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Abstract 

Electroless Ni-P–SiC coatings are recognized for their hardness and wear resistance. In the present study, 
electroless Ni–P coatings containing SiC particles were co-deposited on Al356 substrate. Laser surface heat 
treatment was performed using 700W Nd:YAG pulsed laser. Effects of different laser operating parameters, 
such as laser scan rate, laser average power and defocusing distance on microstructures were investigated 
by optical microscopy (OM), scanning electron microscopy (SEM), X-ray diffraction (XRD) and energy 
dispersive spectrometer (EDS). The results of microstructural characterization indicated that the laser 
treatment under different operating conditions produced composite coating contained nanocrystallined Ni-
based matrix with SiC particles Ni3P, Ni12P5, Ni5P2, Ni8P3 precipitates. The microhardness measurements 
showed that the hardness of the coating was increased up to 60 percent, due to laser heat treatment, 
without effect on base metal. 
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1. Introduction 

Electroless Nickel-Phosphor (ENP) coatings have been widely used in the chemical, mechanical and 
electronic industries because of their wear, abrasion, and corrosion resistance. Co-deposition of solid 
particles into coatings can further improve certain properties, thus enhance their performance [1-4]. ENP–
SiC coatings present excellent erosion and wear resistance. Incorporation of SiC particles in an electroless Ni-
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P matrix can improve the surface hardness, durability and tribological behavior of electroless Ni-P coatings 
and are usually considered as a replacement for ‘‘hard chromium” in the aerospace industry [5-7]. Many 
studies have been devoted to the electroless composite coatings on steel substrates [8] but little work has 
been reported on the surface protection of Al-based alloys [9]. The important difference between steels and 
aluminum alloys is that aluminum easily forms a stable passive oxide layer, reducing the adhesion of the 
coating. Hence, a chemical pre-treatment of aluminum substrate removing the oxide is necessary [10].  

ENP–SiC coating properties can be improved further by heat-treatment of the coated specimen. Heat-
treatment is an important factor that affects the hardness, structure and morphology of deposit and various 
investigators have reported that the microstructural properties and crystallization behavior of electroless 
Ni–P coatings depend on the phosphorus contents and the subsequent annealing processes [11,12]. Heat 
treatment of electroless Ni–P coatings is normally carried out in furnace. In a furnace treatment, coated 
components have to be heated up to high temperatures required for improvement of wear resistance and 
adhesive bonding. Obviously, it is undesirable for thermal sensitive substrate materials such as Al-based 
alloys. In addition, physical sizes of the components are also restricted by the use of furnace. Compared with 
a traditional furnace treatment, laser surface heat treatment, is a simple and versatile technique to 
overcome those limitations. Furthermore, novel phases in the laser processed zone can be formed because 
of the rapid heating and cooling rates induced by laser irradiation [13,14]. Up to date, most research on 
electroless Ni–P base coatings by laser treatment mainly concerns fully melting of the coatings to enhance 
the substrate-coating adherence and to form amorphous or nanocrystalline surfaces on pre-plated alloys 
due to rapid heating and cooling rates in laser processes [14]. 

A few publications on laser heat treatment of amorphous electroless Ni–P coatings have been found. 
Matsukawa, et al. [15] and Liu, et al. [16] applied a pulsed Nd:YAG laser beam to treat amorphous 
electroless Ni–P coatings and investigated the effect of such laser treatment on wear and corrosion 
properties. They found that the laser treatment improved both wear and corrosion resistance, and such 
result was compared with the heat-treated coatings by furnace and superior properties were obtained by 
laser treatment [17]. Zhang et al. [18] and Kong et al. [19] used laser to treat electroless Ni-P-Al2O3 
composite coatings. The effects of laser treatment parameters on microstructure, surface hardness and 
frictional wear behaviour of nanocrystallized coatings were studied. Compared with furnace-annealing, 
improved microhardness and wear resistance resulted. Liu et al. [14,17,20] have reported the 
microstructural characterisation and corrosion performance of amorphous electroless Ni-W-P coatings after 
annealing with laser. They revealed that the laser treatment improved the corrosion resistance of the 
coatings compared with furnace-annealed coatings. Unfortunately, only one publication on laser heat 
treatment of EN-SiC coatings has been found [21] in which, Shao, et al. applied a continuous CO2 laser beam 
to treat amorphous electroless Ni–P-SiC coatings on carbon steel substrate and investigated the effect of 
such laser treatment parameters on microstructure, morphology, micro-hardness and wear properties. They 
found that when the laser power was 450 W with scanning speed of 0.5 m/min, the hardness of the coating 
was superior to the coating obtained by the conventional furnace heating, and wear resistance of the 
composite coating after laser treating could also improve. However, there has been no report, up to date, on 
Nd:YAG pulsed laser heat treatment of amorphous electroless Ni–P–SiC coating on Al base alloy substrate. 
Using Nd:YAG pulsed laser can be preferable because of the high absorbability of 1064nm wavelength laser 
radiation by metals and the short pulse duration which affords higher cooling rates and a reduced heat 
affected zone [22]. 

This work describes laser heat treatment of ENP–SiC coatings on Al356 alloy. Pulsed Nd:YAG source is 
used for this purpose. Microstructure, phase changes, micro-hardness of laser treated Ni–P–SiC coatings are 
evaluated in the paper. 



  

2. Experimental procedures 

2.1. Materials and sample preparation 

The Al356–T6 alloy of the following composition was used as base material (mass %): 7% Si, 0.2% Cu, 
0.1% Mn, 0.35% Mg, 0.1% Zn and 0.2% Ti. Specimens were coated with an electroless Ni–P-SiC layer whose 
composition was (mass %) 62% Ni, 10% P and 28% SiC. The plating bath solution containing 25 g/l nickel–
sulfate and 23.2 g/l sodium hypophosphite, complexing agent and 20 g/l SiC. The bath temperature and pH 
was 85–95 ◦C and 4.6–4.8, respectively. Prior to coating, cleaning was performed on the specimen’s surfaces 
in the following sequential steps. Step 1: Al356 alloy was degreased with acetone to remove oil and/or 
grease contamination. Step 2: Al356 alloy was treated by mild etching at 80 ◦C for 3min with an alkali 
cleaner containing 22.5 g/l of sodium carbonate and 22.5 g/l of sodium triphosphate to remove the alumina 
layer. The coating thicknesses were obtained about 60 µm. 

  

2.2. Laser treatment 

In the present work, the EN-SiC coated specimens were heat treated using Nd:YAG laser system (PIM-
3475 model IQL-20) that produces a laser beam with a wavelength of 1064 nm. The incident energies of 
laser treatment were adjusted either with constant laser power, changing the scanning speed of laser beam, 
or with constant scanning speed, changing laser power. During laser treatment, argon purge at a rate of 10 
l/min was used to prevent oxidation. The laser treatment parameters used in this study are listed in Table 1. 

 

Table 1. Laser parameters used for heat treatment of EN-SiC coatings. 

power (W) Laser pulse duration 
(ms) 

Scanning speed 
(mm/sec) 

Frequency 
(Hz) 

Laser spot 
diameter (mm) 

45-120 3.4 3-7 30 0.8 

2.3. Microstructural examinations 

The cross-section of the test specimen was mounted and mechanically ground to 2000 mesh on SiC 
papers and finally polished on the cloth using a suspension of alumina powder. The microstructure of the 
specimens was investigated by optical microscopy and field emission scanning electron microscopy (FESEM-
Vega-Tescan) equipped with an energy dispersive spectroscopy (EDS-SAMX) detector. The phase analysis 
was conducted by X-ray diffraction analysis system (SIFERT2000 X Pert-MPD) with Cu Kα radiation and 40 kV 
and 30 mA operating conditions. A Zweek microhardness tester equipped with Vickers pyramid indenter was 
used for microhardness measurements. A series of 100 g indents held for 15 s were made on the work piece 
cross-sections. 
 

3. Results and discussion 

3.1. Microstructure and phase analysis of EN-SiC coated specimen 

Transverse cross-sectional view of the EN-SiC coated specimen is shown in Fig. 1. As can be observed, the 
SiC particles are evenly distributed throughout the matrix of electroless Ni-P alloy. Fig. 2 shows the EDS 



   

spectrum of the composite coating. The coating contains 9.74 wt.% phosphorus. The coating would produce 
non-crystal structure as-coated when phosphorus contents exceeded 8 wt.%[21]. Therefore, the composite 
coatings developed in this experiment were of non-crystal structure under as-coated condition which is 
confirmed with XRD pattern showed in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.  Transverse cross-sectional view of the EN-SiC coated specimen. 

 

 

 

 

 

 

 

 

 

 

 

EDS analysis results of the EN-SiC coating (in wt%). 

C Al Si P Ni 

14.77 0.39 0.2 9.74 74.91 

Fig. 2. EDS analysis of the EN-SiC coating. 
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Fig. 3. XRD patterns of the EN-SiC coating. 

 

3.2. Microstructure and phase analysis of laser treated EN-SiC coated specimens 

Fig. 4. presents surface morphologies of the EN-SiC coatings after laser surface treatment in various laser 
parameters listed in Table 1. It can be seen that in the scanning speed of 5 mm/sec, the coating surface is 
melted when the laser power is increased into more than 80W. The protuberances and cracks on the surface 
of the coatings gradually disappeared when the laser power decreased to less than 75W. When the laser 
power was decreased to less than 60W no significant change could be observed in compare with EN-SiC 
coating before laser treatment. The structural analyses for the composite coatings after laser treatment 
were conducted on X-ray diffraction apparatus, as shown in Fig. 5. It can be seen that the EN-SiC coatings did 
make crystalloblastic transformation when the laser power reached 60 W and the diffraction pattern peaks 
correspond to those of Ni3P can be recognized. It was also found that Ni-P crystal phases could not be 
formed in the laser power of less than 60W and the microstructure has not been changed from an original 
amorphous structure to a crystallized state. 

 

3.3. Microhardness 

Fig.6. shows the curves of microhardness against depth of strengthened layer for both as-plated and the 
laser treated EN-SiC coating. The hardness of the coating surface without laser treatment is 580 HV0.1, but 



   

after laser treatment can reached 740 HV0.1. The hard Ni-P crystal phases formed in the matrix of EN-SiC 
deposit layer after laser treatment, could contribute to the hardening of the coating through fine-crystal 
strengthening and dispersion strengthening. The results show that the hardness of the composite coatings 
consistently improves with the increase of laser power. The reason is that when crystallization proceeded 
upon increasing laser power, the precipitation of Ni-P crystal phases resulted in the increase of the hardness. 
Besides in low laser powers, amorphous structure is kept and only a little degree of crystallization takes 
place and considerably, reduces surface microhardness. 
 

 

 
Fig. 4. SEM micrographs of Laser surface treated EN-SiC under laser scan speed of 5 mm/sec and different laser powers (a: 120W, b: 

105W, c: 90 W, d: 75W, e: 60W). 



  

 

 
Fig. 5. XRD patterns of Laser surface treated EN-SiC under laser scan speed of 5 mm/sec and different laser powers (a: 75W, b: 60W, c: 

45W). 



   

 
Fig. 6. Microhardness profiles of untreated EN-SiC (●) and  Laser surface treated EN-SiC under laser scan speed of 5 mm/sec and 

different laser powers (▲: 75W, ■: 60W, ♦: 45W). 

 

4. Conclusions 

In this study, the effect of Nd:YAG laser surface heat treatment on microstructure, phase changes and 
microhardness of electroless Ni-P-SiC coating with Al356 substrate were investigated. Laser heat treatment 
was done with no major defects, melted area, protuberances and cracks. The laser treated zone structure 
contained mainly of Ni-P crystal phases. Moreover, the SiC particles were observed in the structure 
distributed homogeneously. Surface hardness of the laser treated EN-SiC coating is a function of the laser 
processing conditions. High laser powers (more than 90W) could due to melting of the surface and low laser 
powers (less than 60W), significantly, decrease the degree of crystallization. The EN-SiC coating which laser 
treated in 5mm/sec scanning rate and 75W laser power had the best hardness profile with no surface 
defects simultaneously. 
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