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Introduction

Application of Al composites

T
he use of powder aluminium composites as a struc-

tural material is a promising due to their low weight,

low capital costs for production, and most impor-

tantly, high specific strength. However, their use is confined

to applications that not necessitate substantial wear resist-

ance and elevated operating temperatures. In this work the

ability to elevate the operational temperature of powder 

aluminium matrix composites through the incorporation 

of alloying additives of metals (Zr, Cr, Co, Ti, and Cu) and

nanoparticles of refractory substances in small quantities

was studied. It is anticipated that these materials will be

employed to enhance the service life and operati onal

efficiency of a range of mechanical engineering units,

including engine impellers, gear wheels, bushings, spac-

ers and so forth. This is expected to be achieved even when

these materials are subjected to conditions of exposure to

aggressive oxidizing gaseous or liquid media.

Microalloying and the influence of additives on aluminum

It is established that at elevated temperatures, alumin-

ium alloys undergo a loss of thermal stability, accompa-

nied by the growth of grains, primary crystals, impurities, 

and transformations, as well as the growth of interme-

tallic coarse phases and spheroidization [1]. This ulti-

mately results in a deterioration of the high-temperature

mechanical and functional properties of aluminium.

Multicomponent aluminum composites Al – Cr – Zr,

Al – Cr – Zr – Co – Ti – Cu with small additions

of nanoparticles of refractory compounds SiC

or MgAl2O4: thermochemistry, structure and properties
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The ability to increase the operating temperature of powder aluminum matrix composites by introducing alloying
metals (Zr, Cr, Co, Ti, and Cu) and nanoparticles of refractory substances has been studied. The equilibrium
composition of the Al – Cr – Zr – Co – Ti – Cu system has been calculated using contemporary modeling tech-
niques for equilibrium processes (jmatro® and HSC®). Calculations indicate the presence of Al, Al3M (D023),
Al7Cr, Al7Cu2M, and Al9M2 phases in aluminum at the sintering temperature, where M is an additive metal. Gibbs
energies and equilibrium constants for the formation of intermetallic compounds have been calculated. The
intensification of the solid-phase reaction between aluminium and silicon carbide is contingent upon the pre-
sence of free carbon within the system Al – Cr – Zr – Co – Ti – Cu evidenced by calculations of the Gibbs energy
and equilibrium constant. An aluminum composite Al – Cr – Zr – Co – Ti – Cu modified with SiC and MgAl2O4
nanoparticles has been produced through mechanical alloying, hydrostatic pressing, and spark plasma sintering.
The next materials were prepared: Al – 0.5%Cr – 0.3%Zr, Al – 0.5%Cr – 0.3%Zr + 0.1% SiC, Al – 0.5%Cr – 0.3%Zr +
+ 0.1 MgAl2O4, Al – 0.5%Cr – 0.25%Zr – 0.2%Co – 0.2%Ti – 0.2%Cu, Al – 0.5%Cr – 0.25 Zr – 0.2%Co – 0.2%Ti –
– 0.2%Cu + 0.1%SiC, Al – 0.5%Cr – 0.25%Zr – 0.2%Co – 0.2%Ti – 0.2%Cu + 0.1%MgAl2O4. The microstructure
of the samples was analyzed. It was found that the segmentation effect, in which a large inclusion splits into
smaller grains, is linked to the formation of intermetallic compounds with different crystalline structures, com-
positions and stoichiometry. The bending strength and Young’s modulus at different temperatures for Al – Cr – Zr
and Al – Cr – Zr – Co – Ti – Cu materials, as well as those modified with aluminum-magnesium spinel and silicon
carbide nanoparticles, were measured. The material exhibits high bending strength at 400 °C (up to 191 MPa).
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Nevertheless, the incorporation of transition metals into

the matrix can serve to counteract these detrimental ef-

fects. The material obtained by spark plasma sintering

(SPS) based on the Al – Cr – Zr system has demonstrated 

favourable mechanical properties. The total concentra-

tion of chromium and zirconium did not exceed 0.8 wt.%

in one instance [2], while in another case, it reached 3.6 wt. %

[3]. This is due to the formation of intermetallic phases of 

nano- and submicron size in aluminium by chromium and

zirconium resulted in enhanced strength. Typically, these

are Al3Zr and Al7Cr. However, in rapidly cooled alloys, 

a supersaturated solid solution of the transition metal in

aluminium is also present. In spark plasma sintered alu-

minium strengthening mechanisms associated with fine

grain and precipitation of intermetallic nanosized phases

operate together. In this study, we investigated the effect

of titanium, cobalt and copper additives on a similar ma-

terial, which also contains chromium and zirconium, but

the thickness of the sintered samples was 30% greater.

The addition of even a small quantity of Zr (0.1%) to

aluminium results in a notable enhancement in resistance

to high-temperature creep. Furthermore, the combined

addition of zirconium and chromium to aluminium en-

hances the processability and corrosion resistance of al-

loys. Trialuminides of transition metals have a high melt-

ing point, low density and resistance to oxidation. TiAl3 

has a D022 lattice [4, 5], while ZrAl3 crystallize in D023

type. Additionally, the metastable phases of TiAl3 and 

ZrAl3 have an L12 lattice [6], which is preferable to matrix 

strengthening.

The enhancement of aluminium characteristics

through the incorporation of transition metals can be

achieved upon the prevention of primary coarse aluminide

formation [7]. As evidenced by numerous studies [8–12],

the coherence of Al3Zr dispersoids with aluminum can be

enhanced by the introduction of titanium additives. In a 

previous study [2], we demonstrated that the introduction

of small quantities of chromium and zirconium into spark 

plasma sintered aluminium yielded highly favorable out-

comes.

It is established that the addition of copper to alu-

minium results in the promotion of solid-solution and

dispersion strengthening, although this process is accom-

panied by a reduction in corrosion resistance. It is there-

fore necessary to limit the quantity of copper introduced

into aluminium to a level well below its solubility limit.

As a consequence of the heat treatment and ageing of 

hardened aluminium-copper materials, secondary pre-

cipitates of metastable phases (dispersoids) are formed

from a solid solution. These phases have a similar compo-

sition but differ in structure from the stable phases. This

leads to a significant increase in strength. The principal

strengthening phase of aluminium in the Al – Cu system

is θ′-CuAl2. The small dimensions of the blanks formed

during SPS sintering, coupled with the elevated process-

ing rates, including those resulting from electrodiffusion

and relatively high heating and cooling rates, facilitate the

attainment of a specific structure and composition of al-

loyed aluminium. In addition, during SPS sintering, the 

blank undergoes significant deformation contributed 

to the strengthening of aluminum by the deformation 

mechanism.

Among the intermetallics in the Al – Co system,

Al9Co2 and Al13Co4 exhibit distinctive properties. Al9Co2

due to its unique electronic structure has enhanced cor-

rosion resistance compared to conventional alloys [13].

It is established that the binary Al – Ti system com-

prises seven intermetallic compounds: Ti3Al(α2), TiAl(γ),

Ti3Al5, TiAl2(η), Ti2Al5(θ), TiAl3(h) and TiAl3(l) [14].

The most stable intermetallic phases enhanced the physi-

cal and mechanical properties of titanium aluminide are

γ-TiAl, α2-Ti3Al and γ-TiAl + α2-Ti3Al [15–17]. On oc-

casion, modern diagrams of binary alloys of the titani-

um-aluminum system contain not only the four estab-

lished phases α2(Ti3Al), γ(TiAl), TiAl2 and TiAl3, but also 

Ti5Al11, Ti2Al5.

In the binary system Al – Zr, ten intermetallic com-

pounds have been identified, namely Zr3Al, Zr2Al, 

Zr5Al3, Zr3Al2, Zr4Al3, Zr5Al4, ZrAl, Zr2Al3, ZrAl2 and 

ZrAl3. The intermetallic compounds present in the 

Al – Co system are as follows: Al9Co2; Al13Co4; Al13Co4; 

Al13Co4; Al3Co; Al5Co2; AlCo. [18, 19]. Concurrently, as

indicated in [20], the solubility of chromium, titanium, 

zirconium and cobalt in aluminium is, respectively, 0.9%, 

0.26%, 0.28% and 0.02%. The most stable phases are 

Al7Cr, Al3Ti, Al3Zr and Al9Co2.

The introduction of small additives of nanoparticles

of refractory compounds into aluminum can significantly 

improve its functional and strength properties [22, 23]. 

It should be noted that heating to higher temperatures is

possible when spark plasma sintered aluminum at a tem-

perature below its melting point. Aluminium-magnesium

spinel particles are insoluble in aluminium. The interac-

tion of silicon carbide particles with the aluminium matrix 

can result in the formation of free silicon and aluminium

carbide. Furthermore, the presence of oxygen can facili-

tate the formation of aluminium oxycarbides. To ascertain 

the potential for such an interaction, calculations were 

conducted to determine the composition and change in 

Gibbs energy of the corresponding reactions as a function

of temperature.

Thermodynamic modeling

A series of calculations were conducted in order to

evaluate the impact of temperature on the phase composi-

tion of the resulting aluminium-based material. Initially, 

calculations were conducted in JmatPro® (v. 7.0) [24, 25] 

to determine the impact of temperature on the material

composition. The changes in the standard Gibbs energy of 

dispersoid phases formation with the most probable stoi-

chiometric composition were calculated using the HSC®

software (ver. 9.0).

The results of the modelling conducted in the JmatPro®

environment (ver. 7.0) with a database (Aluminium Alloys)
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of the temperature effect on the material composition are

presented in Fig. 1. The calculations indicate the presence

Al, Al3M (D023), Al7Cr, Al7Cu2M and Al9M2 phases in

aluminium at the sintering temperature, where M is theM

additive metal.

It should be noted that the possibility of the AlTi in-

termetallic compound formation is relatively low in com-

parison to other intermetallic compounds presented in the

system, particularly those with a lower titanium content. 

Furthermore, the formation of the titanium-depleted

compound Al2Ti is more thermodynamically probable

[26]. According to [27], the intermetallic compound Al2Ti

with a smaller amount of aluminium can form during

rapid quenching, despite the kinetic factors of resistance.

As demonstrated in [28–31], the addition of silicon

carbide nanoparticles to aluminium can result in the for-

mation of aluminium carbide even at temperatures signifi-

cantly below the melting point of the metal. Furthermore,

upon contact between liquid aluminium and silicon car-

bide, a solid solution of silicon in aluminium and free sili-

con are formed at the interphase boundary, in addition to 

aluminium carbide. The formation of Al4C3 proceeds as

follows (1) [32]:

4 [Al] + 3SiCs → Al4C3s + 3Sis s/[Si]  (1)ss

It is established that the release of silicon from a su-

persaturated solid solution of aluminium occurs during

rapid quenching, forming a eutectic with it or large pri-

mary crystals [33]. Nevertheless, this reaction is facilitated

by the presence of liquid aluminium, with the selected

sintering temperature being considerably lower than the

melting point of aluminium. According to calculations

in HSC® in the presence of free carbon the reaction of 

aluminium carbide formation with the release of free sili-

con also occurs in the solid phase (Fig. 2). Free carbon

can gain access to the sintered aluminium from graphite 

paper and punches utilized in the press molding process.

Additionally, catalysis may occur during the decomposi-

tion of surfactants.

Materials and methods

The mechanical alloying of aluminium was con-

ducted in an Activator-2SL planetary ball mill. 

Hardened steel balls with a diameter of 5 mm were 

employed for the grinding process in a ratio powder 

to balls 1:10. The following materials powders were 

employed: ASD-4, PH-1S, PTSR-1, PTOM-1, cobalt, 

PMU. A lubricant (HMDSZ) was added at a concen-

tration of 0.1 wt.%. The mixing process was conduct-

ed for 30 minutes in argon environment within the 

Activator-2SL planetary mill. The samples were ob-

tained via spark plasma sintering in an argon environ-

ment. In contrast to the samples described in reference 

[2], the resulting specimens were 3 mm thick, 30 mm in 

diameter, and in the form of flat tablets. The sintering 

process was conducted in graphite press molds with the 

use of graphite paper gaskets.

A nanoparticle concentration of 0.1 wt.% was se-

lected for the additives in the composite materials. 

After drying, the powder mixture was compressed into 

graphite molds and spark plasma sintered. Subsequently, 

the samples were cut into rectangular blanks for fur-

ther analysis. The next materials were formed: Al – 

0.5%Cr – 0.3%Zr, Al – 0.5%Cr – 0.3%Zr + 0.1%SiC, 

Al – 0.5%Cr – 0.3%Zr + + 0.1%MgAl2O4, Al – 0.5%Cr – 

0.25%Zr – 0.2%Co – 0.2%Ti – 0.2%Cu, Al – 0.5%Cr – 

0.25%Zr – 0.2%Co – 0.2%Ti – 0.2%Cu + 0.1%SiC, 

Al – 0.5%Cr – 0.25%Zr – 0.2%Co – 0.2%Ti – 0.2%Cu +

+ 0.1%MgAl2O4.

The microstructure was studied using a FEI Quanta

scanning electron microscope. The density and porosity 

of the samples were determined by hydrostatic weighing. 

Porosity was determined for a sintered sample in the

form of a tablet with a diameter of 30 mm and a height 

of 3 mm.

Thermomechanical properties of composite samples 

were investigated by TestSystems-VacETO high-tempe-

rature testing facility at temperatures ranging from

25 to 400 °C. The tests were conducted using a three-point 

bending method on samples in the form of rectangular 
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Fig. 1. Equilibrium composition vs. temperature calculated with JmatPro (v. 7.0)
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beams measuring 27 mm in length, 3 mm

in width, and 3 mm in thickness.

Microstructure and phase composition

The addition of MgAl2O4 and SiC na-

noparticles to Al – 0.5%Cr – 0.3%Zr –

0.2%Co – 0.2%Ti – 0.2%Cu alloys (Fig. 3)
resulted in a notable reduction in the ave rage

grain size. The Al – 0.5%Cr – 0.25%Zr –

0.2%Co – 0.2%Ti – 0.2%Cu material is

distinguished by the presence of individual,

clearly delineated grains. Light precipitates

of second phases of nano-, submicron, and

micron sizes are visible inside and at the

grain boundaries. The light inclusion of 

rounded shape is composed of multiple seg-

ments (Fig. 3, a, c)c . At higher magnification,

it becomes evident that these segments are

composed of small grains of micron and sub-

micron sizes (Fig. 3, b, d)dd . It can be assumed

that this inclusion refers to chromium or re-

acted chromium, which is poorly ground due

to high hardness and low grinding time. The

segmentation effect, whereby a large inclu-

sion divides into smaller grains, appears to be

linked to the formation of intermetallic com-

pounds with varying crystalline structures,

compositions, and stoichiometries.

The grains of the aluminum matrix have 

regular, faceted shapes and are about a few

micrometers in size. In the triple junctions of 

these grains, one can observe the presence of 

even smaller grains (less than 1 micrometer)

of the matrix. Large white particles are most

likely intermetallic phases of aluminum with 

Fig. 2. Change in Gibbs energy and logarithm of equilibrium constant of aluminum carbide reactions formation

Fig. 3. Materials microstructure of the samples:

a, b – Al – 0.5%Cr – 0.3%Zr – 0.2%Co – 0.2%Ti – 0.2%Cu;

c, d – Al – 0.5%Cr – 0.3%Zr – 0.2%Co – 0.2%Ti – 0.2%Cu + + 0.1%MgAld 2O4; 

e, f  – Al – 0.5%Cr – 0.3%Zr – 0.2%Co – 0.2%Ti – 0.2%Cu + 0.1% SiCf
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other transition metals, such as chromium, which have 

high hardness and may be difficult to grind. Nanoscale

white phases, representing aluminum intermetallic com-

pounds as well as high-temperature nanoparticles of addi-

tives, are also visible. Regularly shaped pores can be seen

in the structure.

Phase analysis has been performed, and the re-

sults are shown in Fig. 4. The main phase is aluminum, 

as expec ted. Intermetallic phases are also present, but

they have extremely weak reflections. Apparently, inter-

metallic phases exist in the material in the form of X-ray XX

amorphous nanocrystals. In the diffraction patterns, the 

peaks corresponding to the approximate phases of Al3Zr, 

Al9Co2, and Al7Cr can be identified, which is in agree-

ment with the results of thermodynamic modeling.

Properties

Table shows the changes in the modulus of elasticity 

and flexural strength of the Al – Cr–Zr, Al – Cr – Zr –

Co – Ti – Cu, Al – Cr – Zr-nanoparticles, and Al – Cr –

Zr – Co – Ti – Cu –nanoparticles composite samples at 

temperatures of 25, 200, 300, and 400 °C. It is noteworthy 

that the material modified with silicon carbide nanopar-

ticles exhibits enhanced thermal stability in compari-

son to the material with aluminium magnesium spinel 

nanoparticles. This phenomenon is likely attributable 

to the dissolution of silicon carbide in aluminium. At 

temperatures below 300 °C, the highest flexural strength 

was demonstrated by the material Al – Cr – Zr – 

0.6(Co,Ti,Cu) without ceramic nanoparticles. This 

may be attributed to the higher proportion of precipi-

tates formed in aluminium compared to the Al – Cr – 

Zr material. Besides, nanoparticles introduced into the 

matrix ex-situ can form aggregates and introduce voids 

that weaken the material. The plasticity of the material 

is approximately 1.4–1.5%, and it does not vary signifi-

cantly between samples.

The change in bending strength was found to be de-

pendent on porosity, despite the different amounts and 

types of alloying components in the samples. In this case,

it can be assumed that the addition of alloying compo-

nents affects the internal structure of the sintered mate-

rial. This is because insoluble nanoparticles tend to form

agglomerates and subsequently introduce defects into the

sintered material. However, the exact contribution of na-

noparticles and intermetallic dispersoids remains unclear. 

A variety of factors contribute to the strength of alloys and 

metal composites, collectively referred to as strengthening

mechanisms.

A wide range of research was conducted by the authors

on the effect of adding small amounts of refractory na-

noparticles to aluminum matrix materials in [34]. It was 

found that for the Al – 4Cu – 0.1Al2O3 material sintered

using the SPS method, the flexural strength at room tem-

Table
Change in the elastic modulus and change in the flexural strength of samples depending on temperature

Sample
Bending strength, MPa Young’s Modulus, GPa

25 200 300 400 25 200 300 400

Al + 0.5Cr + 0.3Zr 190 177 144 107 75 73 70 59

Al + 0.5Cr + 0.3Zr + 0.1MgAl2O4 200 181 150 113 63 62 61 55

Al + 0.5Cr + 0.3Zr + 0.1SiC 185 176 153 116 76 74 71 63

Al + 0.5Cr + 0.3Zr + 0.6(Co + Ti + Cu) 335 281 164 124 76 75 70 62

Al + 0.5Cr + 0.3Zr + 0.6(Co + Ti + Cu) + 0.1MgAl2O4 287 263 193 158 69 68 65 58

Al + 0.5Cr + 0.3Zr + 0.6(Co + Ti + Cu) + 0.1SiС 273 252 226 191 63 61 58 54
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perature reached 310 MPa, which was 13% higher than

that of pure aluminum. The flexural strength for alumi-

num with additions of transition metals, boron, and alu-

minum oxide nanoparticles was about 300 MPa and

120 MPa at 300 °C and room temperature (n.c.), respec-

tively, according to work [35]. In [36], researchers studied

the effect of a small amount of silicon carbide nanopar-

ticles combined with boron carbide on alloy 6061 and

achieved a tensile strength of 250 MPa at room tempera-

ture and ductility of up to 4%, using the SPS technique.

Al – SiC composite materials were also prepared using

the same technique, with increased carbide contents of 

10%, 20%, and 30%, according to [28]. At the same time,

the bending strength of the material with 20% silicon car-

bide increased by 47% to 331 MPa compared to the base

material.

The addition of transition metals, such as cobalt, ti-

tanium, copper, as well as chromium and zirconium, to

aluminum leads to the formation of high-temperature

intermetallic compounds, including nanoscale struc-

tures. This contributes to an increase in strength, accor-

ding to the Orowan mechanism, but significantly reduces

ductility. During aluminum deformation, dislocations

encounter numerous obstacles in the form of aluminum

phases containing transition metals that are released dur-

ing heat treatment. Despite this, this approach to alloying

aluminum with complex compounds leads to an improve-

ment in the stability of mechanical properties at higher 

temperatures. The introduction of aluminum-magnesi-

um spinel nanoparticles or silicon carbide nanoparticles

enhances the mechanical properties of aluminum alloys

and affects the motion of dislocations. In addition, be-

cause nanoparticles have a high surface energy, they can

contribute to increasing the adhesive strength during

aluminum particle sintering in small amounts. It should

be noted that it is difficult to accurately assess the exact

effect of these nanoparticles, especially spinel or silicon

carbide. In the case of nanofilms of oxides present on

aluminum nanoparticles and silicon carbide nanoparti-

cles, their interaction is possible during spark plasma sin-

tering and even the formation of aluminum oxycarbides

is possible [37].

The difficulty in predicting each contribution is due to

the fact that the SPS consolidation method is extremely 

non-equilibrium from a thermodynamic point of view,

comprising the diffusion of atoms caused by different

driving forces, namely thermal and electrical [38–40].

Furthermore, the formation of metastable states of phases

can occur when high heating and cooling rates are em-

ployed, rendering the predictions of equilibrium thermo-

dynamics inapplicable. Subsequent studies will address

this issue from the perspective of nonlinear dynamics and

kinetics.

In Al + Cr + Zr + Co + Ti + Cu system, at room tem-

perature the optimal results were observed for a sample 

lacking nanoparticles, while at elevated temperatures,

the Al + Cr + Zr + Co + Ti + Cu + 0.1SiC composite

exhibited the most favorable outcomes. The incorpora-

tion of SiC nanoparticles along the grain boundaries can

facilitate the reduction of creep along these boundaries by 

exerting pressure on the matrix and undergoing rotation

during movement. Furthermore, as previously observed

in analogous ternary systems [2], the presence of nano-

particles serves to reinforce the structural integrity of the

compressed material, impeding the migration of defects 

and the coarsening of grains. This phenomenon exerts a 

beneficial influence on the strength of the material at el-

evated temperatures.

Conclusion

The bending strength of the composite Al – 0.5%Cr –

0.3%Zr – 0.2%Co – 0.2%Ti – 0.2%Cu reaches 335 MPa,

while the Young’s modulus is 76 GPa at 25 °C. At a tem-

perature of 400 °C, the bending strength is 124 MPa, while 

the Young’s modulus is 62 GPa. The material with the 

addition of 0.1 wt.% of SiC nanoparticles had an ulti-

mate strength at 25 °C reaching 273 MPa, and at 400 °C 

of 191 MPa.

The addition of small amounts of alloying elements

to aluminium forms intermetallic compounds that help 

reduce the grain size during sintering by preventing re-

crystallization. Additionally, the use of microadditives 

such as silicon carbide nanoparticles and aluminium 

magnesium spinels strengthens the aluminium struc-

ture. It has been shown that silicon carbide nanoparti-

cles dissolve in aluminium, forming aluminium carbide, 

free silicon, and a small amount of a solid solution of 

silicon in aluminium, consistent with thermodynamic 

calculations.
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