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Abstract
The thermodynamic analysis of the SiC/Al-Si-Mg system has been performed in order to
find the conditions to produce SiC/Al-Si-Mg composite materials with the stable SiC/alloy interface
and with the solidification of primary α-Al solid solution. A certain minimum critical Si-content of
the melt is needed to avoid the formation of Al4C3 at the SiC/liquid alloy interface. The critical Sicontent has been found to increase both with temperature and Mg-content of the melt. Hence, both
temperature and the Mg-content of the alloy should be kept as low as possible to avoid formation of
Al4C3. Our calculated results are in good agreement with industrial practice, using Al-7Si and Al7Si-0.3Mg alloys as matrixes to be reinforced by SiC particles. The equations presented in this
paper can be used to search for another compositions and working temperatures of the process. It
has also been found that to stabilize β-SiC lower Si-content is needed (and higher working
temperature is allowed), compared to the requirements to stabilize the less stable form of SiC: αSiC. Nevertheless, reasonable working conditions have also been found to stabilize α-SiC in the AlSi-Mg liquid alloy.
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1. Introduction
Compared to the metallic alloys, ceramic particulate metal matrix composites (MMCs)
provide higher strength and stiffness, better thermal properties and better creep, and dimensional
stability. One of the most wide-spread ceramic-metal combinations for MMCs is the SiC/Al system,
characterized by good wear resistance, high strength, low density, and high thermal conductivity
[1]. The Al/SiC composites are usually produced with the Al-7Si, or Al-7Si-0.3Mg matrix [1]. The
relatively high Si-content is added to the matrix mainly to compress the formation of Al4C3 reaction
product at the Al/SiC interface, according to the following heterogeneous chemical reaction:
4 Al (l , alloy ) + 3SiC ( s, pure) ⇔ Al 4 C 3 ( s, pure) + 3Si (l , alloy )

(1)

where “l, alloy”: for the component as a part of the liquid alloy,
“s, pure”: for the component as in the pure, solid state.
Aluminum carbide has a negative effect on the usability of the Al/SiC composite. From the
one hand, it is an extremely brittle phase, and hence it lowers the fatigue resistance and thermal
stability of the composite. From the other hand, it is water reactive, causing corrosive sensitivity of
the composite.
The goal of the present paper is to calculate the temperature and composition regions of the
stability of the SiC phase in the liquid Al-Si-Mg matrix. The subject of stability of SiC in Al-alloys
obtained considerable interest since SiC/Al MMCs have been studied and produced [2-32]. In
addition to referring the reader to the review papers on the subject [4, 16, 19, 27], let us mention
some particular results published in papers [2-32].

As long as 31 years ago Resrtall et al [2] already observed that a 3 µm thick reaction layer
was formed on CVD filaments held in Al at 680 oC for 15 min. 11 years later, Kohara [3] performed
long term heat-treatment studies of Al-coated SiC fibres, and observed a 25 % strength loss after 25
hours at 600 oC. However, no loss in strength was observed when the fibres were coated by Al1%Si alloy. Kohara [3] also found that the 1 % Si alloying does not provide effective protection in
liquid state – at 800 oC during 30 minute contact between the liquid alloy and SiC fibres, 50 % and
25 % loss in strength was obtained for pure Al and Al-1%Si alloy, respectively.
Lloyd and Dewing [6] found, that in the Al-Zn-Mg/SiC composite at 675 oC reaction (1)
was taking place, and as the result of increased Si-content of the melt the liquidus temperature
decreased from 630 to 610 oC within 1 hour of holding time.
Lloyd and Jin [7] calculated the critical Si-content to avoid reaction (1), but only for the
binary Al-Si system. Their first calculation results were successfully used to explain previous and
later experimental results. Our goal is to extend their thermodynamic study to the ternary Al-Si-Mg
system.
Lloyd and Chamberlain [8] found, that in 15 vol.% SiC/Al-7Si-0.3Mg during 2 hours of
holding time at 750 oC clean SiC/matrix interface was detected (i.e. no Al4C3 was found). However,
at 800 oC in the same system the formation of Al4C3 was detected, although its rate of formation
was quite slow.
Baumer [15] experimentally studied the difference between Al-7Si and Al-9Si alloys, during
their 4 hours contact with 20 vol% SiC particles. It has been shown that at 720 oC no Al4C3
formation was observed in none of the alloys. At 745 oC, however, aluminum carbide was observed
in the Al-7Si alloy, but not in the Al-9Si alloy. At 765 oC, Al4C3 was formed in both materials.
These experimental results indicate the sensitivity of this system to relatively small variations in
temperature.
Salvo et al [17] in a series of experiments showed the empirical relationship of the critical
Si-content as function of temperature. Despite the relatively big scatter of experimental points it is
obvious that the critical Si-content increases with temperature.
Pai et al [19], discussing the role of Mg in reaction (1) concluded, that if SiC is not oxidized,
Mg has no specific role during the synthesis, as it does not participate in reaction (1) in a
straightforward way. As will be shown by us later, Mg actually has a serious effect, through
influencing the activity coefficient of Si in the ternary Al-Si-Mg alloy.
Lienert et al [25] studied electron beam welding and CO2 laser beam welding of α-SiC/Al7Si-0.3Mg composite materials. Al4C3 needles attached to SiC particles were identified after both
electron beam and laser beam welding, while the Si-content of the matrix increased from 7 % to 914 %. The amount of Al4C3 was smaller for the electron mean welding, and it decreased with
distance from the top center of the welds. The difference between the two welding methods is due
to the different peak temperatures during the two processes. Hence, in composites, being originally
free of Al4C3 at the SiC/Al-alloy interface due to moderate temperatures of production, Al4C3 can
form during short times of high-temperature treatments, such as welding of composite parts.
Lee et al [30], studying the interaction in SiC/Al 2014 alloy (with 1 % Si) during 2 hours at
o
600 C, found an increased amount of Si in the matrix, but the presence of Al4C3 could not be
identified by XRD. However, nanosized Al4C3 crystals were observed on the surface of SiC
particles by SEM [30]. In order to prevent the formation of Al4C3, the surface of SiC particles were
oxidised. The SiO2 layer was reacted during the liquid metal process with the Al-Mg-Si matrix to
give a protective MgAl2O4 surface layer. This layer provides more than twice bonding strength at
the interface compared to Al4C3. Similar conclusion were made earlier by Pai et al [19] on the role
of Mg in preparing composites with SiC of oxidized surface.
Gacsi et al [31-32] investigated the pure Al-SiC system using two different techniques.
Solyom and Gacsi [31] mixed and sintered Al and SiC powders at 640 oC for 6.5 hours. As a result,
the ternary Al4Si2C5 phase has been detected at the interface between the SiC and Al particles. It
should be mentioned that this is the first paper when the formation of a ternary carbide phase is
identified, although their existence is clear from diffraction databases [33] (note: in our

thermodynamic analysis these ternary phases will be omitted due to lack of information on their
thermodynamic stability). After sintering the same Al/SiC powders during 2 hours, the composite
was laser-remelted by Gacsi et al [32]. Although the Si-content of the Al-matrix considerably
increased (even upto 7 % from practically 0 %), Al4C3 was not possible to identify in the system by
XRD, similarly to results of Lee et al [30].
Finally we can conclude that the following facts have been well established both
experimentally and theoretically:
i.
reaction (1) takes place even in solid state, if no Si is present originally in the Al-alloy,
ii.
in addition to Al4C3, also Al4Si2C5 can be formed at the interface, at least at 640 oC,
iii.
reaction (1) can be avoided if the original Si-content of the melt is above than a certain
critical value,
iv.
the critical Si-content increases with temperature,
v.
the above is true for SiC of non-oxidised surface; however, if the surface of SiC is oxidised,
this might protect the core SiC from reactions, especially if this oxide layer is converted into
MgAl2O4 layer by the reaction with an Al-Mg-Si alloy,
vi.
the effect of Mg on the critical Si-content of the melt has not been studied yet; the basic goal
of this paper is to add this piece of information to the existing set of data.
For the calculations the FactSageTM5.0 software package and data-bank [34] was applied,
purchased by the Faculty recently. Hence, this paper can be considered also as an illustration of the
capabilities of this commercial software for high-temperature applications. Three independent
parameters, influencing the yield of reaction (1) will be studied in this paper: temperature (T), mole
fraction of Si (xSi) and mole fraction of Mg (xMg) in the liquid Al-matrix. In principle, pressure will
also influence the yield of reaction (1). However, pressure usually has a negligible effect on solidliquid state reactions, and therefore this question will not be considered in this paper. From the
practical point of view this simplification is justified, as the highest pressure at the Al/SiC interface,
used for pressure infiltration technique is around 250 MPa. As the volume change accompanying
reaction (1) has an order of magnitude of 10-6 m3/mol, the Gibbs energy shift due to this high
pressure has a magnitude of 250 J = 0.25 kJ for reaction (1). As will be shown later, the difference
in Gibbs energies of reaction (1) for the two (α and β) modifications of SiC provides a difference
higher by a magnitude than this change (about 6 kJ for reaction (1)).
2. On the Two Allotropic Forms of SiC
At normal pressures SiC is known in two allotropic forms, in the so-called α-SiC and β-SiC.
Although β-SiC is thermodynamically more stable in the temperature region studied, the stability
difference between the two allotropic forms is so small that α-SiC is also available in a meta-stable
form. The standard Gibbs energy change and the equilibrium constant of reaction (1) are presented
as function of temperature for both allotropic forms of SiC in Fig.1. The average difference of about
6 kJ/mol between the two allotropic forms of SiC can be seen from Fig.1.
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Fig.1. The standard Gibbs energy change and the equilibrium constant of reaction (1) as function of
temperature
3. The Principle of Calculations
As neither SiC, nor Al4C3 has any considerable solubility in each other, or in the liquid AlSi-Mg phase, the calculation of the stability range of SiC is relatively simple. According to reaction
(1), SiC will be stable, i.e. Al4C3 will not form at all, if the activity of Al4C3 is lower than unity, i.e,
if the following condition is fulfilled.
3
⋅
a Al 4C 3 = K ⋅ a SiC

4
4
a Al
x Al
γ Al4
=
K
⋅
⋅
<1
a Si3
x Si3 γ Si3

(2)

where K: the equilibrium constant, being only a function of temperature T,
ai: activity of component i, being equal unity for all pure phases, such as SiC,
xi: mole fraction of component i,
γi: activity coefficient of component i in the liquid alloy phase, being a function of
temperature and of the composition of the liquid alloy – these data were taken from
the “Lite-Liq” data file of the FactSageTM5.0 software [34].
The condition represented by Eq.(2) will be solved for xSi =xSicr, at which aAl4C3 = 1. This
condition can be generally expressed by n independent parameters in an n-component liquid alloy
(if the effect of pressure is neglected): namely temperature and the concentration of (n-1) solutes of
of the melt. In this paper the conditions to fulfil Eq.(2) will be found for the binary Al-Si and
ternary Al-Si-Mg system, as function of T, xSi and xMg.
4. The Al-Si-C Phase Diagram

In Fig.2.a-b the isothermal sections (at 950 K) of the Al-Si-C phase diagrams are shown for
α-SiC and β-SiC respectively, calculated using the FactSageTM5.0 software. There is one linecompound (SiC) at the Si-C side, and one line-compound (Al4C3) at the Al-C side of the diagram.
At the Al-Si side a liquidus point (at about 0.2 of Si mole fraction at 950 K), and a point (at about
0.09 mole fraction of Si), corresponding to the critical Si-content can be observed. This critical
point corresponds to condition (2) for the binary Al-Si system at 950 K.
The 4 points on the binary sides of the phase diagram are connected by 4 straight lines,
dividing the diagram into 5 regions. Our goal is to work in the two-phase region 3 (see Fig.2.a-b.),
with the stable pure solid SiC and liquid alloy phases. From Fig.2.a-b. one can see, that in the Al-Si
side of the diagram, in addition to the lower critical Si-content there is also a higher critical Sicontent, corresponding to this condition. Principally a certain multi-component, Al-Si-based
composition can exist, at which these two conditions overlap and therefore the protection of SiC by
Si dissolved in the liquid metallic phase becomes impossible.
Comparing the critical Si-content, dividing regions 1 and 3 in Fig.2.a-b., one can see that the
value of the critical Si-content is higher for the less stable α-SiC, what is in agreement with Fig.1.
and Eq.(2) (as α-SiC has higher value of K at a particular temperature compared to β-SiC).
It should also be noted, that ternary carbide phases are not given in [34], hence they are not
taken into account in the present paper, at all, and thus they are not given in the phase diagram,
either.
5. The Stability Range of SiC in Liquid Binary Al-Si
In Fig.3.a-b. the temperature dependence of the critical silicon content of the melt is shown
for α-SiC and β-SiC. The two critical lines can be approximately written as:
)
−3
xSicr((αAl−−SiC
Si ) ≥ −0.099 + 0.206 ⋅ 10 ⋅ T
)
−3
xSicr((Alβ −−SiC
Si ) ≥ −0.105 + 0.196 ⋅ 10 ⋅ T

(3.a)
(3.b)

In both cases the xSicr value increases with temperature, mainly due to the increase of the
equilibrium constant with temperature (see Fig.1). Hence, the ‘working zone’ for MMCs production
with the stable SiC/Al interface is situated under these lines. The ‘working zone’ will be also
limited by the liquidus lines of the hypoeutectic composition, as the production of MMCs requires
liquid Al-Si alloy. If one wants to avoid the formation of primary Si phase upon crystallization, the
Si-content should be kept below the eutectic concentration (xSieut = 0.122, [37]). If this limitation is
also taken into account, the resulting ‘working zone’ is shown by the dashed area in Fig.3.a-b.
Within these ‘working zones’ the production of MMC can be conducted with a stable SiC/Al
interface for the binary Al-Si melts. Our results given in Fig-s 3.a-b are in good agreement with the
existing literature [ 1, 7, 8, 15, 17] .
As one can see from Fig.3.a-b., the minimum Si-content, at which the Al-Si system is liquid
and the SiC/Al-Si interface is stable equal to xSicr = 0.081 (at T = 875) for α-SiC and xSicr = 0.068
(at T = 885) for β-SiC. In terms of weight % it means 8.403 % for α-SiC and 7.058 % for β-SiC.
It can also be seen from Fig-s. 3.a-b. and Eq-s.(3.a-b), that the maximum temperature of the
process allowed is 1073 K (800 oC) for α-SiC and 1158 K (885 oC) for β-SiC, if the composition of
the melt is fixed at the eutectic composition. In other words, the production of the SiC/Al-Si
composite should be performed as close as possible to the liquidus temperature to decrease the
danger of the formation of Al4C3.

Phases:
a.1: Liq + Al4C3 (s)
a.2: Liq + SiC (α, s) + Al4C3 (s)
a.3: Liq + SiC (α, s)
a.4: Liq + SiC (α, s) + Si (s)
a.5: SiC (α, s) + Al4C3 (s) + C (s)

Fig.2.a. The calculated isothermal section of the Al-Si-C phase diagram at 950 K with α-SiC

Phases:
b.1: Liq + Al4C3 (s)
b.2: Liq + SiC (β, s) + Al4C3 (s)
b.3: Liq + SiC (β, s)
b.4: Liq + SiC (β, s) + Si (s)
b.5: SiC (β, s) + Al4C3 (s) + C (s)

Fig.2.b. The calculated isothermal section of the Al-Si-C phase diagram at 950 K with β-SiC.
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6. The Stability Range of SiC in Liquid Ternary Al-Si-Mg System
The results of calculations of the critical Si-concentration in the ternary Al-Si-Mg system is
shown in Fig.4, as a function of the Mg content of the melt at different temperatures for α and β
type SiC. From Fig.4 one can see that the difference of about 6 kJ for reaction (1) between the
α−SiC and β-SiC converts to about 85 - 100 K temperature difference for a given Si-content.
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Fig.4. The critical Si-concentration as function of the Mg content of the melt at different
temperatures, calculated for α−SiC, and β−SiC
Adding magnesium to the Al-Si melt will increase the critical Si-concentration requested to
keep the SiC/Al-Si-Mg interface stable. This linear relationship (see Fig.4) can be approximately
written as (in the range of 0 … 0.051 % of Mg):
x Sicr( Al − Si − Mg ) = x Sicr( Al − Si ) + bT ⋅ x Mg

(4.a)

bTα − SiC = 0.229 + 0.644 ⋅ 10 −3 ⋅ T − 0.445 ⋅ 10 −6 ⋅ T 2

(4.b)

bTβ − SiC = 0.125 + 0.758 ⋅ 10 −3 ⋅ T − 0.465 ⋅ 10 −6 ⋅ T 2

(4.c)

The ‘working zone’ to ensure stable SiC/Al-Si-Mg interface is situated above the Si-content
described by Eqs(4.a-c). On the other hand, the working zone is limited by the liquidus surface in
the ternary Al-Si-Mg system (the working temperature should be above), by the eutectic valley
starting from the binary Al-Si eutectic points, and leading to the ternary Al-Si-Mg eutectic point,
and also by the solidification path along the liquidus, leading from the ternary eutectic point to pure
Al-corner of the diagram. An example of a ‘working zone’ is shown in a 903 K isothermal section
of the ternary Al-Si-Mg phase diagram in Fig-s.5.a-b. The data concerning the eutectic valleys,
binary and ternary eutectic points were taken from [35, 36, 37].
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It can also be shown, that the maximum temperature of the process with a stable SiC/Al-SiMg interface can be found at xMg = 0, and equals the maximum temperature found above for the
binary Al-Si. The lowest values of the maximum temperatures allowed for the stable interface can
be found from the intersection of the critical Si-content curve by the ternary eutectic point. It has
been found 990 K (= 717 oC) for α-SiC and 1074 K (801 oC) for β-SiC. In other words, if the
concentration of Mg is increased from xMg = 0 to 0.051 [35-37], and the Si-content is changed along
the eutectic valley from xSi = 0.122 to xSi = 0.126 [35-37], the possible temperature range interval
changes as follows:
i.
the minimum allowed temperature decreases from 850 to 833 K, i.e. by 17 K,
ii.
the maximum allowed temperature decreases for α-SiC from 1073 K to 990 K, i.e.
by 83 K,
iii.
the maximum allowed temperature decreases for β-SiC from 1153 K to 1074 K, i.e.
by 79 K.
Thus, we can conclude that the addition of Mg to binary Al-Si alloy decreases both the possible
intervals of temperature and Si-content, corresponding to the stable SiC/liquid alloy interface.
Conclusions
Based on the thermodynamic analysis of the SiC/Al-Si-Mg system, the “working zone”
(temperature, Si-content, Mg-content) has been found, within which the SiC/Al-Si-Mg interface
remains stable, and the formation of the undesired Al4C3 does not take place at all. The ‘working
zone’, ensuring the final MMC with stable SiC/matrix interface and primary α-Al solid solution
crystals is limited by the following surfaces:
i.
as a lowest temperature, the limit is a liquidus surface, as the production of MMCs is
conducted with liquid Al-Si-Mg alloys,
ii.
as a highest temperature limit, T < 1073 K (= 800 oC) for α-SiC and T < 1158 K (885 oC)
for β-SiC have been found, corresponding to the eutectic point in the binary Al-Si system.
At any other composition the maximum allowed temperature is lower. For example, at the
composition of the ternary eutectic, the highest temperature allowed is 990 K (= 717 oC) for
α-SiC and 1074 K (801 oC) for β-SiC.
iii.
as a highest Si-content of the melt, the limit is dictated by the eutectic valley, starting from
the binary Al-Si point and leading to the ternary eutectic point,
iv.
as the lowest Si-content, the stability interval is limited by Eq-s. (4.a-c), being a function of
temperature and Mg-content of the melt.
v.
as a highest Mg-content of the melt, the stability interval is limited by the direct
solidification path, drawn between the ternary eutectic point and the Al-corner of the
diagram;
vi.
There is no limit for the lowest Mg-content of the melt; in fact, decreasing the Mg-content
of the melt the SiC/Al-Si-Mg interface becomes more and more stable.
It has also been found that to stabilize β-SiC, lower Si-content is needed (and higher
working temperature is allowed), compared to the requirements to stabilize a less stable α-SiC.
Nevertheless, reasonable working conditions have also been found to stabilize α-SiC in the Al-SiMg liquid alloy.
It should be reminded, that as SiC particles has a micrometer-size, in the calculation above
the interfacial energies should have been taken into account as well, probably shifting the critical
composition and temperature values found above. However, due to the lack of interfacial energy at
the Al4C3/SiC interface, this effect could not be taken into account in the present calculations.
Surface energies, however, probably do not play a major role in the present process, as our

calculation results are in good agreement with the industrial practice using Al-7Si and Al-7Si0.3Mg as matrixes to be reinforced by SiC particles [1-32].
It should also be reminded that ternary carbide phases between Al-Si-C were not taken into
account in the present calculations, due to the absence of thermodynamic information on these
phases in the FactSage software and in the known to us literature.
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