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The present research was conducted to synthesize and densify Ag/8wt.% ZnO composites via 

co-precipitation and spark plasma sintering (SPS) methods. The initial precipitates were 

precipitated by adding ammonium hydrogen carbonate solution to a solution mixture of silver 

and zinc nitrate. The precipitates were characterized by using the particle size analyzer and X-

ray diffraction techniques. The precipitates were calcined at 500°C and consolidated with SPS 

method for 5 and 10 min at 540°C under 35 MPa in vacuum. The results showed that 

rearrangement and bulk deformation had a significant effect on densification of the composite 

powders. The scanning electron microscopy investigations revealed that the SPSed composites 

had nearly dense microstructures with homogenous and fine dispersion of ZnO particles within 

the silver matrix. Moreover, it was confirmed that prolonging the sintering time from 5 to 10 min 

had no significant effect on the microstructure, relative density and hardness of the samples. 

Composites with relative densities above 99% and 62 HV hardness were synthesized through the 

applied procedure.  
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1. Introduction 
 

Metal Matrix Composites (MMCs) are a group of 

materials used for fabrication of various industrial 

components in areas such as, transportation, 

electronics, aerospace, as well as automotive and 

electric power transmission [1-3]. Silver and copper are 

the most frequently utilized metals as the matrix phase 

in the composites used in producing electrical 

components like relays and switches. In such kinds of 

composites different compounds such as oxides and 

carbides are used as the second phase or, in other 

words, the reinforcement. Generally, the compounds 

and metals like WC, ZnO, CuO and W are applied-in 
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particle form-as the reinforcement in these kinds of 

composites [4-7]. 

   Silver reinforced zinc oxide MMCs are one of the 

materials categorized in the above-mentioned 

composites. Ag/ZnO composites are mainly employed 

in fabricating low-voltage circuit breakers related to 

200A. Different reinforcements are used as the second 

phase in the silver matrix composites utilized to 

produce circuit breakers. However, according to the 

working conditions of the breaker, the reinforcement 

may vary. Ag/ZnO composites are generally fabricated 

via a powder metallurgy process that includes pressing 

and sintering of Ag/ZnO powder mixtures. 
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Nonetheless, for further densification, the sintered 

composite is repressed and annealed after sintering [7] 

which could be a time-consuming process. Over the 

recent years, much research has been conducted on the 

synthesis of Ag/ZnO composites to produce 

composites with homogenous dispersion of ZnO within 

the silver matrix with desired properties. These studies 

have mainly focused on the synthesis of Ag/ZnO 

composite powders with high sinterability. It has been 

shown that owing to high sinterability of the composite 

powders, the sintered composites need not to be more 

densified via secondary densification processes such as 

extrusion or cold pressing. Mechanical milling, 

mechanochemical, hydrothermal and chemical routes 

are some of the numerous applied techniques for the 

synthesis of Ag/ZnO composite powders [8-12]. 

Moreover, various sintering processes like hot pressing 

have been applied for densification of Ag/ZnO 

composite powders [13]. Meanwhile, SPS of Ag/ZnO 

composite powders has not been investigated yet. SPS, 

which is known as plasma activated sintering (PAS), is 

a short time densification method which has been 

applied for consolidation of metallic, ceramic, and 

composite powders in relatively low temperatures [14-

17]. Ray et al. investigated the sintering of Ag/WC 

composites. They confirmed that SPS composites were 

more homogeneous, tougher, and softer than 

conventionally processed equivalents [18]. Li et al. 

studied the arc erosion characteristics of Ag/8 wt.% Ni 

composites prepared with powder metallurgy and SPS 

techniques [19]. It was shown that the bounce height 

significantly influences the arc parameters. Sayyad et 

al. investigated the SPS of Ag/reduced graphene oxide 

reinforced copper matrix composites [20]. They 

reported that by adding 0.8 vol% of Ag/rGO, the 

bending strength of SPSed samples increased 187 MPa 

in comparison to pure Cu. 

In this research, the synthesis and densification of 

Ag/ZnO composite powders was investigated via co-

precipitation and SPS methods. Furthermore, the 

microstructure and properties of the synthesized 

powders and the sintered samples were evaluated. 
 

2. Experimental Method 
 

Silver nitrate (IRAN SHIMI, AgNO3, 99.99% 

purity), zinc nitrate (IRAN SHIMI, Zn (NO3)2.6H2O, 

99.9% purity) and ammonium hydrogen carbonate 

(Merck, NH4HCO3, >99% purity) were utilized as the 

precursors. In order to synthesize Ag/8 wt.% ZnO 

composites, a mixture of silver and zinc nitrate solutions 

were made in distilled water.  Additionally, ammonium 

hydrogen carbonate solution (1 M) was added to the 

mixture dropwise. The particle size distribution of the 

precipitates was determined using a particle size 

analyzer. The precipitates were calcined at 500°C in air 

atmosphere. Phase identification of the precipitates and 

calcined powders was carried out with X-ray diffraction 

(XRD) method using Cu-Kα radiation (λ = 1.5406 Å). 

The calcined powders were consolidated via spark 

plasma sintering (SPS) method at 540°C for 5 and 10 

min in vacuum under 35 MPa. The microstructure of the 

powders and sintered samples were evaluated through 

field emission scanning electron microscopy (FESEM; 

MIRA3, TESCAN) equipped with energy dispersive 

spectroscopy (EDS). The density of the sintered 

composites was determined according to the 

Archimedes principle. The relative density of the 

sintered samples was determined by dividing the 

measured density to the theoretical one (9.81 g/cm3). The 

Vickers hardness of the samples was measured by a 

Vickers hardness tester under 10 kgf load and a load time 

of 15 s. The hardness of the composites was determined 

by estimating the average of at least three hardness 

measurements. 

 
3. Results and Discussion 
 

Fig. 1 represents the result of particle size analysis of 

the initial precipitates. The D10, D50 and D90 values 

were 2.42, 7.66 and 14.1 µm, respectively. Furthermore, 

the volume statistics parameter, in other words the mean, 

median, and mode, were respectively 8.06, 7.66, and 

9.56 µm. According to the results, the size of the 

particles ranged from 1 to 23 µm. Fig. 2 depicts the 

morphology of the initial precipitates in different 

magnifications. According to this figure, the precipitates 
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Fig. 1. The particle size distribution of the initial precipitates. 

 

represented two main morphologies: namely nano-

flower and polygonal. The thickness of the sheet-like 

features in the microstructure of the nano-flower regions 

was lower than 100 nm (Fig. 2(c)). Furthermore, the 

sheets had similar thickness all over the microstructure. 

On the basis of the EDS analysis result, which is shown  

in Fig. 2(d) and (e), the nano-flower particles mainly 

consisted of Ag while the polygonal ones were 

composed of both Ag and Zn compounds. 

The XRD pattern of the precipitates is demonstrated 

in Fig. 3(a). According to the pattern, the initial 

precipitates contained Ag2CO3 and ZnCO3, that is 

similar to the result of the previous study in which 

another precursor ((NH4)2CO3) was used [21]. In the 

previous research, the silver and zinc carbonates were 

precipitated from two separate silver and zinc nitrate 

solutions in water and then by mixing the solutions, the 

desired Ag/Zn containing precipitates were obtained. 

However, the morphology of the precipitates herein 

completely differed from those in the previous research. 

According to the FESEM and XRD results, it seems that 

in the regions containing Ag and Zn compounds (the 

polygonal particles), either silver or zinc carbonate was 

primarily formed, and it then acted as a nucleation site 

for the other one. This phenomenon contributes to an 

appropriate distribution of the constituents, which could 

be one of the advantages of the applied precipitation 

method. Fig. 3(b) illustrates the XRD pattern of the 

calcined precipitates at 500°C. As illustrated, the 

calcined precipitates contain Ag and ZnO implying the 

complete calcination of the precipitates to the desired 

constituents. 

Fig. 4 shows the FESEM micrograph of the calcined 

precipitates. As could be seen, the morphology of the 

calcined powders is not similar to the initial precipitate 

due to thermal decomposition of the carbonates and  

 
Fig 2. (a) FESEM micrograph of the initial precipitates. (b) Polygonal and (c) Nano-flower morphologies. The arrows show the 

thickness of the sheet-like features. (d) EDS analysis of points 1 in (a). (e) EDS analysis of points 2 in (a). 
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Fig. 3. XRD pattern of (a) The initial precipitates. (b) The 

calcined precipitates. 
 

evaporation of carbon dioxide and water. In addition, 

neck-like regions could be seen within the 

microstructure of the calcined powders which confirms 

the solid-state reaction of the powder particles during 

calcination (Fig. 4(d)). The driving force of necking is the 

reduction in the free surface of the powder particles and 

the decrease in the superficial energy [22]. Fig. 4(c) 

represents the EDS analysis results of the neck-like 

regions. Formation of the silver-containing neck-like 

regions is due to atomic diffusion of Ag at relatively low 

temperatures [23].  

   Fig. 5(a) and (b) show the punch displacement and 

displacement rate as a function of temperature during 

SPS of the composite powders. As shown, the curve of 

displacement versus temperature shows three distinct 

regions (I, II, III) with different slopes corresponding 

to different stages of densification. Additionally, the 

displacement rate versus temperature curve indicated 

three peaks: a sharp one at about 55°C, a weak one 

at 140°C, and the third one at 515°C. The three above- 

 

 
Fig. 4. (a and b) FESEM micrograph of the calcined precipitates 

in different magnifications. (c) EDS analysis of point 1 in (b). 
(d) Formation of neck like regions in the microstructure of the 

calcined powders. 
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Fig. 5. (a) Punch displacement, and (b) Punch displacement 

rate as a function of temperature during SPS of Ag/ZnO 
composite powders under 35 MPa. 

 

mentioned peaks were attributed to the rearrangement of 

powder particles, localized, and bulk deformation, 

respectively [14, 24-26]. However, at higher temperatures 

at the last stage of SPS, the mass transport phenomena 

occurred and is responsible for extensive sintering. 

Given the obtained results, it could be concluded that 

the rearrangement stage had a significant effect on 

densification of powder particles during SPS, which is 

due to the existence of particles with different sizes 

within the microstructure of the precipitates (Fig. 1) 

Generally, the powder particles with a relatively wider 

size range show better compressibility than the other 

ones at the rearrangement stage due to filling the free 

spaces between the bigger powder particles with the little 

ones. Furthermore, the breakage of the agglomerates at 

the rearrangement stage improves the densification of 

the powder particles. The rearrangement of powder 

particles is one of the densification mechanisms in other 

consolidation processes like hot press [14, 24-26]. In 

general, once the particle size range is wide, this 

mechanism could be more effective during densification 

process (according to Fig. 1, the size of the particles 

ranged from 1 to 23 µm). This is due to filling the 

porosities between the large particles with the smaller 

ones. The slope of the punch displacement versus 

temperature in Fig. 5(a) reveals the effect of rearranging 

the powder particles on densification during the 

consolidation process at low temperatures.  However, as 

known, in order to obtain a nearly dense microstructure 

through hot press, a relatively long sintering time is 

needed. Thus, it could be concluded that other than 

rearrangement, other mechanisms, owing to the 

formation of plasma between the powder particles, have 

a significant effect on densification of powder particles 

in a relatively short time during SPS. During SPS, the 

temperature rises to above 1000ºC within a very short 

time under pulse energized and pressure which results in 

the fabrication of sintered compacts with high relative 

density. The effectivity of the SPS method is due to the 

homogenous distribution of the heat over the entire 

volume of the powder compact at microscopic scale and 

dissipation of heat at the contact point of the powder 

particles where the energy is required for sintering [14, 

24]. 

Fig. 6 exhibits the FESEM micrograph of the sintered 

samples at 540°C with 5, and 10 min remaining time at 

sintering temperature at the backscattered (BSE) mode. 

The micrographs show a nearly dense microstructure of 

the sintered samples. No detectable differences could be 

observed between the microstructure of the two groups 

of the samples with 5 and 10 remaining times at the 

sintering temperature, which implies that sintering of the 

samples for 5 min led to the dense microstructure and 

there is no need to prolong the sintering time to 10 min. 

Moreover, the relative density of both samples was 

above 99% which is in good agreement with the 

microscopic investigations. The extremely low time 

needed for densification in the SPS process confirms the 

superiority of SPS process to other densification 

processes such as conventional sintering and hot press 

[27]. 

A typical elemental map analysis of Ag and Zn of the 

sintered composites is demonstrated in Fig. 7. The 

analysis results confirmed the fine dispersion of the ZnO 

particles within the Ag matrix. The mean hardness of  
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Fig. 6. FESEM (BSE mode) micrograph of the sintered 
composites with (a) 5 min (b) 10 min sintering times. 

  

both groups of the sintered samples was 62 HV which is 

about 35 HV higher than that of pure silver. This shows 

the effective role of ZnO in improving the mechanical 

properties and, more importantly, the hardness of the 

composite as the reinforcement (the hardness of pure 

silver is 27 HV). Furthermore, the difference in the thermal 

expansion coefficient (CTE) between Ag and ZnO 

induced thermal stresses in the silver which led to work 

hardening and an increase in the dislocation density of 

the metallic matrix [28, 29]. The work hardening of the 

matrix affects the mechanical properties of the 

composite and increases the properties such as hardness. 

Meanwhile, in case of ceramic matrix composites the 

induced thermal stresses might lead to  

 
 

Fig. 7. Typical FESEM micrograph of the sintered samples 
with corresponding elemental map analysis of Ag and Zn. 

 

crack formation within the matrix phase due to low 

ductility [30]. 

 
4. Conclusion 

 

The present study aimed to synthesize Ag/ 8 wt.% 

ZnO composites, and the following results were 
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obtained: 

1. Nearly dense and homogenous Ag/ZnO 

composites could be synthesized via co-precipitation 

and SPS methods. 

2. The appropriate time for densification of the 

synthesized Ag/ZnO composite powders was about 5 

min under 35 MPa in vacuum. Prolonging the sintering 

time to 10 min did not affect the densification and 

properties of the sintered samples.  

3. The punch displacement versus temperature curve 

during the SPS process showed three distinct regions 

with different slopes which implied the change of the 

densification mechanisms by increasing the sintering 

temperature. 
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