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Abstract: After Sn/Pd activating, the SiCp/Al composite with 65% SiC (volume fraction) was coated by electroless Ni−P alloy 

plating. Surface morphology of the composite and its effect on the Ni−P alloy depositing process and bonding action of Ni and P 

atoms in the Ni−P alloy were studied. The results show that inhomogeneous distribution of the Sn/Pd activating points results in 

preferential deposition of the Ni−P alloy particles on the Al alloy and rough SiC particle surfaces and in the etched caves. The Ni−P 

alloy film has an amorphous structure where chemical bonding between Ni and P atoms exists. After a continuous Ni−P alloy film 

formed, electroless Ni−P alloy plating is not affected by surface morphology and characteristics of the SiCp/Al composite any longer, 

but by the electroless plating process itself. The Ni−P alloy film follows linear growth kinetics with an activation energy of 68.44 

kJ/mol. 
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1 Introduction 
 

In recent years, SiCp/Al composites with high SiC 

volume fraction have been widely used in electronics 

packaging thermal sinks and carriers due to their 

excellent properties of low coefficient of thermal 

expansion, high thermal conductivity, high specific 

modulus and so on [1−4]. However, high volume SiCp/Al 

composites can not be soldered directly with metal leads, 

such as Kovar and Cu. Therefore, surface metallization 

of the composites is needed before soldering. 

Considering large amounts of dielectric SiC particles in 

the composites, electroless plating of Ni−P alloy film is 

usually implemented to form a conductive priming 

coating for subsequently electroplating Ni and Au 

bi-layer on the SiCp/Al composites [5−7]. 

As for research on electroless Ni−P alloy plating on 

the SiCp/Al composites, UREÑA et al [8] have 

determined that it is not the same for the Ni−P alloy 

depositing on large SiC particle, Al alloy and small SiC 

particle zone. Without Sn/Pd activating, the Ni−P alloy 

film deposited on large SiC particles has a lower 

continuity, compared with that on Al alloy or small SiC 

particles. LI et al [9] found that the initial Ni−P alloy 

plating prefers to occur at the SiCp/Al interface than 

elsewhere in an acid plating bath. LI et al [10] reported 

that re-crystallization of Ni at the interface between the 

Ni−P alloy film and the SiCp/Al composites takes place 

to form an atomic bonding between the Ni−P alloy film 

and the composite substrate. Although study on 

electroless Ni−P alloy plating on high volume SiCp/Al 

composites is essentially important, published literatures 

on this issue are still limited so far, effects of surface 

morphology of the composites and Sn/Pd activation on 

the electroless Ni−P alloy plating process have not been 

reported yet. And, only little research on the growth 

kinetics of electroless Ni−P alloy plating on high volume 

SiCp/Al composites has been published. Therefore, a 

more detailed examination of the plating process and 

growth kinetics of electroless Ni−P alloy plating on the 

composites is required. 

In this work, the high volume SiCp/Al composite 

with 65% SiC (volume fraction) was chosen to fulfill 
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electroless Ni−P alloy plating. Morphologies of the 

original, Sn/Pd activating and electroless plating surfaces 

of the composite were observed, respectively. Growth 

kinetics of the Ni−P alloy film on the SiCp/Al composite 

was also investigated. 

 

2 Experimental 
 

SiCp/Al composite with 65% SiC fabricated through 

a pressureless infilitration technique was selected as the 

substrate material. After surface grinding, the substrate 

was cut into thin sheets of 70 mm × 50 mm × 1.5 mm in 

size. The sheets were ultrasonically cleaned in acetone 

for 10 min. The sheet samples were then sensitized by 

dipping in a SnCl2+HCl aqueous solution for 1 min, and 

activated by dipping in a PdCl2+HCl aqueous solution 

for 30 s. The samples were rinsed with deionized water 

after each step. 

Concentration of the acidic plating bath with a pH 

value of 5.0 employed in this study is listed in Table 1, 

which stays the same in the whole electroless plating 

process. After Sn/Pd activating, the SiCp/Al composite 

specimens were immediately dipped in the 362 K plating 

bath for 3, 10, 20, 40 and 60 min, respectively, in order 

to investigate the depositing process in detail. In addition, 

the SiCp/Al composite specimens were also deposited in 

the same plating baths at different temperatures of 343, 

353, 358 K for various time of 10, 20, 40 and 60 min, 

respectively, for measuring the thicknesses of Ni−P alloy 

films formed at varied plating parameters. And then, the 

electroless plating kinetics of Ni−P alloy on the high 

volume SiCp/Al composite was investigated. 

 

Table 1 Concentration of electroless Ni−P alloy plating bath 

Chemical Concentration/(g·L−1) 

NiSO4·6H2O 25 

NaH2PO2·H2O 20 

Na2C4H4O4·6H2O 10 

 

Surface morphology and elemental composition of 

the samples with or without electroless Ni−P alloy 

plating were examined using a JSM−6490LV scanning 

electron microscope (SEM) equipped with an Oxford 

INCA energy dispersive X-ray detector (EDS). The 

accelerate voltage is 20 kV and the secondary electron 

imaging methods were used. Cross-sectional view of the 

electroless Ni−P alloy deposit was also observed by  

SEM. Crystal structure of the Ni−P alloy was identified 

using a D/MAX2500V copper (Kα1=1.5418 Å) rotating 

anode X-ray diffractometer (XRD). The XRD analysis 

was conducted at 20 kV and 200 mA with a scanning 

speed of 2 (°)/min. An ESCALAB250 X-ray photo- 

electron spectroscopy (XPS) was employed to test the 

surface electronic states of the initial Ni−P alloy deposit. 

After electroless plating at different temperatures for 

various time, the SiCp/Al composite samples were 

cross-sectioned, mounted in epoxy resin and ground with 

280, 500 and 800 grit SiC abrasive papers successively, 

then polished with 2.5 mm diamond paste in cold water. 

Finally, the thickness of the Ni−P alloy deposit was 

directly measured from the SEM cross-sectional images 

of the Ni−P alloy film. 

 

3 Results and discussion 
 

3.1 Surface morphologies of SiCp/Al composite with 

or without Sn/Pd activating 

As shown in Fig. 1(a), after grinding, surface 

morphology of the composite is complicated. SiC 

particle surface peels off in a cleavage mode, leaving 

high-density small shallow holes and large smooth 

fracture surfaces. On the other hand, there are lots of fine 

honeycomb-like holes on Al alloy surface. After Sn/Pd 

 

 

Fig. 1 Planar SEM images of SiCp/Al composite surface with 

or without Sn/Pd: (a) Activating original surface; (b) Activating 

surface after activating; (c) Caves after activating 
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activating, Sn/Pd points preferentially aggregate on the 

rough Al alloy and SiC particle surfaces. The points on 

the smooth SiC particle surface are small in amount  

(Fig. 1(b)). Moreover, after activating, there are some 

caves on the composite surface, especially at the SiCp/Al 

interface, formed by the corrosion of the Al alloy by HCl 

in the sensitizing solution. In these caves, there are lots 

of Sn points, some big Sn points are about 1 μm in 

diameter; however, most of them are too tiny to be 

identified in Fig. 1(c). Therefore, after Sn/Pd activating, 

the Sn/Pd points apparently distribute inhomogeneously, 

which have a great effect on the electroless Ni−P alloy 

plating on the composite surface. 

 

3.2 Formation and growth of electroless Ni−P alloy 

deposit 

Figure 2 shows surface morphologies of the SiCp/Al 

composite specimens after depositing Ni−P alloy at  

362 K for various time. After plating for 3 min, it can be 

seen that lots of tiny spherical Ni−P particles exist on  

the specimen surface; however, their distribution is 

inhomogeneous. Ni−P alloy particles are sparsely 

dispersed on the smooth SiC particle surface. Meanwhile, 

the Ni−P alloy particles nearly distribute in a continuous 

state on the Al alloy and rough SiC particle surfaces and 

at the SiCp/Al interface (Fig. 2(a)), indicating that the 

Ni−P particles prefer to deposit at the locations rich in 

Sn/Pd activating points in Fig. 1. The result is also 

consistent with that reported by MATRON and 

SCHLESINER [11]. In their study, the Ni−P alloy 

particles preferentially deposit on the Sn/Pd activating 

points on the glass surface and grow in an insular mode. 

This phenomenon implies that the initial deposition of 

the Ni−P alloy is related to the presence of Pd, because 

the Pd particles act as charge exchange and hydrogen 

evolution centers to offer the electrons for Ni ions to be 

reduced to Ni metal. As the electroless plating time 

increases, the Ni−P particles cover the Sn/Pd points 

completely. Next, they act as new activating points, 

instead of the Sn/Pd ones, to catalyze the electroless 

depositing reaction and grow in the horizontal and 

vertical directions to the composite substrate surface. 

Because Ni has the same face center cubic (FCC) 

structure and the similar lattice constant as Al, the Ni 

atoms deposited on the Al alloy surface in the SiCp/Al 

composite can grow epitaxially along the Al crystal 

lattice orientation and then gradually transfer to the Ni 

crystal lattice orientation via a dislocation mechanism 

[12]. Therefore, interface bonding between the deposited 

Ni−P alloy film and the Al alloy is strong. On the 

contrary, crystal structure and lattice constant of Ni are 

quite different with those of SiC, the Ni atoms only grow 

on the Sn/Pd activating points or among these points on 

the SiC particle surface. And, interface bonding between 

the deposited Ni−P alloy film and SiC is rather weak. 

Although the depositing rate of Ni−P alloy on the SiC 

particle surface is low, a continuous Ni−P alloy film can 

also be formed at last, with prolonging the electroless 

plating time (Fig. 2(b)). 

After electroless plating for 10 min, more SiC 

particles are covered by the Ni−P alloy; however, 

roughness of the Ni−P alloy film is very high, especially 

in the holes of the SiCp/Al composites. Fortunately,   

the Ni−P alloy has a larger depositing rate, due to the  

 

 

Fig. 2 Surface morphologies of Ni−P alloy films after plating at 362 K for various time: (a) 3 min; (b) 10 min; (c) 40 min; (d) 60 min 
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high-density Sn/Pd points in the holes (Fig. 1(c)). 

Moreover, the holes have high surface roughness, which 

is also beneficial to improvement of the depositing rate 

of the Ni−P alloy [13]. Roughness of the Ni−P alloy film 

is therefore decreased with prolonging the plating time. 

Meanwhile, the Ni−P alloy cellulars, composed of Ni−P 

alloy grains, grow, resulting in gradual elimination of the 

intervals among them and thus improvement of the 

density of the deposited Ni−P alloy film (Figs. 2(b) and 

(c)). Finally, a dense, continuous and smooth Ni−P alloy 

film should be formed on the high volume SiCp/Al 

composite after depositing for 60 min (Fig. 2(d)). 

Fracture surface view of the Ni−P alloy film is shown in 

Fig. 3(a). The Ni−P alloy film is dense, smooth and 

approximately uniform in thickness and contacts tightly 

with the SiCp/Al composite substrate no matter on the Al 

alloy surface or on the SiC particle surface. However, on 

the Al alloy surface, the film is slightly thicker, and the 

Ni−P alloy cellulars are larger, possibly due to larger 

Sn/Pd activating points over there than those on the SiC 

particle surface, especially on the smooth SiC particle 

surface. EDS analysis determines that the composition of 

Ni−P films is about 12.76% P (Fig. 3(b)). 

 

 

Fig. 3 SEM fracture surface image (a) and planar EDS 

spectrum (b) of SiCp/Al composite electroless Ni−P alloy 

plated at 362 K for 60 min 

 

3.3 Atom bonding and structure of Ni−P alloy deposit 

As shown in Fig. 4(a), except Si 2p, C 1s and Mg 1s 

peaks originated from the SiCp/Al composite, Ni 2p and 

P 2p peaks were also detected in the XPS spectrum. In 

 

 

Fig. 4 XPS spectra of SiCp/Al composite after electroless Ni−P 

alloy plated at 362 K for 3 min: (a) Wide-scan spectrum;     

(b)  Ni 2p spectrum; (c) P 2p spectrum 

 

Fig. 4(b), three main Ni 2p binding energy (BE) peaks 

are located at BE1=(853.3±0.1) eV, BE2=(856.2±0.1) eV 

and BE3=(861.7±0.1) eV, respectively. Compared with 

the standard binding energy of Ni 2p3/2 in Table 2, the  

Ni 2p BE1 peak refers to the binding energy peak of Ni 

metal, which is intensive and has a full width at half 

maximum (FWHM) of 1.1 eV. The Ni 2p BE2 peak refers 

to the binding energy peak of Ni compounds of NiO, 

Ni2O3 and/or Ni(OH)2, which has a high FWHM (about 
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3.7 eV). The formation of Ni oxides attributes to 

oxidation of the Ni−P alloy film when exposed in air. 

The Ni 2p BE3 peak has a FWHM of about 5.7 eV and a 

rather low intensity. OLIVEIRA and do REGO [14] 

considered that it generated through the interaction 

between the unpaired electrons of Ni
0
 and Ni

2+
. 

Therefore, it refers to the binding energy peak of mixture 

of the Ni metal and the Ni compounds mentioned above. 

 

Table 2 Standard binding energies of Ni and P in different 

states [15,16] 

Substance 
Binding energy/eV 

Ni 2p3/2 Ni 2p1/2 P 2p1/2 P 2p3/2 

Ni 852.6 869.9 − − 

NiO 853.6-857.2 − − − 

N2O3 855.8-856.0 − − − 

Ni(OH)2 855.1 − − − 

P − − 131.4 130.6 

 

Specifically, the binding energies of Ni metal were 

detected to be 870.68 eV (Ni 2p1/2) and 853.38 eV    

(Ni 2p3/2), respectively (Fig. 4(b)). Here, Ni 2p1/2 and  

Ni 2p3/2 represent the two 2p electron orbits of Ni atom 

decided by different inner quantum number, respectively, 

the same as P 2p1/2 and P 2p3/2 hereinafter. Compared 

with the standard binding energies of Ni metal, i.e., 

(870.0±0.1) eV (Ni 2p1/2) and (852.7±0.1) eV (Ni 2p3/2), 

a 0.68 eV positive chemical shift can be determined for 

the Ni 2p1/2 and Ni 2p3/2 binding energy peaks in the 

deposited Ni−P alloy. Similarly, the binding energies of P 

atoms in the Ni−P alloy are 131.08 eV (P 2p1/2) and 

130.28 eV (P 2p3/2), respectively. Compared with the 

standard binding energies of P elementary substance, i.e., 

131.4 eV (P 2p1/2) and 130.6 eV (P 2p3/2) [15], there is a 

0.32 eV negative chemical shift for these two P 2p 

binding energy peaks in Fig. 4(c). It can be explained 

that during co-depositing Ni and P atoms on the SiCp/Al 

composite, partial overlapping of the Ni and P electron 

clouds occurs, resulting in decrease/increase of the outer 

electron cloud density. Binding energy peaks of Ni and P 

shifting in reverse direction imply increase/ decrease of 

the inner electronic binding energy of Ni/P atoms in the 

Ni−P alloy. This means that parts of Ni atoms and P 

atoms have constructed a chemical bonding during the 

Ni−P alloy co-deposition process. According to research 

of LI et al [2], no positive shift, but the shift towards the 

minus direction of the binding energy of Ni electron was 

detected, indicating a bonding action between Ni atoms 

from the Ni−P alloy deposits and Al atoms from the 

SiCp/Al composites and gain of electrons for Ni atoms 

during the bonding process. On the whole, in the initial 

electroless Ni−P alloy plating process, chemical bonding 

between Ni atoms and P atoms in the Ni−P alloy deposit 

and that between Ni atoms and the SiCp/Al composite 

substrate both generate. Because chemical shifts of the 

Ni and P binding energies are both less than 1 eV, the 

chemical bonding between Ni and P atoms may be a 

mixture of covalent and ionic bondings [10]. A solid 

solution alloy of P in Ni is therefore formed in the initial 

electroless plating of Ni−P alloy on the high volume 

SiCp/Al composite. 

In order to confirm structural characterization of the 

electroless plated Ni−P solid solution alloy, XRD 

analysis of the samples was carried out, as shown in  

Fig. 5. In the XRD pattern of the sample deposited for  

3 min, except the diffraction peaks of SiC, Al and Si 

from the composite substrate, the Ni−P alloy diffraction 

peak could be detected. It locates near 2θ=45°, which is 

bread-like in shape with a low intensity. Such a 

bread-like diffraction peak is more apparent in the XRD 

pattern of the sample deposited for 60 min, indicating 

that the electroless plated Ni−P alloy is amorphous. It has 

been determined that only amorphous Ni−P solid 

solution structure can be formed for the alloy with a high 

P composition (>10%) [17,18]. The Ni−P alloy has a P 

content of 12.76% (Fig. 3(b)), so it has an amorphous 

structure, accordingly. 

 

 

Fig. 5 XRD patterns of SiCp/Al composite after electroless 

Ni−P alloy plated at 362 K for 3 min and 60 min 

 

3.4 Growth kinetics of electroless plated Ni−P alloy 

film 

In general, growth rate of the electroless plated 

Ni−P alloy film, v, is an exponential function of the 

plating temperature, T, in the condition of the plating 

bath having unchangeable concentration during the 

depositing process: 
 
v=Kexp[−Ea/(RT)]                            (1) 
 

where Ea and K are activation energy and rate constant of 

the electroless plating process, respectively, R is mole 

gas constant. By taking logarithm of Eq. (1), Eq. (2) can 

be obtained: 
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lg v=K′−Ea/(2.3R)·1/T                          (2) 
 

Electroless Ni−P alloy plating can be divided into 

two sub-processes: one is diffusion of Ni
2+

, H2PO2
−
 and 

other ions from the plating bath to the deposited surface; 

the other is redox reactions among these ions and Sn/Pd 

activating points to form Ni and P atoms co-deposited on 

the substrate surface. 

As shown in Fig. 6, at the setting temperature of the 

plating bath, a linear relationship between the thickness 

of the Ni−P alloy film and the depositing time is 

approximately followed, showing that the electroless 

Ni−P alloy plating on the high volume SiCp/Al 

composite is not controlled by the ion diffusion, but by 

the ion redox-reaction process. Because the electroless 

plating process takes place at relatively high temperature, 

diffusion rate of the ions in the plating bath is fast. As a 

result, the ions diffused from the plating bath to the 

depositing surface exceed those consumed by the Ni−P 

alloy co-depositing reactions. In addition, during the 

electroless plating process, the consumed ions are 

compensated immediately to ensure the constant ion 

concentration in the plating bath, in this situation, the ion 

diffusion can be treated as a steady state process, which 

is described in an equation: ∂Ci/∂t=0 [19]. So, the 

supplement of ions for the electroless plating is always 

sufficient. Thus, it is concluded that the reaction between 

Ni
2+

 and H2PO2
−
 to form Ni and P co-depositing is the 

rate controlled step for electroless Ni−P alloy plating on 

the high volume SiCp/Al composite. 

 

 
Fig. 6 Plots of thickness of Ni−P alloy film vs time at different 

plating temperatures 

 

In this work, the growth rates of the electroless 

plated Ni−P alloy film at different temperatures are 

calculated to be 0.04 mg/(cm
2
·min) (0.05 μm/min) at  

343 K, 0.07 mg/(cm
2
·min) (0.09 μm/min) at 353 K,   

0.1 mg/(cm
2
·min) (0.1 μm/min) at 358 K and        

0.2 mg/(cm
2
·min) (0.2 μm/min) at 362 K, respectively. 

Based on Figs. 6 and 7, activation energy for the 

electroless Ni−P alloy plating on the high volume 

SiCp/Al composite is then calculated to be 68.44 kJ/mol. 

According to LIN and LONG [20], the activation energy 

mainly refers to the energy for growth, not for nucleation 

of the Ni−P alloy film. This value is very close to    

66.9 kJ/mol, the activation energy for electroless Ni−P 

alloy plating on the Si substrate [21]. In summary, the 

initial electroless Ni−P alloy plating is dramatically 

affected by surface morphology and characteristics of the 

SiCp/Al composite. However, once a continuous Ni−P 

alloy film is formed after plating for 10 min, the 

influence of surface morphology of the composite 

substrate nearly disappears. The growth of the Ni−P 

alloy film only depends on the electroless Ni−P alloy 

plating process itself, and has nothing to do with the 

SiCp/Al composite substrate. 

 

 
Fig. 7 Plot of growth rate of Ni−P alloy film vs temperature 

 

4 Conclusions 
 

1) Due to inhomogeneous distribution of Sn/Pd 

activating points, electroless Ni−P alloy plating on the 

high volume SiCp/Al composite is not uniform in the 

initial stage. The electroless Ni−P alloy plating on the Al 

alloy and rough SiC particle surfaces and in the caves at 

the SiCp/Al interface is much rapider than that on the 

smooth SiC particle surface. As the plating time 

increases, a continuous Ni−P alloy film forms on the 

composite surface via the planar and/or epitaxial growth 

mechanisms. 

2) During electroless Ni−P alloy plating on high 

volume SiCp/Al composite, chemical bonding between 

Ni and P atoms generates to form a solid solution of P in 

Ni. The Ni−P alloy film is amorphous due to serious Ni 

lattice distortion in the Ni−P alloy with a high P content. 

3) Growth of the Ni−P alloy film on the high 

volume SiCp/Al composite follows a linear kinetics with 

activation energy of 68.44 kJ/mol. The electroless Ni−P 

alloy plating process is controlled by the ion 

redox-reaction on the SiCp/Al composite surface. Once a 

continuous Ni−P alloy film is formed, the electroless 

Ni−P alloy plating process is not affected by morphology 

and characteristics of the SiCp/Al composite any longer. 
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摘  要：经 Sn/Pd 活化后，在 SiC 体积分数为 65%的 SiCp/Al 复合材料表面化学镀 Ni−P 合金，研究复合材料表面

形貌及其对 Ni−P 沉积过程的影响，以及 Ni 和 P 原子间的结合方式。结果表明，Sn/Pd 活化点分布不均导致 Ni−P

颗粒优先沉积在 Al 合金和粗糙的 SiC 表面以及腐蚀孔洞中，Ni−P 合金膜具有非晶结构，其中 Ni 原子和 P 原子

间依靠化学键结合。在形成连续的 Ni−P 合金膜之后，化学镀 Ni−P 合金不再受 SiCp/Al 复合材料表面形貌及特性

的影响，而是受化学镀本身控制，Ni−P 合金膜遵循线性生长动力学，其活化能为 68.44 kJ/mol。 

关键词：SiCp/Al 复合材料；化学镀；Ni−P 合金膜；显微结构；生长动力学 
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