 

Surfactant Hexa decylpyridinium bromide: 0, 0.1, 0.3 g/l 
 

Dispersion Titania (TiO2): 5, 10, 15 g/l 
 

pH 4 
 

Temperature (oC) 60+5 
 

Current density 5 A/dm2

 
Plating time  30 minutes 

 

 

Table 2: Effect of surfactant on grain size and texture coefficient 

Coating/sample Grain size Texture coefficient 

(nm) (111) (200) (220) (311) 

Ni, no TiO2 and surfactant 31.18 0.18 0.25 0.08 0.50 

5 g TiO2, no surfactant 30.10 0.17 0.10 0.63 0.10 

10 g TiO2, no surfactant 20.07 0.21 0.11 0.54 0.15 

15 g TiO2, no surfactant 24.08 0.14 0.07 0.71 0.07 

5 g TiO2, 0.1 g/l surfactant 30.11 0.29 0.33 0.09 0.29 

10 g TiO2, 0.1 g/l surfactant 40.14 0.29 0.32 0.08 0.30 

15 g TiO2, 0.1 g/l surfactant 32.85 0.15 0.70 0.03 0.12 

5 g TiO2, 0.3 g/l surfactant 35.14 0.22 0.08 0.56 0.13 

10 g TiO2, 0.3 g/l surfactant 27.79 0.24 0.10 0.56 0.10 

15 g TiO2, 0.3 g/l surfactant 32.84 0.15 0.06 0.70 0.09 
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Figures 

 
Fig. 1: Particle size distribution of the TiO2 powder 

 
Fig. 2: TEM micrograph showing TiO2 particles dispersed in water  

 
Fig. 3: XRD pattern of TiO2 powder 
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Fig. 4: XRD pattern of (a) substrate, nickel coating without ceramic particles, co-deposited 

samples without addition of surfactant, (b) enlargement of TiO2 = 15 g/l 

sample data 

 
Fig. 5: FESEM micrograph of sample co-deposited with (a) 5 g/l TiO2 bath concentration 

and (b) 10 g/l TiO2 bath concentration, without surfactant 
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Fig. 6: FESEM micrograph of cross section of sample obtained from 15 g/l TiO2 bath 

without surfactant along with X-ray mapping of the marked area for Ni, Fe and Ti. 

 
Fig. 7: (a) EDS spectra from surface of the sample obtained from 10 g/l TiO2 concentration 

bath without surfactant. (b) Variation of weight percentage of TiO2 on the surface of 

the co-deposited samples with TiO2 Conc. in the bath (at various surfactant 

concentrations) 
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Fig. 8: AFM image of the coating surface for (a) 5 g/l TiO2, (b) 10 g/l TiO2 bath 

concentration 

 
Fig. 9: Variation of microhardness with TiO2 bath concentration, surfactant concentration 

 
Fig. 10: (a) Variation of cumulative depth of wear as a function of sliding distance for the 

coatings: nickel, different TiO2 bath concentration (at zero surfactant) (b) Variation 

of cumulative depth of wear as a function of sliding distance for the coatings: nickel, 

different surfactant concentration (with 10 g/l TiO2 bath concentration) 
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Fig. 11: (a) Variation of penetration rate with surfactant concentration at 10 g/l TiO2 bath 

concentration (b) Variation of penetration rate with TiO2 bath concentration without 

surfactant 

 

 
Fig. 12: SEM micrograph of wear track of (a) nickel, (b) 15 g/l TiO2 bath concentration 

coating. Higher magnification micrograph of (a), (b) in (c), (d) respectively 

 
 
 


