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Abstract  

Metal-matrix composites (MMCs) are usually characterized by soft matrix and hard reinforcement. In contrast, 

we focused in this work on the production and properties of metastable MMCs formed by pure Ag matrix and 

pure Cu particulates. To conserve the metastable character of these MMCs, they were produced by spark 

plasma sintering of the Cu@Ag core-shell powders with the volume ratios Cu:Ag being 55:45 and 82:18. These 

m-MMCs exhibit specific mechanical properties. Some of them, Young modulus and the shape of the curves 

of plastic deformation, are discussed in this work.  
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1. INTRODUCTION 

To improve the mechanical properties of soft materials, reinforcing particles can be added to the matrix. The 

reinforcement particles can be introduced either as dispersive and intact particulates or can be formed in situ 

in the material matrix by decomposition of oversaturated solid solution, phase transformation, etc. [1]. 

However, such processes result in changes in chemical composition, in the vicinity of the particulates and thus, 

forming concentration gradients in the systems with non-negligible solid solubility. To avoid these chemical 

gradients, the process of formation of the MMCs must be quick and efficient. Then the metastable MMCs (m-

MMCs) occur. One of the ways enabling the formation of such m-MMCs is spark plasma sintering (SPS) [2]. 

A specific effect in this field is also the compaction of the core-shell powders by SPS [3].  

As mentioned above, the MMCs exhibit different mechanical properties compared to the pure metals. Usually, 

less deformable particulates, such as oxide particles [4] or hard metals [5], are applied in such MMCs. In this 

way, the values of the yield stress (YTS), ultimate strength (UTS) as well as hardness are substantially 

increased [2, 4, 5]. 

A question arises about the mechanical behavior of the m-MMCs formed by a soft matrix and well-deformable 

particulates. To study such a system, m-MMCs produced by SPS compaction of the Cu@Ag core-shell 

powders were prepared, and their tensile characteristics were compared to those of the pure Cu and Ag metals.  

2. EXPERIMENTAL 

The Cu@Ag (55:45 and 82:18, both in volume %) core-shell powders of a mean grain size of about 25 μm 

were purchased from SAFINA a.s., Czech Republic [6]. They were compacted by SPS (FCT System HP-D) 
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for 5 minutes at 700 °C under the hydrostatic pressure of 80 MPa. The details of the procedure as well as of 

the structure of the m-MMC are described in Ref. [3]. As a result, the discs 20 mm in diameter and 6 mm thick 

were produced. They consisted of an Ag matrix with spherical Cu particulates (Figure 1).  

 

Figure 1 Microstructure of Cu–Ag m-MMCs: (a) 55:45 vol%; (b) 82:18 vol%. Scanning electron 

microscopy: bright field – Ag matrix, dark areas – Cu particulates 

The dog-bone-shaped samples of the square cross-section, 7.0 mm long, 2 mm wide, and 0.55 mm thick, were 

cut by an electro-spark cutting machine (Agiecharmilles FI240 EEC). They were deformed by tension (Instron 

5882 machine) with a deformation rate of 10−3 s−1. Additionally, a contactless laser-based modification of 

Resonant Ultrasound Spectroscopy (RUS) [7] was applied to the samples of the dimensions 432 mm3 to 

determine the value of Young modulus E of the m-MMCs as well as of the 5N pure metals. A Nd:YAG laser 

(Quantel ULTRA, nominal wave length 1.064 μm, pulse duration 8 ns, pulse energy 25 mJ) was used to induce 

ultrasonic vibrations in the sample. The vibrational response of the sample was recorded at 20 °C by a Polytec 

Micro-System Analyzer MSA-600 equipped with a laser vibrometer. The obtained spectra covered the 

frequency range of 100 kHz–3 MHz, the resolution of the method was 15 Hz. The elastic moduli were obtained 

by the inverse procedure, described in more detail in [7], under the assumption of elastic isotropy. The density 

of the samples was determined by Archimedes method, i.e. by measuring their weight in air and in water. 

3. RESULTS AND DISCUSSION 

The obtained characteristic stress-strain curves from the tensile tests are shown in Figure 2. The Young 

modulus E, obtained by RUS, and the basic characteristics of the dependences shown in Figure 2 are listed 

in Table 1. 

Table 1 Mechanical characteristics of the m-MMCs, Cu, and Ag [3] 

Characteristics Ag Cu Cu–Ag (55:45 %) Cu–Ag (82:12 %) 

E (GPa) 82.30.6 129.81.3 97.40.9 118.30.6 

YTS (MPa) 504 562 1433 17030 

UTS (MPa) 1287 1827 31020 43070 

Prolongation to fracture (%) 311 382 245 391 
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Figure 2 Stress-strain curves of the tensile deformation of Cu–Ag m-MMCs, and pure Ag and Cu [3] 

3.1 Elastic deformation 

During elastic deformation, it is accepted that both components – matrix, and particulates – are strained with 

the same deformation, i.e., 

𝜺𝒄 = 𝜺𝒎 = 𝜺𝒑 (1) 

where: 

𝜀𝑖- the deformations of the m-MMC (c), matrix (m), and particulate (p) 

Similarly, it is accepted that there exists a simple relationship between the values of the Young modulus of the 

composite, matrix, and particulate. It can be expressed according to various models, e.g., Voigt [8], 

𝑬𝒄 = 𝒗𝒎𝑬𝒎 + 𝒗𝒑𝑬𝒑 (2) 

Reuss [8], 

𝑬𝒄 = (
𝒗𝒎

𝑬𝒎
+

𝒗𝒑

𝑬𝒑
)

−𝟏

 (3) 

or Tsai and Halpin for spherical particulates [9], 

𝑬𝒄 = 𝑬𝒎

𝟏 + 𝟐𝝁𝒑𝒗𝒑

𝟏 − 𝝁𝒑𝒗𝒑

𝐰𝐢𝐭𝐡    𝝁𝒑 =
𝑬𝒑 − 𝑬𝒎

𝑬𝒑 + 𝑬𝒎

 (4) 

where: 

𝐸𝑖- the Young moduli of the m-MMC (c), matrix (m), and particulate (p) 

𝑣𝑖- the volume ratios of the matrix (m) and particulates (p) 

However, the values of E for the m-MMCs do not seem to fit with the above dependences but rather in a 

parabolic dependence (Figure 3) 

𝑬𝒄 = 𝑬𝒎 + (𝑬𝒑 − 𝑬𝒎)𝒗𝒑
𝟐. (5) 
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Figure 3 Dependence of the values of the Young modulus, E for Cu–Ag m-MMCs and the area covering 

the models of Voigt, Reuss, and Tsai-Halpin. The circles are measured values of E, and the blue full line 

represents Equation (5) 

Another explanation of this apparent discrepancy, we should solve the following expression, 

𝑬𝒄𝜺𝒄 = 𝒗𝒎𝑬𝒎𝜺𝒎 + 𝒗𝒑𝑬𝒑𝜺𝒑. (6) 

Supposing the validity of Equation (2), accepting 𝒗𝒎 = 𝟏 − 𝒗𝒑, we can modify Equation (6) as 

[(𝟏 − 𝒗𝒑
𝟐)𝑬𝒎 + 𝒗𝒑

𝟐𝑬𝒑]𝜺𝒄 = (𝟏 − 𝒗𝒑)𝑬𝒎𝜺𝒎 + 𝒗𝒑𝑬𝒑𝜺𝒑. (7) 

Equation (7) has the solution for 

𝜺𝒑 = 𝒗𝒑𝜺𝒄 𝐚𝐧𝐝 𝜺𝒎 = (𝟏 + 𝒗𝒑)𝜺𝒄,     𝐢. 𝐞., 𝜺𝒑 = 𝜺𝒎

𝒗𝒑

𝟏 + 𝒗𝒑
. (8) 

This would mean that the tougher particulates deform elastically less than the softer matrix. This might reflect 

the fact that the value of the ECu is 50% higher than EAg (Table 1) and at a constant stress, the deformation of 

Cu is lower than that of Ag. Different elastic deformation might be possible in the case when the particulate is 

not present in the form of prolonged fibres which should copy the elastic deformation of the matrix. In the case 

of spherical particulates, different elastic deformation is imaginable. Nevertheless, this conclusion was done 

from limited number of data and needs more experimental evidence. 

3.2 Plastic deformation 

As discussed in more detail in [3], the course of the plastic deformation of the m-MMCs can be approximated 

by various deformation laws, power (Ludwik, Hollomon, Krupkowski-Swift [10-12], Ramberg/Osgood [12]), and 

exponential (Voce) [10]). 

The best fit of the courses of the plastic deformation measured on Cu–Ag m-MMCs corresponds to a 

polynomial dependence of the 2nd order (i.e., parabolic law) [3], 

𝝈 = 𝑨𝜺𝟐 + 𝑩𝜺 + 𝝈𝟎. (9) 

where: 

𝜎0- the stress of the m-MMC at the yield point, 

E
 (

G
P

a
) 
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𝐴, 𝐵 – constants. 

The parameters of Equation (9) are listed in Table 2. 

Table 2 Parameters (in MPa) of Equation (9) for plastic deformation of m-MMCs, Ag, and Cu [3] 

 Ag Cu Cu–Ag (55:45) Cu–Ag (82:12) 

A −486 −561 −1647 −1220 

B 288 377 790 734 

𝝈𝟎 50 56 145 146 

The degree of hardening can be defined as 

𝝑 =
𝒅𝝈

𝒅𝜺
= 𝟐𝑨𝜺 + 𝑩. (10) 

Figure 4 Dependence of the values of the degree of hardening, , for individual material 
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