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Abstract: Electroless Ni-P (EN) and composite Ni-P-SiC (ENC) coatings were developed on 

cast aluminium alloy substrate, LM24. The coating phase composition, microstructure and 

microhardness were investigated using X-ray diffraction (XRD), scanning electron 

microscopy (SEM) and microhardness tester, respectively, on as-plated and heat-treated 

specimens. The original microstructure of the Ni-P matrix is not affected by the inclusion of 

the hard particles SiC. No formation of Ni-Si phase was observed up to 500°C of heat 

treatment. The microhardness is increased on incorporation of SiC in Ni-P matrix.  The 

hardening mechanism is the formation of intermetallic phase Ni3P on annealing at elevated 

temperature.  
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1. Introduction  

The recognition of electroless nickel plating (EN) has been increasing since its inception in 

the mid twentieth century [1] owing to the outstanding properties such as excellent uniformity 

on complex geometry, high hardness and good corrosion resistance which are the concerned 

properties for engineering applications [2-4]. The quest for improved coating properties has 

led to the development of relatively new electroless coating known as “electroless nickel 

composite coating” (ENC) by incorporating hard or soft particles in the Ni-P matrix. The 

impregnation of hard particles such as silicon carbide (SiC), alumina (Al2O3) and boron 

carbide (B4C) escalates hardness and wear properties [5-8]. On the other hand, soft particles 

such as MoS2, PTFE, graphite etc. make the coating preferable for lubricating application.  

Among the composite coatings containing hard particles, the coating obtained by the co-

deposition of SiC particles with Ni-P matrix has proved to be the most cost-effective and best 

performing combination in application areas where hardness and abrasive is the main 

requirement [9]. Several researchers [10-13] investigated the hardness property of SiC 

incorporated electroless Ni-P coating and found it improved. On increasing the heat treatment 

temperature upto 400°C, same trend of increase in the hardness is found for both EN and 

ENC samples. The hardening mechanism is the same for both EN and ENC coatings which is 

due to the formation of intermetallic Ni3P phase. The SiC particles remain thermally stable 

and well supported by hardened metal matrix upon heat treatment upto 400°C [9, 10, 12-14].  

For composite Ni-P-SiC (ENC), in general, many investigators observed the non-interference 

of the SiC particles with the original structure of nickel matrix. In other words, the particles 

are simply enveloped in the metal matrix by impingement and settling on the surface of the 

specimen during the course of coating development without affecting the original 

microstructure of metal matrix [5, 6, 11, 15].  On annealing at elevated temperature, 

crystallization occurs with the formation of Ni3P giving rise to many sharp X-ray diffraction 
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peaks. The SiC peaks remain identical over the heating process which confirms the stability of 

Si-C bond. However, the bonding reaction occurs at 650°C [13] resulting in the formation 

Ni3Si. Chen et al. [14] observed the decomposition of SiC above 450°C and reaction occurs 

with nickel to form Ni5Si2 and β1-Ni3Si. Broszeit [16] found the formation of Ni3Si at 580°C 

in composite ENC samples. Though there were several studies of heat treatment done on the 

composite coating, there is lack of consistency in the findings of the thermal stability range of 

the SiC in the metal matrix affecting the coating properties.  

In general, hardness is considered as an important material characteristic because the wide 

practical applications rely heavily on the hardness. The wear and tear properties of the 

material are related to the hardness of the material. Therefore, the study on the hardness might 

be able to identify some important aspects of the composite coating quality onto cast Al-Si 

alloy (LM24) viable to be used as cylinder liner application in automobile engine domain 

which is the primary concern of the current work. 

Al-Si alloys are increasingly used in automotive engine blocks due to their lighter weight and 

better heat conductivity than cast iron. Cast Al-Si having excellent castability are suitable for 

many complex automotive designs such as pistons, engine blocks, cylinder liners, cylinder 

heads and wheels. However, the Al-Si alloy suffers from insufficient hardness and wear 

resistance [4].    

The main aim of the work is to study the coating properties specifically phase compositions, 

microstructure, surface roughness and microhardness of the electroless nickel composite 

coating co-deposited with hard particles SiC onto the lightweight aluminium LM24 alloy. In 

composite coating preparation, liquid flow becomes very important as it will determine the 

degree of deposition of the second phase particles. Many papers deal with unidirectional 

codeposition using magnetic stirrer but the present study makes use of an additional sample 

rotator at low speed against the direction of the liquid flow produced by magnetic stirrer.      
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2. Experimental details 

2.1. Preparation of electroless nickel composite coatings 

Aluminium alloy (LM24) samples of dimension 50 mm × 50 mm × 2 mm were prepared by 

using electrical discharge machining (EDM). The samples were pre-treated for cleaning, prior 

to plating, using acetone degreasing, followed by alkaline cleaning and then by acid 

neutralising. Zincating was done to improve the adhesion of the coating. Each step is followed 

by deionised water rinsing. The details of the pre-treatment process are given in table I. 

Plating was performed using a medium phosphorus commercial electroless solution (NiKlad 

ELV 808MX, MacDermid). The plating conditions are shown in table II. However, 

MacDermid which is the plating solution supplier would not disclose its composition 

(formulation). Electroless nickel composite coating was prepared by introducing silicon 

carbide (SiC, particle size range 1-7 µm) in the plating solution. Concentrations of SiC in the 

range of 2-18 g/l were used to study the effect on the coating properties. For comparison 

purpose between particles free and with particles, 2.2 g/l of SiC was taken arbitrarily, based 

on the concentration range used in literature [8, 17]. Prior to introduction into bulk plating 

solution, the hard particles (SiC) was stirred in a small part (about 200 ml) of plating solution 

by using magnetic stirrer to facilitate homogenous suspension of the hard particles and then 

poured into the bulk plating solution. The stirring speed was kept constant throughout the 

process for all the samples. The flow of the plating solution was circular along with the 

particles in suspension and the sample was rotated at low speed against the direction of the 

liquid flow. The sample rotator speed and the magnetic stirrer speed were chosen after several 

trials for uniformity and proper suspension of the second phase particles with minimum 

settling at the bottom.  For increasing and decreasing of pH, dil. ammonium hydroxide (~50% 

vol.) and 10% vol. H2SO4 were used respectively. The plated samples were cut into smaller 

pieces for X-ray diffraction (XRD), scanning electron microscopy (SEM), surface roughness 

and microhardness measurements.     
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Electroless nickel samples (EN and ENC) were heat treated isothermally in a furnace at 

atmospheric pressure. The samples were placed in a pre-heated condition and held for 1 h at 

various temperatures, 200°C, 300°C, 400°C and 500°C and subsequently cooled down to 

ambient condition. 

2.2. Surface and cross-section analysis of the coatings     

XRD analysis on the EN and ENC samples was carried out at room temperature using 

PANalytical X-ray diffractometer applying CuKα radiation of wavelength 1.541874 Å. The 

step size of scans was 0.02°. The integrated software X-Pert high score was used to analyse 

the phase compositions and the peaks refinement was done using Profile Fitting to obtain 

quantitative measurable values for peak information such as Full Width Half Maximum 

(FWHM) and corresponding peak locations (diffraction angle).    

FE-SEM (QUANTA FEG250) equipped with OXFORD X-Act as chemical composition 

analyser was used to study the surface morphology and microscopic changes of the coating 

during heat treatment. Energy dispersive X-ray (EDX) run by Aztec version 2.0 software was 

used for chemical composition analysis. 

Surface roughness was measured using Rugosurf 10G roughness tester, cut-off length of 0.8 

mm, following the standard ISO 4287:1997. The calibration was done on reference sample at 

room temperature, prior to the measurements on EN and ENC samples, keeping all the 

samples and instrument set on a vibration free desk. The average roughness (Ra) is obtained 

from three readings measured at different locations on the samples.   

Microhardness of the samples was measured using Mitutoyo series HM-124 microindentation 

hardness tester (with an integrated optical microscope of magnification 100× and an eye-piece 

micrometer measuring system). The measurements were done on polished cross section of EN 

and ENC samples both in as-deposited and heat-treated conditions. Knoop indenter was used 

with a load of 50 gf for EN and ENC samples for comparison purpose. Load of 100 gf was 
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applied for the higher concentrations of SiC in order to have a clear impression mark for easy 

hardness measurements. The cross section samples were prepared metallographically which 

involves hot mounting using carbon based resin, grinding and polishing. The reported results 

are the average of six indentations measured at different locations for each sample. The error 

bar is based on the standard deviation (±) corresponding to the average hardness for each 

sample. 

3. Results and discussion  

3.1. Phase structure  

Fig. 1 shows the X-ray diffraction (XRD) patterns for all the electroless nickel samples 

(without zincating, with zincating and composite coatings). For as-deposited samples, the 

presence of broad and single peak at the 2θ position 40-50° shows the typical amorphous 

structure of electroless nickel coating. For phosphorus content around 8.8 wt. %  upto 

temperature ~90°C which is the deposition temperature, the equilibrium phase diagram of Ni-

P alloys [18] suggests the equilibrium phases as Ni and Ni3P. At this temperature (as-

deposited condition), phosphorus is virtually insoluble in the nickel lattice, i.e., the formation 

of equilibrium solid solution of phosphorus in nickel is thermodynamically unstable [9, 19, 

20]. This observation is substantiated by the metastable amorphous phase which has the 

tendency to crystallisation when subjected to thermal treatment at elevated temperatures. 

The diffraction patterns for EN samples, both without zincating and with zincating, in as-

deposited conditions are similar. The XRD profile for ENC samples is identical to that of EN 

samples except for the peak corresponding to silicon carbide (SiC) with plane {111} observed 

at 2θ=35.7° (major peak)  which is consistent with other reported work [9, 10, 14].   

On heat treatment at 200°C for all the three samples, the broad peak has sharpened slightly. 

The SiC peak remains the same for composite sample indicating that no side reaction occurs 

between the metal matrix and the particles at this temperature. The 300°C XRD profiles 
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exhibit a mixture of amorphous and crystalline phases in which the low temperature single 

amorphous peak now splits into two (one with higher intensity and the other is tending to 

evolve at about 2θ=51°) due to reflection predominantly from Ni planes {111} and {200}. On 

higher temperature annealing at 400°C, several peaks have emerged from the reflection of 

planes of intermetallic phase, nickel phosphide (Ni3P) and f.c.c. nickel. As reported by 

Hentschel et al. [19] and Farber et al. [20], on increasing temperature, a segregation process of 

phosphorus in the grain boundaries and triple junctions of NiP grains occurs. Subsequently, 

precipitation of Ni3P occurs when P-rich zones exceed a certain phosphorus limit. It is 

diffusion control process in which nickel atom is assumed to have migrated through P-rich 

zones and reacted with phosphorus to form Ni3P [9]. The formation of intermetallic phase 

Ni3P results in volumetric shrinkage with grain size increasing. Hence it results in the 

formation of sharp crystalline peaks in the X-ray profile. The evolution of much sharper peaks 

is the indication of increase in grain size upon heat treatment. No additional formation of 

NixPy phases is seen on annealing up to 400°C. Apparently, the metastable intermediate 

phases might have decomposed during isothermal holding for 1 h at this temperature, which is 

also supported by the theory of phase transformation [3]. The metastable phases like Ni2P and 

Ni12P5 might have transformed to a more stable phase Ni3P during the course of heating for 1 

h. 

The high temperature XRD profiles for electroless nickel composite (ENC) samples is much 

similar to those of EN samples. At 400°C heat treatment, the peak corresponding to SiC still 

exists with neither shifting of 2θ position nor formation of additional peaks consisting of 

silicon, indicating the thermal stability of Si-C bond resulting in no side bond formation with 

the metal matrix (NiP) or with other elements. The observation is a confirmation of the fact 

that there is no molecular bonding mechanism between the particles and metal matrix for the 

formation of composite coating but an impingement and settling of particles on the surface 

and subsequent envelopment of these particles by the matrix material [5, 15]. On further 
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annealing up to 500°C, there is no evidence of the formation of NixSiy implying that the 

stability of SiC still persists. However, the sharpness of the SiC peak starts declining. In other 

word, the peak broadens slightly which is evident from the peak broadening values (Table 

III). 

Table III shows the FWHM of the selected planes of Ni {111}, Ni {200}, Ni3P {231} and SiC 

{111} to show the quantitative changes in the peak width as a function of heat treatment at 

various temperatures. The FWHM values for all Ni and Ni3P peaks become smaller on 

increasing the annealing temperature, indicating the sharpening of the peaks which clearly 

agrees the evolution of crystallization at elevated temperature. The FWHM values for the SiC 

peak in the ENC sample heat treated at 300-500°C exhibit increase which might be attributed 

to the onset of Si-C bond weakening as the complexity of SiC occurs on elevated temperature 

which is considered as one of the drawbacks for composite coating [14]. As mentioned 

earlier, the absence of the formation of additional phases NixSiy concludes firm evidence that 

up to 500°C, SiC exists in its original structure. Hence, the hard particles SiC remains 

enveloped in the Ni-P matrix as before up to this temperature of heat treatment.  

3.2. Surface morphology and chemical composition 

The surface morphology of the electroless coatings is shown in figs. 2 and 3. The coating 

thickness is 25-30 µm. The cauliflower morphology of the samples is consistent with the 

literature. For electroless composite samples the hard particles are distributed uniformly, 

entrapped in the nickel-phosphorus matrix. The composite coating shows some micro pores 

which might be the marks for particles’ temporary existence before falling off due to 

improper envelopment in metal matrix owing to slow deposition during plating process. Li et 

al. [13], Yang et al. [17] and Huang et al. [21] observed the existence of pores as well in the 

electroless nickel composite coating. The samples heat treated at 400°C exhibit more pores as 

compared to as-deposited condition for both the EN and ENC samples which might be 



9 
 

attributed to the void created by the release of trapped hydrogen gas during the course of 

annealing. It is worth mentioning that during the process of plating, enormous amount of 

hydrogen gas is liberated at the vicinity of the work piece (sample), so metal deposition is 

accompanied by hydrogen gas entrapment [2]. Thus, on heat treatment the entrapped 

hydrogen gas is liberated creating voids in the coating which is a common microscopic 

feature of electroless nickel coatings [2]. 

The heat-treated samples (cross section) for both EN and ENC samples show some micro 

cracks and flakes on the edge of the coating which is at the surface portion (figs. 4b and 4d). 

This observation indicates the typical brittleness of the electroless nickel coating [2] but may 

also be due to oxidation during heating in air. The flakes observed only at the surface portion 

but not at the interface between the coating and the substrate is a rough indication about the 

good adhesion of the coating onto the substrate. The bonding between the coating and the 

substrate appears to be more firm and compact upon heat treatment which is supported by the 

absence of narrow groove along the substrate’s contour at the interface as compared to as-

deposited condition (figs. 4a and 4c) for both the EN and ENC samples. The micrographs of 

the cross section samples show the uniformity of the coating that follows the contours of the 

substrate.  

The energy dispersive X-ray (EDX) spectrometry was used to measure the weight percentage 

of phosphorus in the electroless nickel coating. It was found that the phosphorus content is 8.8 

wt. % (Table IV) which agrees with the technical data from the plating solution supplier. The 

type of electroless nickel coating is medium phosphorus electroless nickel plating of nominal 

content (7-9.5 wt. % of P). For composite ENC sample, three EDX spectra (fig. 5) were taken 

to analyse the hard particles (SiC) weight percentage in the coating. The element carbon is not 

detected in the spectra so the weight percentage of carbon is calculated from the 

stoichiometric ratio of the chemical composition of SiC considering 1:1 ratio as    



10 
 

 

Thus the weight of silicon carbide is the sum of the calculated weight of carbon and weight of 

silicon from the spectrum. The new weight percentage of the elements normalised to hundred 

is obtained dividing the weight of the element from spectrum by the new total weight, 

multiplied by hundred. The average of the weight percentage of each element (Table IV) is 

derived from the three spectra and ± (standard deviation) is used to indicate the errors. The 

weight percentage of SiC in the coating is approximately consistent with the results of Cheng 

et al. [6] considering the similar SiC concentration in the plating solution.   

3.3. Surface roughness  

The roughness of the substrate is reduced on coating with electroless nickel. The particles free 

EN coating has least roughness (Table V). As expected, the hard particles co-deposition ENC 

samples have increased roughness which is in agreement with Apachitei et al. [9]. Due to the 

entrapment of the particles, the NiP matrix grows around the particles during autocatalytic 

process. When the deposition is stopped at a certain time, many protruding particles are left 

uncovered. Thus these irregular protruded particles roughen the surface.     

3.4. Hardness 

Microhardness for EN (particle free) coating in as deposited condition for both with zincating 

and without zincating is more or less the same. As it is clearly visible in the bar chart shown 

in fig. 6, there is no large variation in hardness values for without zincating and with zincating 

samples.   

On heat treatment at 200°C there is slight improvement of hardness for both EN samples. This 

may be due to the onset of hardening effect, attributed by the tendency of crystallization to a 

stable phase. A drastic shift to a much higher hardness is found when subjected to 400°C. The 

temperature range, 300-400 °C, gives the peak hardening effect as reported in several papers 
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[3-6, 8-12]. One hardening effect is due to the crystallization of intermetallic compound Ni3P 

accompanied by high internal stress owing to volumetric shrinkage. Comparing the hardness 

of heat-treated without zincating and with zincating samples at 400°C, the former exhibits a 

little higher hardness than the latter, however, there is not much difference. Hence zincating 

does not contribute significantly to the hardness of the coating. 

Electroless nickel composite (ENC) coating has improved hardness in as-deposited condition 

as compared to particle free electroless nickel (EN) coatings. The maximum hardness reading 

of 594 HK0.05 and a minimum of 420 HK0.05 were obtained in as-deposited samples. The 

variation may be due to the distribution of SiC particles in the nickel matrix. The hardness is 

further increased on heat treatment at 200°C. The mechanism of the hardening may be similar 

to that of heat-treated EN samples. On increasing of annealing temperature to 400°C, 

significant improvement of hardness is seen in the ENC samples. At this elevated 

temperature, the variation of hardness calculated from different indent marks is smaller 

compared to those at low temperature samples because the hard particles silicon carbide are 

well supported by the hardened and stable nickel matrix [12]. Overall, microhardness of the 

electroless nickel composite (ENC) coating is found to be superior to particle free electroless 

nickel (EN) coating in both as-deposited and heat-treated conditions.  

3.5. Effect of SiC concentration in the plating solution on the coating properties 

The optical images shown in fig. 7 are the cross section of composite coatings prepared with 

the variation of SiC concentration in the plating solution. In all the images, the particles are 

distributed uniformly in the metal matrix at same distances to the solution sides. However, the 

incorporation is less at the interface of the coating with the substrate. It is also clearly seen 

that the second phase particles are deposited scantily when the concentration is low in the 

plating solution. 2 g/l of SiC gave the least incorporation in the metal matrix (fig. 7a). On 

increasing the concentrations, the particles are increasingly co-deposited with the metal 
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matrix. Maximum codeposition of the particles is seen in fig. 7e. The significant change of 

incorporation level of the hard particles is observed when comparing between fig. 7a and fig. 

7e. Hence, SiC concentration in the plating solution plays a role in the composition of the 

composite coating, Ni-P-SiC.  

The microhardness of the ENC coatings as a function of SiC concentration is given in fig. 8. 

A linear increase in hardness value is observed on increasing the concentration of SiC up to 6 

g/l. However, the variation of microhardness is not observed significantly after 6 g/l of SiC 

because the error bars of all the microhardness values corresponding to the concentrations of 

6 g/l and above are within a same value. One reason for no significant change in the 

microhardness values beyond a particular concentration might be the limited capability of the 

softer metal matrix to support the particles. If the hardness of the metal matrix is closer to that 

of the second phase particles, then there might be obvious change in the hardness values with 

the variation in the concentration of the particles. Hence, it can be concluded that increase in 

concentration of SiC in the plating solution increases the incorporation level in the coating 

and thereby increases the microhardness up to a certain concentration beyond which there is 

no distinct change. 

The thickness of the ENC coatings with the change in concentrations of SiC is shown in fig. 

9. The thickness appears to be slightly decreasing on increasing the concentration of the 

second phase particles, SiC, to beyond 6 g/l. This may be attributed to the fact that the 

deposition of metal matrix is relatively hindered owing to the presence of higher 

concentration of the particles at the vicinity of the substrate (work piece) during the plating 

process. However, the change in the thickness build-up is not very large.  

3.6. Discussion on differences between electrodeposited and electroless composite coating 

Particle charging is more relevant to electroplating, where voltage is applied and there is 

external current (external to the substrate) in plating solution. Different models and 



13 
 

mechanisms were proposed by many researchers which are primarily related to reduction of 

metal ions and co-deposition of the second phase particles driven by current densities from 

various methods such as direct current, pulsed direct current, pulsed reverse current, 

potentiostatic and pulse potentiostatic. The most common mechanism for the co-deposition of 

the second phase particles in the metal matrix for electrodeposition involves the charge 

distribution over the ions in the solution, convection movement towards the cathode, and 

formation of electrical double layer at the vicinity of the cathode which is followed by 

adsorption [22]. The electroless composite formation is simply an impingement of the 

particles along with the metal atoms during reduction process in the presence of reducing 

agent [5].      

In the formation of composite coating by electrodeposition the starting phase (as deposited 

condition) is perfectly crystalline, so the grain size and shape of the parent phase are more 

important. On the other hand, the electroless composite coating has amorphous as starting 

phase, as the Ni-P coatings in the present study are, so the grain size and shape of the parent 

phase has little relevance. Essentially, the amorphous microstructure is simple, compared to 

crystalline materials, and the formation of new crystalline phase(s) in it is so much more 

determined by the big thermodynamic driving force than by the detailed microstructure of the 

amorphous parent phase, if it has much or any. 

4. Conclusion remarks  

The following conclusions can be drawn from the findings of the current work 

 Electroless nickel plating both particles free (EN) and composite (ENC) co-deposited 

with hard particles silicon carbide, SiC, were developed on cast aluminium alloy 

substrate, LM24. 

 X-ray diffraction (XRD) analysis on the coatings indicates the formation of 

intermetallic phase Ni3P on heat treatment at and above 400°C which is responsible 
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for hardening of the coatings. There is no evidence for evolution of NixSiy phase up to 

500°C of annealing held for 1 h. 

 The original morphology of the Ni-P matrix is preserved after the incorporation of 

abrasive particles SiC for the composite coating. Some micro pores are seen on the 

surface of the heat-treated specimens.  

 Surface roughness is reduced after coating with EN and ENC. As expected, ENC 

samples exhibit a little higher surface roughness than EN samples.   

 Microhardness is found to be improved on heat treatment for all the EN and ENC 

samples owing to the crystallisation (formation of  intermetallic Ni3P and Ni) 

accompanied by volumetric shrinkage and grain growth. Overall, the microhardness of 

the composite (ENC) coating is found to be superior than particles free (EN) coating 

in both as-deposited and heat-treated conditions. 

 The microhardness increases on increasing the concentration of SiC up to a certain 

concentration and beyond that there is no large variation.  
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Table I. Pre-treatment processes of aluminium substrate prior to plating 

Process Chemicals Concentration Temperature 
(°C) 

Time  
(min) 

Degree of 
Agitation 

Degreasing C6H6O  Room 3-5 None 
Alkaline cleaning Na3PO4 

Na2O3Si 
Na2CO3 

5.75 g/l 
5.75 g/l 
1.5 g/l 

 
60-65 

 
3-5 

 
Mild 

Acid neutralising HNO3 13 % vol. Room 3-5 Mild 
Zincating ZnO 

NaOH 
100 g/l 
525 g/l 

Room 0.5-1 Mild 
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Table II. Plating process conditions 

Processing parameter Values 

pH 4.8-4.9 
Temperature 88±2°C 
Time 80 min 
Silicon carbide (SiC) ccncentration 2-18 g/l 
Agitation Magnetic stirrer along with sample rotator 
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Table III. FWHM values of selected peaks for EN and ENC samples    

Samples Peaks FWHM 
As-

deposited 
200°C 300°C 400°C 500°C 

 
EN 

Ni{111} - - - 0.38 0.22 
Ni{200} - - - 0.46 0.32 
Ni3P{231} - - - 0.27 0.26 

 
ENC 

SiC{111} 0.10 0.11 0.19 0.25 0.20 
Ni{111} - - - 0.49 0.21 
Ni{200} - - - 0.65 0.31 
Ni3P{231} - - - 0.34 0.25 
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Table IV. EDX data of elemental weight percentage for the EN and ENC samples 

Samples Element wt. % 
EN Ni 91.2 ± 0.5 

P 8.8 ± 0.5 
 
 
 

ENC 

Ni 76.9 ± 2.3 
 

P 6.4 ± 0.4 
 

SiC 16.6 ± 2.7 
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Table V. Roughness (Ra) values for substrate and coatings 

Samples Roughness, Ra (µm) 
Bare cast Aluminium 
substrate 

5.07 ± 0.18 
 

EN coated 2.88 ± 0.05 

ENC coated 3.13 ± 0.39 
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List of figure captions 

 

Fig. 1. XRD patterns of (a) EN without zincating (b) EN with zincating and (c) ENC 
composite samples at various annealing temperatures 

Fig. 2. Micrographs of Ni-P-SiC (a) as deposited and (b) heat-treated at 400°C samples 

Fig. 3. Micrographs of EN (a) as deposited and (b) heat-treated at 400°C samples 

Fig. 4. Micrographs of cross section for (a) ENC as deposited (b) ENC heat-treated (c) EN as-
deposited and (d) EN heat-treated samples 

Fig. 5. Micrograph showing the regions corresponding to the three spectra for EDX analysis 
of SiC content 

Fig. 6. Microhardness of electroless nickel particles free (EN) and composite (ENC) samples 
in as-deposited and heat-treated conditions 

Fig. 7. Optical micrographs of cross sections of ENC samples for various SiC concentrations. 
(a) 2 g/l; (b) 6 g/l; (c) 10 g/l; (d) 14 g/l; (e) 18 g/l  

Fig. 8. Microhardness as a function of SiC concentration 

Fig. 9. Thickness build-up as a function of SiC concentration 
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Fig. 4 
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Fig. 5 



 

 

 

 

 

 

 

 

 

 

 
 
 
      

 

   

                  

 

 

 

 

Fig. 6  
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Fig. 8 
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