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Abstract  

A significant number of reinforcing components are currently available for the manufacture of aluminum matrix 

composites. The justified selection of reinforcement determines not only the working capacity of the created 

composite materials under various operating conditions, but also the fundamental possibility of obtaining the 

composites by liquid-phase methods. The issues of thermodynamic compatibility of components are crucial in 

the design of aluminum matrix composites and cast products from them for specified operating conditions, as 

well as in the development of technological processes for their production. To assess the thermodynamic 

stability of compounds potentially suitable for reinforcing the aluminum matrix composites, distribution 

diagrams were constructed in the coordinates “formation enthalpy – melting temperature”. The initial data for 

the criterial analysis were collected from a wide range of sources and verified by comparing the values given 

by various researchers. According to thermodynamic stability criterion, the compounds distribution was carried 

out using carbides as an example. All compounds were divided into three groups: refractory thermodynamically 

stable (I), refractory thermodynamically unstable (II) and fusible (III). It was shown that preference should be 

given to compounds that are located in the group I. For the selected carbides, the thermodynamic probability 

of their interaction with the matrix melt was estimated, and the temperature ranges were determined in which 

the corresponding interfacial interaction reactions can occur spontaneously. According to the analysis, the 

nomenclature of carbide phases that are potentially stable in the aluminum melt was determined.  

Keywords: Aluminum matrix composites, reinforcing phases, liquid-phase technologies, thermodynamic 

stability 

1. INTRODUCTION 

Cast aluminum matrix composites are an effective alternative to traditional alloys for structural and functional 

applications, and are promising for use in the production of a wide range of parts in various sectors of modern 

industry [1-3]. The creation of such materials is based on the adding of refractory compounds of the second 

phase (carbides, borides, nitrides, etc.) into the metal base (matrix), which leads to a qualitatively new level of 

mechanical and operational properties [4-6]. However, the development of new aluminum matrix composites 

over the past decades has mainly been carried out in a consistent way through experimental trials and errors 

primarily based on the intuition of researchers and accumulated experience [7,8].  

At the same time, the traditional intuitively empirical approach to the search for new components and 

compositions of materials has obvious limitations in assessing the entire range of potential combinations of 

components, and is associated with significant time expenses and material resources [9,10]. Thus, a 
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sequential experimental search of suitable combinations of a matrix and a reinforcement for only one type of 

reinforcing phase or matrix alloy will entail the need to obtain and study many thousands of compositions, 

which makes it practically impossible. In this regard, to select the composition of the matrix and the reinforcing 

phases, it is advisable to apply a criteria-based approach that allows filtering out obviously incompatible or 

undesirable components [11]. Since aluminum matrix composites consist of heterogeneous components, the 

issues of chemical and physical compatibility of these components are crucial in the design of composites and 

products from them taking into account operating conditions, as well as in the development of technological 

processes for their production [12-14]. In this regard, the screening of components requires the development 

of reliable and adequate criteria, allowing to take into account the contribution of various components to the 

required level of a particular property, as well as the compatibility of the matrix and potential reinforcing phases. 

One of such criteria is thermodynamic stability, which should be evaluated both for standard conditions and 

under conditions of possible interaction with the matrix melt in a wide temperature range.  

The aim of this work is an analytical assessment of the thermodynamic stability of compounds (by the case of 

carbides) for the selection of reinforcing phases in the production of aluminum matrix composites by 

metallurgical methods. 

2. METHODS 

The formation of the desired structural and morphological parameters of aluminum matrix composites and the 

corresponding level of their physical-mechanical and operational properties will be largely determined by the 

thermodynamic properties of the matrix material and the reinforcing components used. In particular, at the 

selection of the reinforcing phases, one should take into account their thermodynamic stability, which is 

determined by the standard enthalpy of formation of compounds and their melting temperature. 

It is proposed to carry out a criterion-based selection of components of cast aluminum matrix composites taking 

into account their thermodynamic stability by means of the materials selection charts. Effective design of 

composites requires reliable data on the properties of the metal matrix and reinforcing compounds. There are 

no universal databases on the properties of reinforcing particles and matrix materials, which to some extent 

complicates the search for components. In this regard, the initial data for the criteria analysis was collected 

from a wide range of sources and verified by comparing the values given by various researchers. To search 

for the data, electronic databases on the thermodynamic properties of compounds and simple substances 

were used, including NIST Chemistry WebBook, NASA ThermoBuild, and SpringerMaterials. 

For the compounds, selected on the basis of predictive calculations, it is necessary to evaluate the processes 

of interfacial interaction with the matrix, which will allow to determine the list of compositions recommended for 

use in the production of aluminum matrix composites by the metallurgical methods. At this stage, we used the 

method of thermodynamic analysis for prediction of the phase constituents interaction with each other and with 

the matrix alloy. To carry out the analysis, the change in Gibbs free energy during chemical reactions in a 

given temperature range was calculated using the known relationships of chemical thermodynamics:  
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where: 

H0
T, S0

T – the change in the enthalpy and entropy of the system at temperature T, respectively 

H0
298, S0

298 – change in the enthalpy and entropy of the system under standard conditions, 

respectively 

cp – change in heat capacity of the system during the reaction 

In the calculations, the following typical schemes of the potential interaction between aluminum and carbide 

phases were considered (taking into account the availability of initial data on the thermodynamic properties of 

the corresponding substances): 

Al + MeC → AlxCy + Me              (4) 

Al + MeC → AlxMey + С              (5) 

Al + MeC → AlxMey + AlxCy             (6) 

where Me – any metal of the Mendeleev's periodic system of chemical elements.  

3. RESULTS AND DISCUSSION 

Figure 1 shows a diagram for the selection of reinforcing compounds according to the criterion of 

thermodynamic stability. Negative values of the enthalpy of formation (-ΔfH0, kJ/mol) are plotted along the 

vertical axis, and melting points of the compounds along the horizontal axis. 

The standard enthalpy of formation is a fundamental thermodynamic property that determines the phase 

stability of a compound [15]. The analysis took into account that the more negative ΔfH0 values, the higher the 

stability of the compound with respect to its decomposition into simple substances. Compounds having 

ΔfH0 > 0 are unstable and are prone to decomposition. In addition, small negative ΔfH0 values (as a rule, up to 

-50 kJ/mol) also correspond to compounds with low thermodynamic stability. The values of the standard 

enthalpies of compound formation can be used not only to compare the stability of the compound and the 

simple substances that formed it, but also to compare the stability of various compounds with each other. 

Obviously, in the most general case, particles should not have a melting temperature lower than that of a 

matrix melt. Technological ranges of superheat and temperature-time processing of melts, as a rule, do not 

exceed 1000 C for aluminum alloys [16,17]. This value was taken as a basis for selection the lower limit of 

the melting temperature of compounds potentially suitable for reinforcing the cast aluminum matrix composites. 

According to the thermodynamic stability criterion, it is possible to distribute all compounds into three groups: 

I. refractory thermodynamically stable (-ΔfH0  50 kJ/mol, Tm  1000 С);  

II. refractory thermodynamically unstable (-ΔfH0 < 50 kJ/mol, Tm  1000 С);  

III. fusible (Tm < 1000 С).  

Moreover, compounds of group I can be divided from the standpoint of suitability for reinforcing into the most 

favourable (subgroup IA) and favourable (subgroup IB), taking into account the traditional definition of 

refractoriness by G.V. Samsonov, who classified compounds with a melting point above 1500 C as refractory 

[18]. Thus, the division into subgroups is carried out depending on the value of the melting point of the 

compound: 

subgroup IA – over 1500 C (refractory compounds); 

subgroup IB – from 1000 to 1500 C (heat-resistant compounds). 
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Figure 1 Carbides distribution diagram by the thermodynamic stability criterion 

Compounds of groups II and III in terms of thermodynamic stability are recognized as unfavorable for use as 

reinforcing particles in the production of aluminum matrix composites by metallurgical methods. 

For further analysis, the chemical stability of compounds from groups IA and IB in the molten aluminum matrix 

was evaluated. The calculated values of the Gibbs free energy change ΔG for the reactions of some selected 

carbides with liquid aluminum at various temperatures are presented in Table 1. It was taken into account that 

for reinforcing components, the condition of chemical stability in the matrix melt is the absence of intense 

interaction with the melt in a technologically significant range of temperatures (700-1000 C for aluminum 

melts).  

According to the results of preliminary selection, taking into account the proposed requirements for 

thermodynamic stability, it can be assumed that compounds of groups IA and IB (see Figure 1) having positive 

values of the Gibbs free energy change for all interaction variants can be stable in an aluminum melt in the 

temperature range considered. For example, transition metal carbides (TiC, NbC, HfC, ZrC and others) can 

be classified as such compounds. Certainly, the analysis carried out is far from exhaustive, since it is largely 
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limited by the availability of initial data on the thermodynamic properties of different compounds, but it allows 

us to outline potential areas for further experimental studies in order to accelerate the design of aluminum 

matrix composites for given operating conditions. Of course, the selection of reinforcing components according 

to only one criterion cannot be fully justified; for the selection, a wide range of characteristics of compounds, 

such as density, hardness, elastic modulus, cost, availability for commercial use, and many others, should be 

taken into account. 

Table 1 Gibbs free energy change at the interaction of some selected carbides with aluminum melt 

Carbide  
Predicted reaction 

products 

Free Gibbs energy G (kJ/mol) 

700 C 850 C 1000 C 

Be2C Al4C3, Be 137.61 136.51 135.09 

CaC2 Al4C3, Ca 138.66 182.59 229.73 

Al4Ca, C 5.80 40.79 80.94 

Al2Ca, Al4C3 -542.47 -514.18 -483.81 

Al4Ca, Al4C3 -345.09 -336.87 -328.89 

Ce2C3 Al4C3, Ce 212.24 247.76 288.77 

Al4C3, Al4Ce -205.48 -214.29 -221.99 

Al2Ce, C 142.90 199.33 263.55 

Cr3C2 Al4C3, Cr -578.01 -779.26 -1002.76 

Cr7C3 Al4C3, Cr -387.44 -554.20 -739.76 

HfC Al4C3, Hf 497.61 505.59 515.00 

La2C3 Al4La, Al4C3 -167.28 -175.14 -182.53 

LaC2 Al4C3, La -169.03 -166.26 -163.21 

Mn7C3 Al4C3, Mn -549.08 -735.77 -947.32 

Al6Mn, C -236.73 -183.57 -129.75 

NbC Al4C3, Nb 28.20 29.01 30.23 

TaC Al4C3, Ta 229.21 226.37 223.86 

TiC Al4C3, Ti 495.38 498.66 502.45 

Al3Ti, C 129.04 144.88 162.67 

Al3Ti, Al4C3 11.03 -18.68 -51.86 

ZrC Al4C3, Zr 403.44 408.00 413.44 

4. CONCLUSION 

The thermodynamic stability of various carbide phases was estimated by constructing distribution diagrams in 

the coordinates “formation enthalpy – melting temperature”. For the selected carbides, the thermodynamic 

probability of interaction with the matrix melt was assessed, and the temperature ranges were determined in 

which the corresponding interfacial reactions can occur spontaneously. The results obtained can be useful in 

determining the nomenclature of carbide phases that are potentially stable in the aluminum melt, which allows 

recommend them for use as reinforcing phases in the production of cast aluminum matrix composites. 
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