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Abstract: Poor wettability and weak interfacial bonding between Cu and Al2O3 have 

been critical issues for sintering of high-quality Ni@Al2O3/Cu composites. In this 

paper, we explore an interfacial engineering design methodology to achieve good 

mechanical properties of Ni@Al2O3/Cu composites using spark plasma sintering 

method. The Ni coated powders were prepared using a heterogeneous precipitation 

method, which can significantly improve wettability between Cu and Al2O3 and 

enhance their interfacial bonding. The sintered Ni@Al2O3/Cu composites with a 

copper content of 15 vol% showed a compact network structure of alumina 

well-infiltrated with metallic Cu, and achieved good mechanical (e.g., fracture 

toughness of 6.72 MPam1/2) and physical properties (e.g., relative density of 99.3% 

and electrical resistivity of 1.2810-3 Ω.m). The key mechanisms for the enhanced 

properties of the composites synthesized using the Ni coated composite powders have 

been identified as: (1) well-formed ceramic/metal interfacial structures which improve 
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wettability of Al2O3 with Cu, and promote the formation of a homogeneous network 

structure; (2) enhanced elemental diffusion and interfacial reactions, which result in 

formation of Cu2O and CuAlO2 and thus improve interfacial wetting and bonding 

properties. 

Key words: Heterogeneous precipitation; Ni@Al2O3/Cu composites; composite 

powders; Interfacial structure 

1. Introduction 

Alumina (Al2O3) exhibits good characteristics of high melting point, high elastic 

modulus, high hardness and good chemical stability, but its low fracture toughness 

and poor thermal conductivity have seriously limited its wide-range engineering 

applications [1–4]. Whereas a metal such as copper has excellent electrical and 

thermal conductivities, but has low yield strength/hardness and poor wear resistance. 

Introduction of a network structure of ductile metal into a ceramic (alumina) matrix 

not only improves sinter-ability, electrical and thermal conductivities of the composite, 

but also maintain high strength, toughness and ductility [5–7]. However, the 

wettability and interfacial bonding between copper and alumina are always critical 

issues. It was reported that [8] the wetting angle of the copper on alumina substrate 

was 128°under a vacuum at 1200oC. The poor wettability results in a poor interfacial 

strength and an uneven distribution of the Cu phase within ceramic matrix during 

sintering, thus the properties of the sintered composites are not as good as expected. 

Therefore, it is critical to find new methods to prepare Ni@Al2O3/Cu composites with 

uniform composition/microstructures and improve their physical and mechanical 

properties for their potentially wide-range applications.  
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In order to solve the problem of poor wettability between metal and ceramic, one 

commonly applied method is to coat the surfaces of ceramic particles with a layer of 

metal and form composite powders with a core-shell structure [9–13]. This type of 

interfacial engineering method has been applied in literature. For example, Beygi et al. 

[14] prepared Cu/Al2O3 composite powders using a chemical plating method and 

studied effects of different coating parameters on the properties of the composite 

powders. Lu et al. [15] prepared Cu coated Al2O3 powders using a hot-pressing 

method at 1500 oC and the fracture toughness of the composite material has been 

significantly improved. Uysal et al. [16] synthesized Ni coated Al2O3 powders using 

an electroless plating method and found that the Ni coating was adhered well to the 

ceramic substrate. Mazaher et al. [17] synthesized TiB2 coated B4C powders which 

were incorporated into aluminum matrix, and found that the wear resistance of the 

composite was considerably higher than that of the matrix alloy. 

In order to form Al2O3 framework structure in the composite, the sintering 

temperature of the composite material is generally high, and often exceeds the melting 

point of metallic Cu. Therefore, although the Cu coated alumina powders have been 

often used, the covered copper layers will be easily melted during the sintering 

process. This will lose the Cu layers on the Al2O3 powder surfaces, and thus there are 

not many differences for the mechanical properties between the sintered products 

made using the conventionally mixed powders and those using the Cu coated ones. 

For this reason, researchers proposed to use metals with higher melting points such as 

Fe and Ni as the coating materials on the Al2O3 powder surfaces [18–19]. However, 
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Fe is easily oxidized at the high temperature, and has a poor corrosion resistance with 

less infiltration possibility compared with copper.  

In this study, composite powders of Ni coated Al2O3 (e.g., Ni@Al2O3) were prepared 

using a heterogeneous precipitation method to form a good ceramic/metal interface 

and improve the wettability/bonding between alumina and copper. Our previous study 

reported [20] that spark plasma sintering (SPS) plays an important role in improving 

the homogeneity, density and physical mechanical properties of Ni@Al2O3/Cu 

composites during the sintering of Al2O3 and Cu powders. Therefore, in this study, 

SPS will be used to prepare Ni@Al2O3/Cu composites by sintering the Ni@Al2O3 

composite powders and Cu powders. The Cu powders with a mixing ratio of 15 vol% 

was found to distribute homogenously inside the alumina matrix. Effects of Ni 

coating on microstructures, physical and mechanical properties as well as wettability 

and strengthening mechanisms of the composites were investigated systematically.  

2. Experimental  

2.1 Raw materials 

Commercially available Al2O3 powders (with a purity of 99.4% and an average 

particle size of 1~3μm) and electrolytic copper powders (with a purity of 99% and an 

average particle size of about 4–6 µm) were purchased from Fuchen Chemical 

Reagent Co., Ltd, Tianjin, China. The detailed information of the chemicals is listed 

in Table 1. All the other chemicals were obtained from Sinopharm Chemical Reagent 

Co. Ltd., Shanghai, China. 

Table 1. Chemical compositions of Al2O3 and Cu powders (mass fraction, %). 

https://www.sciencedirect.com/science/article/pii/S0925838817328931#tbl1
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2.2 Synthesis of Ni@Al2O3 powders 

The Ni@Al2O3 composite powders were prepared using a heterogeneous 

precipitation method by mixing Al2O3 particles inside the solutions of 

NiSO46H2O and NH4HCO3. Firstly 150 mL of solution A of NiSO46H2O with 

a concentration of 0.06 mol/L were prepared. Al2O3 of 5 g was added into the 

above solution A. In order to prevent the agglomeration of the Al2O3 powders, 

due to their small sizes, surfactant of polyethylene glycol (PEG) was added 

(Fig.1 (a)). Secondly, 150 mL of solution B with a concentration of 0.1 mol/L 

NH4HCO3 was prepared (Fig.1 (b)) and then slowly added into the solution A 

under a continuous stirring.  

The pH value of the solution was controlled to be 8~9 during the reaction 

process. After a period of reaction at room temperature, the color of the solution 

was changed from pale green to dark green with the generation of a large 

amount of bubbles. After the reaction was completed without any bubble 

appeared, the precipitates were filtered, washed three times with deionized 

water and alcohol, and then dried to obtain the powders, There are alumina 

powders with their surfaces covered with NiCO3•2Ni(OH)2•2H2O.Finally, the 

Ni@Al2O3 composite powders were obtained by annealing the above powders 

in a vacuum furnace at 580oC for 2 hours in the H2 atmosphere. The whole 

experimental process is illustrated in Fig. 1. 

Powders ɑ-Al2O3 Cu Fe Cl Pb Mn 

ɑ-Al2O3(wt%) ≥99.4 - 0.01 0.01 0.005 ＜0.005 

Cu(wt%) - ≥99 0.008 ＜0.1 - ＜0.005 
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PEG 

Al2O3 

NiSO4·6H2O 

(a) Mixing Al2O3 powders 

in NiSO4·6H2O solution 

NH4HCO3 

(b) NH4HCO3 solution 
(c) Mixing NH4HCO3 and 

NiSO4·6H2O solution 

H2 

(e) Precipitates were washed 
(f) Reduced at 580 oC 

NaOH 

(d) Mixture solution was stirred 

at the same time droped NaOH 
 

Fig. 1. Illustration of synthesis procedures of Ni@Al2O3 composite powder using a heterogeneous 

precipitation method. 

2.3 Sintering of Ni@Al2O3/Cu composites 

The Ni@Al2O3 composite powders were mixed with Cu powder (with a purity of 

98% and average particle sizes of about 4–6 µm). The composites were ball-milled for 

1 hour using stainless steel balls with diameters of 2 mm in a stainless steel container 

using a QMIF planetary ball milling machine (with a rotation speed of 40 revolutions 

per minute). Ar gas was used during the ball milling to reduce the oxidation of the Cu 

powder. The mixture was loaded in a graphite mold inside the SPS furnace 

(LABOX-330 SPS) with a vacuum of 1 Pa. Finally, the mixed powders were sintered 
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at 1350oC with an initial heating rate of 50oC/min, a pressure of 30 MPa and a dwell 

time of 10 min in an argon atmosphere. 

2.4 Characterization 

Morphology of Ni@Al2O3 powders, surface and fracture surface morphologies of the 

Ni@Al2O3/Cu composites were characterized using a scanning electron microscope 

(SEM, JSM-6700), attached with an energy dispersive X-ray spectrometer (EDX) for 

composition analysis. X-ray diffractometer (XRD, Rigaku, SmartLab, Japan, Cu Kα 

X-ray radiation; wavelength λ= 1.5418 Å) was used to analyze the crystalline 

structures of Ni@Al2O3 powder and the Ni@Al2O3/Cu composites. The scanning rate 

was 1°/min and the scanning range of 2θ was 20–80° with a step size of 0.01°. 

Interfacial structures of Cu-Ni-Al2O3 composites were characterized using a 

high-resolution transmission electron microscopy (HR-TEM, Talos F200X, FEI). The 

chemical binding states of chemical elements on the composite surfaces were 

characterized using X-ray photoelectron spectroscopy (XPS; PHI Quantera II, with Al 

Kα radiation source of 1486.4 eV) and Auger electron spectroscopy (PHI 4700 AES) 

at a vacuum of 4×10-8 Torr. In XPS analysis, the adventitious carbon cannot be used 

as a reliable binding energy reference, as this may cause an error in binding energy 

interpretation as large as ~2.66 eV due to variations in work functions of the tested 

samples [21,22]. Therefore, the calibration was performed by identifying the center 

position of metallic Cu peak from the Ni@Al2O3/Cu composite sample. This 

calibration method has been applied for calibration using the metallic manganese 

element (Mn) [23]. 
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Contact angles of melt copper drop on alumina matrix were measured using an 

OCA20 contact angle analyzer at room temperature based on a droplet-based method 

reported in ref [24]. The specific operation procedures are as follows. Firstly, the 

copper billet was placed on an alumina substrate and sintered at a high temperature of 

1350oC. When the temperature was above the melting point of copper (1083oC), the 

copper billet was melted and the Cu was spread on the alumina substrate. As the 

temperature was decreased during rapid cooling, the molten copper was condensed 

and formed an ellipsoid on the alumina substrate. The contact angle of solidified 

droplet on alumina was measured at the room temperature.  

Hardness values of the composites were measured using a TUKON 2100 Vickers 

Microhardness Tester. Fracture toughness values of the Ni@Al2O3/Cu composites 

were obtained by measuring the lengths of cracks generated from a conventional 

indentation method on the composite surface using the Eq.(1): 

                 K1C=0.203HV
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where K1C is fracture toughness (MPam1/2), Hv represents Vickers hardness (MPa), 

2a is indentation diagonal length (mm), c is the half length of the indentation induced 

crack (mm). 

3. Results and discussion 

3.1 Microstructure and nucleation mechanism of Ni@Al2O3 composite powder 

Fig. 2(a) shows the SEM images of pure Al2O3 powders, which exhibit smooth 

surfaces with an irregular morphology and an average particle size of about 1~3 μm. 
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Figure 2(b) shows the surface morphology of Ni@Al2O3 composite powders, whose 

surfaces are clearly coated with a layer of nanoparticles. The main chemical element 

of these nanoparticles is Ni, which can be identified from EDX analysis (see the 

attached Table in Fig. 2(b)).  

Figure.2(c) shows XRD patterns of the Ni@Al2O3 composite powders. Comparing 

JCPDS card No. 04-0850, the diffraction angles 2θ at 44.50°, 51.85°, and 76.37° are 

corresponding to Ni’s crystal plane indices of (111), (200), and (220), and the other 

peaks are belonged to those of Al2O3. Only the diffraction peaks of Al2O3 and Ni 

appear in the figure, and no other phases are detected, indicating that these small 

particles in Fig.(2b) is metal Ni, which confirms that the Ni coated Al2O3 composite 

powders were obtained after using the heterogeneous precipitation process. Ni grain 

size is estimated to be 35 nm according to the Scherrer’s formula [25]. The result is 

consistent with that observed from the SEM analysis.  

During the experimental process, as illustrated in Fig. 1(d), the reaction (2) will 

take place in the suspension. 

3Ni2++6HCO3
-+H2O=NiCO3•2Ni(OH)2•2H2O↓+5CO2↑     (2) 

There is a competition between homogeneous and heterogeneous precipitations or 

nucleation of NiCO3•2Ni(OH)2•2H2O on the Al2O3 from the solution. Based on the 

thermodynamics theory, the critical energies for homogeneous and heterogeneous 

nucleation of NiCO3•2Ni(OH)2•2H2O can be written in the Equations (3) and (4), 

respectively [26]: 

                   
2

3

)(3

16





G
Gc


=                         (3) 



10 
 

        
( )( )








 −+
=



4

cos1cos2
2


cc GG                  (4) 

where 
cG is the critical energy for homogeneous nucleation, 


 cG  is the critical 

energy for heterogeneous nucleation, σ is the liquid-solid boundary surface energy, 

vG is the change of free energy per unit volume, and θ is the contact angle of the 

generated nuclei on the matrix. Combining equations (3) and (4), when 0≤θ≤π, the 

value of 
( )( )

1
4

cos1cos2
2


−+ 

, which means that the energy required for the 

heterogeneous nucleation, 


 cG , is less than that for the homogeneous nucleation 

energy cG . Therefore, the formed NiCO3•2Ni(OH)2•2H2O tends to nucleate on 

the surface defects in order to reduce the surface energy, whereas the coarse surface of 

the alumina provides the favorable positions for the formation and accumulation of 

the nuclei. In the heating process (Fig.1(f)), NiCO3•2Ni(OH)2•2H2O was 

decomposed into NiO, and the NiO can react with H2 based on the following reaction 

(5): 

         NiO+H2→Ni+H2O      ΔG0= -6916.7-37.12T                (5) 

Finally, a layer of nickel is fully covered on the surface of the alumina. A schematic 

illustration of the nucleation of Ni layer is shown in Fig. 2(d).  
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Fig.2.SEM images of (a)pure Al2O3 powders and (b)Ni@Al2O3 powders, (c)XRD patterns of 

Ni@Al2O3 composite powders, (d)Illustrations of nucleation mechanism of Ni@Al2O3 composite 

powders. 

3.2 Microstructure and properties of Ni@Al2O3/Cu Composites 

Fig. 3 shows the surface morphology and element mapping of Ni@Al2O3/Cu (15vol% 

Cu) composites after the SPS process. As the Ni and Cu have higher atomic numbers 

than that of Al in the alumina, the metal particles are white and the alumina ones are 

dark in the BSE image. The Cu phase are uniformly dispersed inside alumina with 

fine structures (as shown in Figs. 3(a) and 3(b)), which indicates that the molten metal 

is effectively infiltrated into the ceramic skeleton structures. From the high 

magnification SEM image shown in Fig. 3(c), we can see that the composite has a 

compact structure without apparent porosity.  
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In order to identify the phase distributions of ceramic and metal, EDX mapping 

performed, and the results are shown in Figs. 3(d) to 3(f). It can be confirmed that the 

Al2O3 forms a three-dimensional skeleton pattern and the metals (e.g. Ni and Cu) are 

uniformly distributed inside the composite, without apparent agglomeration of metal 

or ceramic phases. A small amount of Ni particles can be detected along with the Cu 

phase. Surface morphology study indicates that the Cu particles are mainly distributed 

at the grain boundaries of alumina and surrounded by the Ni particles, and the copper 

is well bonded onto the surface of the alumina matrix. In our previous study [20] of 

the composite without using any Ni layer, the molten copper can be infiltrated into the 

alumina skeleton due to the plastic flow and the high pressure during the SPS process. 

However, the infiltration was not well achieved and the distribution of the copper 

phase in the alumina was relatively inhomogeneous due to the poor wettability 

between the Cu phase and alumina. Therefore, for the composite synthesized using 

the SPS without Ni layer on the alumina, the sintering is more dependent on the large 

external forces without formation of effective bonding structures, thus the interfacial 

bonding of the composites is relatively poor.  

However, after the Al2O3 powders were coated with the Ni layer though the interfacial 

engineering approach used in this study, the Ni and Cu were well-mixed during the 

sintering. The molten Cu was not directly bonded to the ceramic but instead bonded to 

the Ni layer on the alumina surface, which effectively improves the wettability and 

promotes the good bonding of interfaces. The molten copper could be easily and 

uniformly distributed around the metal Ni, which can be supported by the results 
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shown in Figs. 3(d)~3(f). Therefore, the Ni coated alumina improves the interfacial 

bonding between alumina and copper and also the uniformity of the microstructure 

through this interfacial engineering design, which will improve the mechanical 

properties of the composite. 

 

Fig. 3. Surface morphology and element mapping of Ni@Al2O3/Cu (15 vol% Cu) composites after 

SPS, (a) and (b) Backscattered electron (BSE) image, with low and high magnifications; (c) SEM 

image at a high magnification;(d) to (f) EDX Al element mapping, Ni element mapping and Cu 

element mapping. 

Fig. 4 shows the fracture morphology of Ni@Al2O3/Cu composites, in which Fig. 4(a) 

is a low magnification image and Fig. 4(b) is a high magnification one. The fracture 

surface exhibits a quasi-cleavage fracture morphology. EDX line scanning results of 

elements on the cross-section surface of sample are shown in Fig. 4(c). Aluminum is 

consistently detected along the scanned line, indicating the continuity of the alumina 
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skeleton in the composite. Whereas those of line scanning results of Cu and Ni 

elements are not continuously observed. As can be seen from Fig. 4(c), the peak of Cu 

coincides with that of Ni. In addition, the uniform spacing of the peak indicates the 

uniform distribution of the metal in the alumina matrix, as illustrated in Fig. 4(d). 

 

Fig. 4. (a) and (b): Low magnification and high magnification fracture morphologies of the 

Ni@Al2O3/Cu composites after Ni coating; (c) interfacial line scan spectra of the Ni@Al2O3/Cu;(d) 

schematic illustrations of composites line scan spectra. 

Fig.5 shows XRD results of Ni@Al2O3/Cu composites after the SPS. The diffraction 

peaks of Al2O3 can be clearly seen from this figure, and the intensity of the Al2O3 

peak is high, indicating its highly crystallized state. Comparing with the XRD patterns 

of Ni@Al2O3 composite powders (Fig.1(b)), those of Ni@Al2O3/Cu after the SPS do 

not show the diffraction peak of Ni, indicating that the Ni atoms are completely 

diffused into the Cu phase during sintering. Comparing the JCPDS card No. 04-0836, 
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we can conclude that the diffraction peak of Cu is slightly shifted to the right-hand 

side of the original position, mainly due to the lattice distortion of Cu due to the CuNi 

substitutional solid solution formation. In literature, the diffraction peaks of CuAlO2 

and Cu2O can often be detected, indicating that during sintering the possible chemical 

reactions (6)~(9) occur[27-28]: 

4Cu+O2→2Cu2O        ΔG0(J/mol)= −169702+74.12T         (6) 

2Cu2O+O2→4CuO      ΔG0(J/mol)= −62354+44.89T          (7) 

Cu2O+Al2O3→2CuAlO2    ΔG0(J/mol)= −5670+2.49T           (8) 

CuO+Al2O3→CuAl2O4     ΔG0(J/mol)= 4403−4.97T            (9) 

All the Gibbs free energies (ΔG0) of the above chemical reactions are negative at a 

sintering temperature of 1350 °C, indicating that all these chemical reactions can 

proceed spontaneously during sintering. Formation of these oxides and interfacial 

compounds (such as CuAlO2) is beneficial for liquid sintering, thus enhancing the 

sintering kinetics due to their low melting points, e.g. CuO (1200oC) and Cu2O (1235 

oC). However, in this study because the sintering was performed in an Ar atmosphere, 

there is a low partial pressure of oxygen[29], and CuO and CuAl2O4 might not be 

stable during the sintering. This might be the main reason that their diffraction peaks 

have not been detected from the XRD pattern.  
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Fig. 5. XRD pattern of Cu/Ni coated Al2O3 composite after SPS process. 

Composites are composed of two or more different phases. The interfacial bonding 

strength between different phases has a very important influence on the properties of 

the composites. The interface acts as a bridge between phases. When the interface 

bonding is weak, the interface may be separated, forming holes, and cracks when 

deformed. Therefore, it is necessary to study the interface of composite materials. 

Fig. 6 shows TEM image of interfacial structure for the Ni@Al2O3/Cu composites. 

Fig. 6 (a) is the bright field image of the Ni@Al2O3/Cu composites.  The ellipsoidal 

substance (marked as 1) is Al2O3. The black area surrounding it (marked as 2) is CuNi 

(a solid solution). The gray white area (marked as 3) between the above two is Cu2O. 

Their corresponding selected area electron diffraction (SAED) patterns are shown in 

Figs. 6(b) to 6(d). The SAED results confirm that during the sintering process Cu 

atoms are successfully diffused with Ni into the Al2O3 surface, and a Cu2O transition 

layer is formed on the surface of Al2O3 framework. Fig. 6(e) is an inverse Fourier 

transform (IFT) diagram of HR-TEM image for the solid solution at position 2 in Fig. 
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6(a). After calibration, it is found that the average spacing between the atomic planes 

corresponds to the CuNi, which can be confirmed by the XRD results. This proves 

that Ni atoms have been uniformly diffused into the Cu lattice during sintering. Fig. 

6(f) shows the HR-TEM image of the interface position (e.g., position 4 of Fig. 6(a) 

between Al2O3 and Cu2O. Clearly there is a layer of transition phase of ~5 nm thick 

between Cu2O and Al2O3, which is CuAlO2 with a hexagonal close-packed (HCP) 

structure. We can also observe a coherent interface between CuAlO2 (006) plane // 

Al2O3 (006) plane, which indicates that the Al2O3-CuAlO2-Cu2O are closely bonded 

without apparent mismatching or impurities. 

 

Figu.6. (a) Cu/ Ni@Al2O3 TEM diagram of composite interface; (b-d) the SEAD diagram at 

position 1-3 in figure 6(a); (e) the inverse Fourier transform map corresponding to the HR-TEM 

diagram at position 2 in figure 6(a) ; (f) the HR-TEM diagram at position 4 in figure6 (a) 

Fig. 7 shows XPS spectra of the Ni@Al2O3/Cu composite. Fig.7(a) is the survey 
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spectrum of the sample, which shows that there are Cu, Al, O, C elements in the 

sample, with weak peak of N. The peak value of Cu 2p for this sample is 932.4 eV. If 

compared with the standard peak value of Cu (932.7 eV) [30], the binding energy of 

Cu 2p for this sample was shifted ~0.3 eV. Therefore, the XPS peaks of other 

elements were adjusted~0.3 eV. Figs.7(b-f) are the high-resolution spectra of Al 2p, 

O1s, Cu 2p and Ni 2p.  

Fig.7(b) shows that the main binding energy peak of Al 2p is 75 eV, which is 

corresponding to that of Al3+ in Al2O3. Compared with the binding energy (74.7eV) of 

Al3+ characteristic peak reported in literature [20], it has shifted ~0.3 eV. This is 

mainly caused by the formation of Al-O-Cu bonds due to the introduction of metallic 

Cu. Fig. 7(c) shows the O1s spectrum. There is only one characteristic peak, and the 

corresponding binding energy is 531.4 eV, corresponding to the O in the alumina 

lattice.  

There are two characteristic peaks for the Cu 2p spectrum as shown in Fig.7(d). They 

correspond to the binding energies of Cu 2p3/2 and Cu 2p1/2, with their binding 

energies at 932.4 eV and 952.3 eV respectively, corresponding to those of the pure 

metallic Cu and Cu+ states [20]. Compared with that of pure metallic Cu, the peak of 

Cu2p1/2 for the Ni@Al2O3/Cu is shifted ∼0.2–0.4 eV toward higher binding energy. 

This is mainly due to the formation of CuNi solid solution, so that there is electron 

transfer between copper and nickel. AES analysis using the Cu LMM spectra can be 

used to distinguish the Cu0 and Cu+ species [20]. The AES measurement result of 

samples are shown in Fig.7(e). The electron kinetic energy of 914.1 eV is 
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corresponding to Cu+ and the electron kinetic energy of 918.2 eV is corresponding to 

Cu0 [31]. Fig. 7(f) shows the high-resolution Ni 2p spectrum of the Ni@Al2O3/Cu 

composites. The spin-orbit splitting of Ni 2p (2p3/2 and 2p1/2) is dominated by the 

binding energy located at 853.9 eV and 871.8 eV with a spin–orbit splitting of 17.9 eV, 

which are corresponding to Ni0 state. Compared with the Ni0 2p3/2 of the pure Ni 

( 852.7 eV), the peak of Ni 2p3/2 for Ni@Al2O3/Cu composites is shifted ~1.2 eV 

toward higher binding energy [30]. This indicates that during the sintering process, Ni 

on the ceramic surface reacts with copper and forms CuNi solid solution, thus causing 

the electron transfer between copper and nickel. 
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Fig.7. (a) XPS survey spectrum of Ni@Al2O3/Cu composite; (b) to (d) high resolution spectra of 

Al 2p, O 1s and Cu 2p; (e) AES peaks of Cu 2p; (f) XPS high resolution spectra of Ni 2p. 

The mechanical properties and electrical properties of the Ni@Al2O3/Cu composites 

prepared using the Ni@Al2O3 coated powders after the SPS sintering were 

characterized, and the results are listed in Table 2. It can be seen that the fracture 
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toughness and relative density of the composites are significantly higher than the 

values reported in the literature [15,32,33], indicating that applying a Ni layer has a 

significant enhancement effect on Ni@Al2O3/Cu composites. The resistivity of the 

Cu/Ni@Al2O3(1.28×10-3 Ω·m) is much lower than that of Cu/Al2O3 (2.0×10-3Ω·m 

based on our previous work [20]), mainly because the Ni layer promotes the 

dispersion of the Cu phase in the composites. 

Table 2. Mechanical and electrical properties of the Ni@Al2O3/Cu composites after the SPS 

sintering with coated Al2O3 powders. 

Samples Sintering 
Fracture toughness 

/(MPam1/2) 

Relative 

density/(%) 
Resistivity/(Ω·m) Reference 

Cu/Al2O3(15 vol%) 

Ni coated powders 
SPS 6.72 99.3 1.28*10-3 

Present 

work 

Cu/Al2O3(5 vol%) HP 5.57 96.2 -  [15] 

Cu/Al2O3(5 vol%) HP 4.92 97.6 -  [26] 

Cu/Al2O3(10 mol%) HP 5.43 97.4 - [27] 

3.3 Interfacial wettability and strengthening mechanisms of Ni@Al2O3/Cu composites 

Effect of Ni coating on the wettability of metallic Cu and ceramic phase Al2O3 was 

further studied. Fig. 8(a) shows the wetting angle of the molten Cu on the pure 

alumina ceramic, and Fig. 8(b) shows that angle on the Ni-coated sample. The wetting 

angles on two substrates were measured (see the embedded Table in Fig. 8). The 

wetting angle on the pure alumina surface is 117.3°~125.5°, which is consistent with 

the data in ref.[10]. Whereas on the Ni@Al2O3 surface, the wetting angle is 

86.2°~90.5°. Liu et al. [34] reported that Ni coating was deposited on the surface of 

alumina substrate using a chemical vapor deposition, and the wetting angle of copper 

droplets on the Ni coated Al2O3 was reduced from 128° to 30.15°. From our results, it 

can also be proved that the Ni layer improves the wettability of the system.  



22 
 

 

Fig. 8. Optical micrographs of contact angles of a droplet on (a) pure alumina ceramic, (b) 

Ni-coated alumina measured at room temperature using the droplet method. 

According to Young-Dupre's equation: 

 cos glslsg +=                 （7）  

( ) cos1+= glslW                  (8)    

where γsg is the solid surface energy; γsl is the solid-liquid interface energy; γgl is the 

liquid metal surface energy;  is the wetting angle; Wsl is the solid-liquid adhesion 

energy per unit area. It can be seen that the wettability between copper and alumina is 

mainly determined by solid surface energy γsv, Ni@Al2O3/Cu solid-liquid interface 

energy γsl and liquid metal Cu surface tension γlv. Because of the existence of this Ni 

layer, the bridging connections among Al2O3, Ni and Cu are formed between 

Ni@Al2O3/Cu interfaces during the melting of metals, which reduces the surface 

tension of liquid metal and also the γsl value of liquid solid interface, thereby 

effectively reducing the wetting angle and increasing solid-liquid adhesion energy 

between Ni@Al2O3 and molten Cu. In addition, as revealed from both XRD and XPS 

analysis, Ni promotes the interfacial reactions between Cu and Al2O3, and causes the 

formation of Cu2O and CuAlO2. The co-existence of Cu2O and CuAlO2 plays an 

important role in improving the wettability of the system. Ghetta et al. [35] previously 
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reported that dissolution of oxygen in the molten Cu decreases the contact angle  by 

forming interfacial oxides and the contact angle  was decreased accordingly.  

Based on our characterization results, we can obtain that the following reasons can be 

attributed to the enhancement in the mechanical properties by adding the Ni layer.  

(1) Firstly, the presence of the Ni layer improves the wettability of Cu with the 

alumina matrix and promotes formation of dense interfacial structures.  

(2) Secondly, the presence of Ni layer promotes the diffusion and interfacial 

reactions between Cu and Al2O3 and the formation of the Cu2O and CuAlO2, which 

contributes to the improvement of wettability. In addition, the liquid phases penetrate 

into the skeleton ceramic framework uniformly, which avoids the agglomeration of 

the metal phase. This will improve the fracture toughness, relative density and 

electrical conductivity of the composites.  

(3) Thirdly, SPS process produces a plasma enhancing effect and locally generates 

high temperature, and thus a full sintering of the ceramic skeleton structure can be 

quickly formed to ensure that the composite material with a high hardness. The 

pressure generated in the process overcomes the surface tension of copper to realize a 

full densification and disperses the metal uniformly so that the high density and high 

fracture toughness of the Ni@Al2O3/Cu composite material are realized. 

Fig. 9 illustrates the enhancement mechanism of using the Ni layer in the process. 

From Figs. 9(a) and 9(b), Ni is well bonded onto the alumina matrix (e.g., forming 

Al-O-Ni), and the molten Cu does not directly contact with Al2O3, but forms a 

solid-solution contact with the metallic Ni. Simultaneously the Ni layer effectively 
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reduces the wetting angle of molten Cu and ceramic skeleton, and promotes the 

interfacial bonding (e.g., formation of Al-O-NiCu-Cu). As the sintering continues, the 

diffusion and redistribution of materials occur (as shown in Fig. 9(c)). Al2O3 will 

become dissociated into Al and O atoms. Atoms of oxygen combine with the metallic 

Cu to form oxides such as CuO and Cu2O. These oxides subsequently react with the 

alumina matrix to form CuAlO2 mesophases (as shown in Fig. 9(d)). Ni atoms are 

continuously diffused into copper. After the SPS, Ni exists in the composite material 

as a solid solution atom. Based on this mechanism, there are multiple phenomena 

occurring during the sintering process, including interfacial infiltration, interfacial 

diffusion and surface diffusion, chemical reactions, chemical bonding and physical 

adsorption. All of these will promote the interface bonding between the Al2O3 ceramic 

and Cu and improve the mechanical properties of the sintered composites. 

    

Fig. 9. Illustration of effect of Ni coating on the changes of interfacial structures between Al2O3 

ceramic and metallic Cu 

(a) 

(d) 

(b) 

(c) 

interface 
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4. Conclusions  

Following conclusions can be obtained from the experimental and analysis results: 

1. Ni coated Al2O3 composite powders with a uniform network structure were 

successfully prepared using a heterogeneous precipitation process by optimizing the 

process parameters. The presence of the Ni layer results in the wetting angle between 

the ceramic Al2O3 and the Cu to be reduced from 128o to 86.2o. 

2. The ceramic matrix Ni@Al2O3/Cu composites with 15 vol% copper content was 

obtained by SPS sintering using the Ni@Al2O3 powders. The microstructure was 

dense and the phases were evenly distributed. The fracture toughness is 6.72 MPam1/2, 

the resistivity is 1.2810-3 Ωm and the relative density is 99.3%, which are all higher 

than those reported in literature.  

3. The mechanisms of enhancing mechanical properties using the Ni coated powders 

can be attributed to: (1) well-formed ceramic/metal interfaces which solve the issue of 

poor wettability of Al2O3 with Cu, and thus improve the homogeneous structure; (2) 

strengthened interfacial bonding between Al2O3 and Cu; (3) enhanced material 

diffusion and interfacial reactions, which result in the formation of Cu2O and CuAlO2 

and improve interfacial wetting properties.  
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