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Abstract 
 
Nanocomposite materials with the matrix of an A356 alloy 
reinforced with 0.2 and 1 wt% of high-elastic nanodiamonds were 
produced by ultrasonic dispersion of nanoparticles in the melt 
followed by casting in a metallic mold. The structure as well as 
the physical and mechanical properties of the cast samples were 
examined using optical and scanning electron microscopy, 
hardness and tensile testing. It is shown that the hardness, 
Young’s modulus and electrical resistivity increase with 
introduction of nanodiamond particles. 

 
 

Introduction 
 
Aluminum based composites reinforced with non-metallic 
particles are nowadays of great interest in various fields of 
technology due to their high specific strength, hardness, durability 
etc [1]. Casting is the most versatile method of production of such 
composite materials. A commercial A356 alloy (Al–Si–Mg 
system) is one of the possible matrix variants. The А356 cast alloy 
due to good castability, welding characteristics, corrosion 
resistance and perfect mechanical properties has a wide range of 
applications including automotive and aerospace industry [1]. 
Micro- and nano-sized particles of oxides, carbides, borides etc. 
can be used as reinforcing particles. A relevant method of such 
reinforcement consists in embedding of high-modulus detonation 
nanodiamonds [2,3] with nanocrystalline structure (the elastic 
modulus reaches 880 GPa and hardness 70 GPa) into the soft Al 
matrix. Unlike oxides, carbides and others which may change 
their structure due to interaction with the matrix, such particles 
remain stable at high temperatures (up to 1000°С according to 
[3]) and can stabilize mechanical and physical properties of alloys 
in a wide range of temperatures.  
It is known that direct embedding of refractory particles 
(especially nanosized ones) into liquid metal is not possible due to 
the fact that they are prone to agglomeration and flotation caused 
by their low wettability by liquid metal. This problem can be 
solved using the impact of external fields on liquid metals which 
leads to de-agglomeration of nanoparticles and their homogeneous 
distribution in the melt volume and ingot structure as a result. 
Ultrasonic treatment is one of the most efficient ways of melt 
treatment leading to alloy grain size reduction and homogeneous 
distribution of reinforcing particles in its structure [4, 5]. Besides, 
ultrasonic treatment intensifies degassing process, provides 
additional mixing, prevents coring and concentration of non-metal 
inclusions on grain boundaries, which has a positive impact of the 
formation of uniform metal structure in the process of 
solidification [6]. 

The objective of this work is to study physical and mechanical 
properties of composites based on an A356 alloy, containing 
detonation nanodiamonds. 
 
 

Materials and Methods 
 

A commercial A356 alloy (Al–Si–Mg system) and a batch 
mixture containing crystalline and amorphous phases of carbon 
and detonation nanodiamonds [7] were used as materials for the 
study.  
The А356 alloy was melted in a graphite crucible with a total melt 
volume of 1 kg. Ultrasonic degassing was performed at the melt 
temperature of 720°С for 1 minute. Then, reinforcing particles 
were introduced simultaneously with ultrasonic treatment. The 
latter was performed using a 5 kW water-cooled magnetostrictive 
transducer with a working frequency of 17.5 kHz. Conical 
radiator with a working null-peak amplitude of about 30 μm was 
made of niobium. In order to improve wettability, detonation 
nanodiamonds were premixed with ultrafine Al powder and then 
were packed in rod-shaped using aluminum foils. These rods were 
heated in the furnace up to 200°С for 1 hour and then introduced 
into the cavitation zone in the melt. The melt was treated with 
ultrasound for 10 minutes after introduction of the particles. Then 
the obtained mixture was poured at 700°С into a metallic mold 
with the cavity size of Ø30  110 mm. The nominal nanoparticles 
content in the alloy was 0.2 and 1 wt%. Reference samples were 
produced using the similar processing parameters but without 
particle introduction.  
The study of the phase composition and structural parameters of 
detonation nanodiamonds and Al composites was performed using 
an X-ray diffractometer with CuK  radiation. Calculation of 
coherent scattering domain (CSD) and microdistortion of the 
crystal lattice <ε2>1/2 was performed using Williamson–Hall 
method where all broadenings on X-ray diffraction profile are 
used for calculation. Powder morphology was studied using 
Philips CM 12 transmission electron microscope (TEM).  
Mechanical behavior of specimens of Al alloys (quasi-static 
tension) was studied using Instron 3369 testing machine. 
Guaranteed frame stiffness for this machine corresponds to 250 
kN load, load accuracy of 0.5% of indicated load. Ultimate load 
during specimen testing procedures did not exceed 1.5 kN. 
Movable grip traveling speed comprised 0.01 s-1, which 
corresponds to a strain rate of 2 10–4 s-1. 
The structure of obtained materials was studied using scanning 
electron microscopy (Philips SEM 515) and optical microscopy 
(Neophot 21). The pore space volume and the average grain and 
pore sizes in the structure of the materials, were determined by 
means of random secants [8]. 
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Microhardness and Young’s modulus were measured using Nano 
Indenter G200/XP tester with a load of 250 g. Hardness was 
measured using Brinell hardness tester with a load of 1 kg. 10 
hardness measurements were performed for various surface areas 
of the samples.  
The measurement of electric resistivity was made with a four-
point electric circuit with simultaneous heating of samples to 
determine the temperature coefficient of resistivity.  
 

Results and Discussion 
 

TEM image of a powder containing detonation nanodiamonds is 
shown on Fig. 1 a. It can be seen that the powder has a fine-
crystalline morphology. However, according to SEM data, it 
contains particle agglomerates with the sizes of about 10 μm. The 
analysis of electron microdiffraction pattern for the powder (Fig. 1 
b) indicates that diffraction lines correspond to cubic diamond 
phase. Previous studies have shown that the average size of 
diamond nanoclusters according to small-angle X-ray scattering 
data is 4 nm [2], whereas the microdistorsion of the crystal lattice 
is estimated as 1.7 10–2. In accordance with X-ray phase analysis 
the powder contains an X-ray amorphous phase (40 5%) and a 
diamond phase (45 5%), there are also traces of the crystalline 
carbon.  
 

   
a) 
 

    
b) 
 

Figure 1. TEM image of powder containing detonation nano-
diamonds (а) and corresponding electron microdiffraction 
pattern (b). 
 

Microstructure and pore size distribution of alloys with different 
nanoparticle content is shown on Fig.2. The porosity of materials 
can be seen. The porosity volume of the base alloy comprises less 
than 2% as the pores are small. Larger pores are formed along 

with fine porosity in alloys containing nanoparticles, and the total 
pore volume increases with the increase of nanoparticle content. 
In particular, the alloys containing 0.2% nanoparticles has volume 
of pores is 5%, and for alloy, containing 1% nanoparticles - 7%. 
Apparently, large pore are probably formed around agglomerates 
of nanoparticles.  
From the pore size distribution (Fig. 2) one can see the changes of 
the average pore size and their character of distribution. Thus, the 
reference alloy has a fine pores structure with the average pore 
size of 3 μm, and the introduction of the particles increases the 
average pore size to 28 μm for the alloys with nanoparticles 
content 0.2%, and to 19 μm for the alloys with 1% C. So, the 
observed porosity probably related to the introduction of 
nanoparticles, but a more detailed study of the microstructure will 
be devoted to further research. 
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Figure 2. Microstructure and pore size distribution of the 
reference А356alloy (a); and composites A356+0.2% C (b); 
A356+1% C (c). 

 
Average grain size calculation (Fig. 3) indicates that alloys 
containing 0.2% of nanoparticles has the average grain size 
reduced from 210 to 170 μm, whereas for the alloy with an 
addition of 1% of C the average grain size is up to 220 μm, i.e. it 
is almost the same as for reference alloy without nanoparticles. 
X-ray diffraction analysis results are given in Table 1. As it can be 
seen, the size of CSD of the Al-based matrix with nanoparticles 
embedded reduces. Particularly, the CSD size of the reference 
alloy (without nanoparticles) measured 140 nm, whereas as for the 
alloy with 1% C the size of CSD reduces to 80 nm. Moreover, 
microdistortion of the crystal lattice also reduces, and alloys 
containing 1% of nanoparticles demonstrate almost 50% reduction 
of lattice microdistortion. Crystal lattice parameter for Al in all 
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cases is higher than the tabulated value (0.40496 nm [9]).  The 
increased crystal lattice parameter can be attributed to a higher 
degree of microdistortions due to elements dissolved in Al as well 
as due to embedding of nanoparticles into the matrix.  

    
a) 

   
 b) 

   
 c) 

Figure 3. Microstructure of the reference alloy А356 (а); 
A356+0.2% C (b); A356+1% C (c). 
 

In case of material containing 1% of carbon the reduction of 
microdistortion goes along with the reduction of lattice parameter 
towards the tabulated value.  
Tensile stress–strain diagrams for alloys with different amounts of 
nanoparticles are shown on Fig. 4. It was found that embedding of 
0.2% of nanoparticles leads to significant improvement of 
mechanical properties – increase of ultimate tensile strength, yield 
strength, Young’s modulus and ductility,  which corresponds to 
data on lattice distortion in Table I.  
It is likely that this improvement of mechanical properties of 
alloys with 0.2% of carbon nanoparticles is determined by 
Orowan effects [10]. 
Table I. X-ray diffraction analysis results 

 
However, embedding of a greater amount of nanoparticles (up to 
1%) leads to the increase of porosity and formation of 
agglomerates which impairs mechanical properties of the alloy.   
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Figure 4. Stress–strain diagrams of А356 reference alloys and 
composites with different amounts of detonation 
nanodiamonds. 
 

Fracture surfaces of the studied materials are shown on Fig. 5. As 
it can be seen there are shrinkage pores of 100–300 μm in 
diameter on the fracture surfaces of the specimens (white contour 
lines). These pores were formed in the process of solidification. 
Although the fracture mode does not change, the increasing pore 
volume leads to earlier fracture of the composite with the high 
particle content. 
Mechanical properties of the reference alloy and the composites 
are given in Table II. It can be seen that materials’ hardness 
(measured by two different methods) increases. At the same time 
there is an increase of elasticity modulus, calculated using load 
curves as well as Young’s modulus determined using indentation. 
Such change of modulus and strength goes well along with the 
reduction of average grain size and dendritic arm spacing from 37 
μm for initial alloy to 27 μm for alloys containing particles 
(marked with arrows in Fig. 5).   
 
Table II. Mechanical properties of the reference alloy and 
composites 

Material Micro 
hardness 
μH, 
MPa 

Brinell 
hardness, 

HB 

Young's 
modulus, 
E, GPa 

(indenta-
tion) 

Eef, 
GPa 
(load 

curves) 

A356 
A356+0.2%C 
A356+1%C 

870±10 
1380±10 
1360±10 

40±5 
55±5 
60±5 

40±5 
86±5 
85±5 

 

48±5 
65±5 
44±5 

 

Material CSD Al, 
nm 

<ε2>1/2 Al lattice 
parameter a, 

nm 
A356 

A356+0.2%C 
A356+1%C 

140±10 
90±10 
80±10 

5 10-4 
4.7 10-4 
2.8 10-4 

0.4059 
0.40629 
0.40519 
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 c) 

Figure 5. Fracture surface of the reference alloy (a) and 
composites: (b) A356+0.2% C; (c) A356+1% C. 
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Figure 6. Dependence of electrical resistivity and 
temperature coefficient on the concentration of 
nanodiamonds.  

Figure 6 gives the dependences of electrical resistivity (ρ) and 
temperature coefficient (αρ) on the concentration of nanodiamonds 
in the A356 alloy. The introduction of nanoparticles into the alloy 
increases the resistivity from 5×10–8 up to 5.9×10–8 Ωm, and that 
data was obtained with taking into account the changes in porosity 
within the samples (measurements were corrected on the porosity 
through a consideration of the change in cross-section samples). 
In addition, temperature coefficient of resistivity decreases 
significantly from 1.9×10–3 to 0.7×10–3 K–1. Such changes of ρ и 
αρ, are evidently due to the influence of additional interfaces with 
high resistivity formed by nanoparticles.  

 
Conclusions 

 
It is shown that the size of coherent scattering domains for Al 
phase in the A356-based composites with detonation 
nanodiamonds decreases from 140 to 80 nm.  
It is found that embedding of 0.2% of detonation nanodiamonds 
into the alloy leads to significant improvement of mechanical 
properties of materials – increase of ultimate tensile strength, 
yield strength, Young’s modulus and hardness.  
It is shown that introduction of nanoparticles into alloy leads to 
increase of resistivity, in addition, temperature coefficient of 
resistivity decreases.  
Introduction of considerable amount of nanoparticles (1%) lead to 
significant porosity that maybe associated with particle 
agglomeration. More detailed research on the optimization of 
composite technology along with more examination of particles 
distribution in the matrix is required and planned in future. 
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