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Abstract

In the scope of supporting the development of Mg-Al alloys and related materials, an experimental study coupled
with a CALPHAD thermodynamic modeling of the Al-C-Mg system was conducted. The peritectic
decomposition of Al,MgC; to form Al4Cs, graphite and a liquid phase was measured at 1559+10 K by DTA. In
order to model the Mg solubility in Al4Cs, DFT calculations were performed on the end-member phases Mg.Cs,
Al;Mg.Cs and Mg.Al»Cs and it was shown that Mg substitutes on the Al2 crystallographic site of the carbide
structure. Based on recent literature data and a revised Al-C binary, a model description of the Al-C-Mg ternary
is proposed for the first time. More specifically, it is used to calculate the liquidus projection and the phase
formation sequence during Scheil solidification of a 91Mg-9Al wt% alloy inoculated with carbon. This work
provides a convincing argument that Al,MgC: is the nucleant responsible for the grain refinement of Mg-Al
alloys inoculated by C.

1. Introduction

The Al-C-Mg system supports exciting perspectives for electronic and functional materials and is the
cornerstone of important industrial applications for structural materials.

First of all, challenging yet appealing pioneer research can be made on the carbides of the ternary system. On the
one hand, there is the prospect of an application of Al-C-Mg carbides in electronic. Al.C3 and Al,MgC; are
semiconductors with an indirect band gap calculated by DFT at respectively 1.34 [1] and 1.73 eV [2], although it
is to be noted that those values are very likely to be underestimated. Plus, Al,Cs can contain a significant amount
of Mg in solid solution [2,3] pointing to the possibility of a p-type doping. Finally, the hexagonal structure of
Al,Cs and Al;MgC; suggests a good compatibility with the 4H polytype of SiC in the scope of making
heterojunctions by epitaxial growth. On the other hand, the crystal structure of Al,MgC, is made of Al-C layers
separated by weakly bonded Mg layers [2]. As a result, the delamination of the structure to make 2D materials
similarly to the synthesis of MXenes from MAX phases [4,5] can be considered.

Then, Mg-based composite are promising materials in lightweight applications [6]. For such materials, the phase
formation at the fibre-matrix interface is determinant to the mechanical properties of the assembly [7]. In the
case of Mg-Al matrix composites reinforced by carbon fibres, the formation of Al,MgC, was shown to have a
considerable effect on mechanical properties by changing the matrix/fibre bonding strength [8-10] or by
consuming alloying elements [11].

Besides, the main industrial interest of the Al-C-Mg ternary lies in the grain refinement potential in Mg-Al alloys
by means of carbon inoculation. This has been an active research topic for the last 20 years as this technique was
proven to be the most promising alternative to the use of Zr which forms intermetallics with Al. Remarkable



improvements of strength and ductility [12-15], creep resistance [16], corrosion resistance [17] and even hot
working processing [18,19] of Mg-Al alloys were obtained by refining their microstructure. However,
underlying mechanisms of the refinement has been widely disputed in the literature.

First of all, Jin et al. [20] focused on the role of carbon as a solute. This mechanism was further debated between
Qian et al. [21] and Jin et al. [22] and was contested by Kim et al. [23]. Afterwards, it was widely accepted that
carbon inoculation refines Mg-Al microstructures by promoting the heterogeneous nucleation of a-Mg.
Nonetheless, the nature of the potent nucleant particle was extensively debated. In a first place, Al,OC was
considered by Qian et al. [21], yet its formation was argued to be unlikely from a thermodynamic point of view
[22,24,25]. Then, another issue lies in the role of Mn as an alloying element. Some authors [23,26] consider its
presence a prerequisite for achieving refinement and a duplex nucleation theory revolving around the AlgMn
phase was proposed. However, many authors could obtained refined microstructures without additions of Mn
[13,21,24,25] and Easton et al. [27] even considered Mn to poison the grain refining effect of carbon. In
addition, the duplex nucleation theory was contested by experimental evidence from Wang et al. [28]. Finally,
the Al,C3 carbide was widely considered to be the nucleant responsible for the refinement [13,15,24-31]. Yet
recently, Huang et al. [32] investigated Mg-Al alloys inoculated by SiC and characterized by TEM the presence
of Al,MgC; existing in a crystallographic orientation relationship with the a-Mg matrix. It is also noteworthy
that epitaxial growth of Mg on Al,MgC, was already reported 10 years before that by Cayron et al. [33] when
studying Mg-Al composites. All in all, extensive researches were conducted regarding the grain refinement of
Mg-Al alloys by carbon inoculation and the debate is still open.

In spite of the major industrial interest of the Al-C-Mg ternary system, a complete thermodynamic assessment of
Al-C-Mg have yet to be proposed as neither Al,MgC; nor the solubility of Mg in Al.Cs [2,3] is currently
described in commercial databases [34—36]. This shortage surely fueled the debate on the grain refinement of
Mg-Al alloys by carbon inoculation as one cannot rely on thermodynamic calculations to support very delicate
experimental work. Indeed, Mg high vapor pressure and reactivity have to be dealt with as well as the fact that
Al4Cs [37,38] and Al,MgC; [3,32] undergo hydrolysis in ambient air.

In the scope of the thermodynamic modeling of the Al-C-Mg system, experimental investigations coupled with
DFT calculations on the thermodynamic properties of AlsCs [1] and Al,MgC; [2] were recently performed.
Notably, the thermodynamic description of the Al-C system was revised [39] as conflicting results could be
found regarding the enthalpy of formation of Al4Cs [1] and phase equilibria [39].

After a preliminary result recently published by Deffrennes et al. [40], a reliable invariant decomposition
temperature of Al,MgC; is confirmed in the present study by the mean of Differential Thermal Analysis (DTA).
In order to model the solubility of Mg in Al4Cs, the standard enthalpy of formation of potential end-members
phases is calculated by DFT. Based on those results and on recent work [2] as well as on the revised description
of the Al-C binary [39], the Al-C-Mg system is modeled, and descriptions for Al,MgC; and for the solubility of
Mg in Al4Cs are proposed for the first time. Finally, thermodynamic calculations are performed to contribute to
the grain refinement debate of Mg-Al alloys by carbon inoculation.



2. Assessment of literature data

2.1 Solid phases

The known stable solid phases of the Al-C-Mg system are listed in Table 1. Data are given according to
references [3,39,41-53].

Table 1 Stable solid phases of the Al-C-Mg system and their crystal structure under 1 bar

Phase/ Pearson Lattice parameters Comments
Temp. range (K) Symbol/ (pm)
Space Group/
Prototype
(Al cF4 a=404.961 At T=298 K, [40]
<933.45 [50] Fm3m Up to 18.6 at.% Mg at 723 K [41]
Cu
(Mg) hP2 a=320.93 At T=298 K, [40]
< 923.00 [50] P65 /mmc ¢=521.03 Upto 11.8 at.% Al at 710 K [41]
Mg
Graphite, C hP4 a=246.4(2) At T=300 K, Neutron diffraction [42]
3895 < Tsuy <4020 | P65/mmc b=671.1(4)
[51] C (graphite)
B, Mg.Al; cF1168 a=2823.9+0.001 At T=296+1 K and 60.3 at.% Al, powder XRD
<723 [44] Fd3m [45]
B-MgoAl; 59-62 at.% Al [43]
Y, Mgi7Al1, cl58 1050 <a < 1066 Kikuchi diffraction (TEM) [49]
<731[43] 143m 39.5 [41] < at.% Al < 54.2 at.% [43]
a-Mn
€, Mgz3Alsg hP159 a=1282.54+0.0003 Powder XRD [46]
523<T<683[43] | R3 €=2174.78+0.0009 54-56 at.%Al [44]
Mn44Si9
AlsCs hP21 a=333.5(1) At T=298 K and 0 at.% Mg, single-crystal
< 2425 [39] R3m €=2496.7(3) XRD [47]
AlC3 Up to approx. 4.7 at.% Mg at 1000 K [3],
calculated at 4.4 at.% Mg in this work
T1-Al2MgC> hP10 a=340.17(7) At T=298 K, Powder XRD [49]
T <1000 [49] P65 /mmc €=1229.2(2) Space group was proposed by [9]
B-BesN: A mixture between T1 and T2 is obtained
between 930 and 1000 K [49]
T2-Al,MgC, hP5 a=337.67(11) T=150 K, XRD on single-crystal obtained
930 [49]<T< P3m1 ¢=580.7(2) after quenching [2]
1559 (this work) AlsNi, A mixture between T1 and T2 is obtained
between 930 and 1000 K [49]
Thermal stability measured under 3.4 bar at
1559410 K and calculated at 1550 K in this
work

2.2 The AI-C binary system

The data regarding the Al-C binary system were recently reviewed by Deffrennes et al. [39] who pointed out

significant discrepancies in the literature results on phase equilibria and on the standard enthalpy of formation of
AlsC3. Then, a thermodynamic description was proposed by the authors [39] on the basis of this critical selection
of literature data along with some new measurements and DFT calculations.



2.3 The Al-Mg binary system

The literature regarding the Al-Mg system was critically reviewed by Murray [42] in 1982. Since then,
experimental studies focusing on the central part of the diagram were conducted [44,45]. Those results were
taken into account in the most recent description of the Al-Mg binary proposed by Aljarrah [54] who used the
modified quasi-chemical model to describe the liquid phase. The results of Aljarrah’s modeling are rather similar
with those from the description given in the COST507 database [55] where a substitutional solution model was
used for the liquid phase. The later description is therefore selected in this work as the same model is used to
describe the liquid phase.

2.4 The C-Mg binary system

The data regarding the C-Mg binary were critically assessed by Chen et al. [56] and a thermodynamic
description of the system was provided by the authors. This evaluation is based on recent measurements of the
limited carbon solubility in liquid Mg [57] and includes descriptions for the metastable magnesium carbides.

2.5 The Al-C-Mg ternary system

Due to challenging experimental work, information on the Al-C-Mg system are scarce. Above the melting points
of Al and Mg, Al,MgC; and Al4Cs are the only stable solid phases besides graphite in the ternary system.
Al,MgC; is stoichiometric [2,3,49] and exists under two polymorphic forms so-called T1 and T2 in the literature
[49]. The T2 form is obtained exclusively above 1000 K, and a mixture between T1 and T2 is obtained at
temperatures below, T1 being the dominant form up to 990 K [49]. In the ternary, Al4Cs can contain a significant
amount of Mg of up to roughly 6 wt% in solid solution at 1000 K [3]. Firstly, information regarding the
thermodynamic properties of the Al,MgC, ternary carbide will be reviewed, while in a second time, the data
regarding phase equilibria will be considered.

The structure and thermodynamic properties of T2-Al.MgC, were recently investigated by Deffrennes et al. [2].
The enthalpy of formation of the phase was predicted by DFT to be -23.6 kJ.mol of atoms™ using the recent
Strongly Constrained and Appropriately Normed (SCAN) functional [58,59]. Phonon calculation in the quasi-
harmonic approximations were performed from 0 to 1000 K leading to the heat capacity of the phase and the
standard entropy of formation of T2-Al,MgC, was found to be 70.0 J.mol*.K™* [2]. Below 300 K, previous
results on Al4Cs [1] that were found in very good agreement with the experimental literature data support the
validity of the calculations performed by the authors on the ternary carbide. From 300 to 871 K, DSC
measurements were also performed by Deffrennes et al. [2] and a satisfying agreement was obtained between the
DFT and DSC results. However, due to insufficient knowledge of the impurities proportion in the measured
sample, an uncertainty of 5% was associated with the DSC measurements. Therefore, the phonon calculations
are preferred over the DSC measurements in the present assessment even though the heat capacity might be
underestimated at high temperatures due to anharmonic contributions.

The lattice parameters of T1-Al,MgC, were determined by Bosselet et al. [49] and its atomic parameters were
proposed by Feldhoff et al. [53]. Unfortunately, very limited information are available regarding the T1-
Al;MgC, form, notably as it cannot be synthesized free of T2. As a result, only the T2 variety will be considered
in this work in the whole temperature range. Nonetheless, it is very interesting to note that attempts made to
observe a reversible transition between T1 and T2 by re-heating samples in the polymorphs respective
temperature range of existence failed [3,49]. The authors [3,49] concluded that the two forms exhibit a certain
metastable character, similarly to the case of cubic and hexagonal forms of SiC. Therefore, even though only the
T2 form is considered in the present modeling, it is likely that the energy difference between T1 and T2 is very
small and that the equilibria involving the T1 form would not vary significantly from the ones calculated in this
work.

Phase equilibria in the Al-C-Mg system were studied at 1000 K by Viala et al. [3] and an experimental
isothermal section was proposed. The authors [3] measured the phase composition of various samples by WDS
after natural cooling. First of all, Viala et al. [3] determined a composition of 0.6+/-0.2 wt%Al for the liquid
involved in three-phase equilibria with graphite and T2-Al:MgC; at 1000 K. This value is in reasonable
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agreement with the value of 2.3 wt% recently measured at 1273 K by EDS by Deffrennes et al. [2]. Regarding
the liquid in equilibria with Al,C3 and T2-Al.MgC,, Viala et al. [3] found an Al content of 19+/-2 wt% at 1000
K. At 1273 K, the amount of Al in the liquid in equilibria with both carbides was found to be greater than 13.3
wt% [60] but could not be determined accurately due to reactivity issues between the samples and the Ta
crucibles. It is noteworthy that both at 1000 K and 1273 K the carbon content in the liquid was too low to be
measured by WDS or EDS. Then, Viala et al. [3] measured tie-lines between Al4Cs and the liquid phase.
Paradoxically, the Mg content in solid solution in AlsCz was sometimes reported to decrease with increasing Mg
content in the liquid. For instance, Mg amount in Al4Cs was measured at 5.6, 6.1 and 5.1 wt% when being in
equilibrium with a liquid containing respectively 23, 22 and 21 wt%Al. This inconsistency can be explained by
the fact Al4Cs crystals are platelet shape and that the matrix is therefore likely to influence the WDS
measurements leading to an overestimation of the Mg content. Hence, those raw results were not selected in the
present assessment. Instead, the amount of Mg in Al4C3 at 1000 K in three-phase equilibria with liquid and T2-
Al:MgC, was estimated from the three closest measurements mentioned above at 5.6£1.8 wt% in an extended
uncertainty with a 0.95 confidence level.



3. Determination of the thermal stability of T2-Al,MgC;
3.1 Materials and methods

Differential thermal analysis (DTA) was performed on samples synthesized from the composition 70Mg — 19Al
—11C wt% in sealed Ta crucibles at 1273 K for 240 hours before being quenched in water. After synthesis,
stoichiometric T2-Al.MgC; crystals were obtained in a 97.7Mg — 2.3Al wt% matrix along with graphite and
MgO as the main impurity. Extensive details on the materials, methods and characterizations of samples are
available elsewhere [2].

The DTA were performed in a SETARAM TAG92 apparatus using a differential scanning calorimetry (DSC)
cell equipped with type B thermocouple (Pt-30Rh/Pt-6Rh). The samples were contained in sealed Ta crucibles
with a thickness of 0.5 mm designed to withstand the Mg vapor pressure at high temperature. A tungsten
cylinder prepared so that its thermal mass would be roughly similar to the one of the samples at 1200 K was used
as a reference. A thinner W cylinder was preferred to a Ta crucible as a reference in order to better fit the present
DSC cell geometry. Both the crucibles, the reference and the DSC sensor were painted by an yttrium oxide paste
to avoid any mutual reaction. The measurements were carried out under a dynamic flow of Ar after several
purges. Oxidation of the crucibles and of the reference was avoided as the weight variation measured during the
analysis were negligible. The samples were heated from room temperature to 1673 K at a speed of 10 K.min™.
Beyond this temperature, analysis were not attempted as the crucibles might have failed under the Mg vapor
pressure. Calibrations in temperature were performed using Cu, Ag and Au samples contained in Ta crucibles.
An attempt to use Si failed due to reactivity issues with the crucibles. The melting temperature for the standards
was taken from the international temperature scale of 1990 [61]. A linear regression was determined between
1235.07 and 1358.31 K for the three standard with a coefficient of determination of 0.9999 and the uncertainty
inherent in the temperature measurements was estimated to be +0.5 K.

3.2 Results and discussion

Thermograms obtained for two different samples are presented in Fig. 1. Thermal arrests were recorded when
the signal would come off from the baseline.
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Fig. 1 Thermograms obtained from the DTA performed on two different 70Mg-19AIl-11C wt% samples
equilibrated at 1273 K for 240 hours

First of all, the thermal arrests obtained on both thermograms presented in Fig. 1 at roughly 865 K when heating
and 910 K when cooling are attributed to melting of the Mg-Al matrix. According to the COST 507 Al-Mg
description [55], the temperature of 865 K recorded when heating match with a solidus of 3.2 wt%Al, and the
one of 910 K when cooling with a liquidus of 2.6 wt%Al. This is in good agreement with the composition of 2.3
wt%AIl measured before DTA [2]. After melting of the Mg matrix, according to the initial sample composition
and to the reported isothermal section of Viala et al. [3], a three-phase equilibria with graphite and Al.MgC; is



obtained. Then, the Al content of the liquid involved in this ternary equilibrium was reported [2,3] to increase
with the temperature. Therefore, Al.MgC, start to decompose along a monovariant line to form graphite and an
Al richer liquid. However, this phenomenon can hardly be distinguished from the irregular baseline. Finally, the
endothermic thermal arrest observed at roughly 1560 K was attributed to the peritectic decomposition of
Al:MgC, to form graphite, Al4Cs and a liquid. It has to be noted that reversibility of the Al,MgC, decomposition
was not visible on the cooling curves.

The microstructure observed by SEM before and after DTA presented on Fig. 2 support the fact that
decomposition of Al,MgC; occurred, led to formation of AlsCs, and was not reversible during cooling. Indeed,
the T2-Al.MgC; crystals observed before DTA were replaced by Al4Cs crystals of rather different morphology.
The lack of reversibility is not surprising and commonly observed in the case of peritectic reactions. It is
noteworthy that after DTA a few Al,MgC; crystals could be found trapped in the middle of the biggest Al4Cs
crystals [40]. Moreover, it is suggested that the films observed around the T2-Al,MgC; phase in Fig. 2a are
artefacts from the polishing procedure.
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Fig. 2 BSE imaging of the 70Mg-19Al-11C wt% sample before and after DTA. (a) Before DTA, the
microstructure is characterized by rectangular T2-Al,MgC; crystals (dark grey), graphite (black) and a few round
MgO particles (dark grey) in a Mg rich matrix (light grey). (b) After DTA, the microstructure is characterized by
needle shaped Al4Cs containing roughly 4wt%Mg, graphite (black) and a few round MgO particles (dark grey) in
a Mg rich matrix (light grey).

Besides, it is noted that the baseline of the thermograms presented in Fig. 1 is irregular due to the experimental
set-up, and notably to the rather thick homemade Ta crucibles designed to withstand Mg vapor pressure during
the analysis. Indeed, it should be emphasized again here that experimental work in the Mg-Al-C system is
delicate. Therefore, the small and round thermal arrests observed when heating at roughly 1330 K and 920 K for
samples (a) and (b) respectively were considered to be measurements artefacts as they were not reproducible. It
is difficult to assess whether the thermal arrests obtained for thermogram (b) at roughly 800 K at both heating
and cooling are artefacts or not and it would require further analysis.

In conclusion, sharp and reproducible thermal arrests were obtained at roughly 1560 K when heating samples
containing T2-Al:MgC,, an Mg-Al matrix, and graphite. They were attributed to the invariant decomposition of
T2-Al,MgC; as supported by SEM-EDS characterizations. The corresponding invariant temperature was
determined based on 4 measurements at 1559+10 K with an expanded uncertainty with a 0.95 confidence level
on the basis of a two-sided Student's t-distribution with three degrees of freedom. It is noteworthy that the
measurements were performed under roughly 3.4 bar of pressure although its influence on the equilibria of
condensed phases (liquid, Al.Cs, Al.MgC,, graphite) is considered largely negligible.



4. Determination of the end-members of the Mg solution in Al,C3

In order to model the Mg solution in Al4Cs, it is important to precise the substitution site in the crystallographic
structure. The coordinates of atoms in the Al4Cs structure as determined by single-crystal XRD by Gesing and
Jeitschko [48] are detailed in Table 2. Results from Viala et al. [3] clearly shown that Mg substitute exclusively
to Al. However, there are two different crystallographic positions available for Al in the Al4Cs structure, namely
All and Al2, and both having the same multiplicity. Therefore, three end-members were considered in this work,
namely Mg,Al>Cs when Mg substitute on the All site, AlMg.Cz when on the Al2 site and Mg4Cs when on both
sites.

Table 2 Coordinates of atoms in Al4Cs (space group 166, R-3m) as determined by [48]

Atom | Wyckoff position | Site symmetry | X |y | Z

All 6c 3m 0 | 0 | 0.29422(6)
Al2 6c 3m 0| 0] 0.12967(7)
Cl 3a -3m 0/0]0

Cc2 6c 3m 00| 0.2168(2)

The standard enthalpy of formation of those end-members was investigated by DFT. The Strongly Conditioned
and Appropriately Normed (SCAN) semi-local density functional [58,59] was selected in compliance with
previous work performed on Al4Cs [1] and T2-Al.MgC; [2]. Extensive details on the calculations can be found
elsewhere [1,2]. It is to note that Zero Point Energy (ZPE) correction were not performed in this work as phonon
calculations were not conducted. In addition, a corrections of -4.9 kJ.mol of graphite! was applied to account for
the difference between the calculations and the experimental work and as discussed by Pisch et al. [1].

The results of DFT calculations presented in Table 3 clearly indicate that the substitution of Mg on the Al2
crystallographic site of AlsCs is favored as the corresponding end-member Al,Mg,Cs is even predicted to be
stable with respect to the elements at OK.

Table 3 Calculated ground state energy and enthalpy of formation at OK for the potential end-member of the Mg
solution in Al,C3

End-member E AH Corrected A¢H (graphite) | Corrected AsH (graphite)
/ kJ.mol? / kJ.mol? / kJ.mol* / kJ.mol of atoms™
Mg.Al,C3 -4932.2 +406.1 +391.5 +55.9
Al,Mg,Cs -5101.2 +2.5 -12.2 -1.7
Mg4Cs -4140.4 +655.2 +640.6 +91.5

5. Thermodynamic modeling and optimisation procedure

Only Al,MgCo, the liquid phase, and the Mg solubility in Al.C3 were modeled in this work. Polymorphic
transition of Al,MgC, was not considered due to a lack of data on the T1 low-temperature form, however as
mentioned earlier both T1 and T2 polymorphs should be very close in an energetic point of view. Therefore, in a
first approximation, the thermodynamic and phase equilibria data in the temperature range of existence of T1-
Al;MgC; (T<1000 K) calculated based on the available data on the T2 form are considered to be reasonable
predictions. The Gibbs energies of the pure elements were taken from the SGTE database [63]. Regarding the
binaries, the C-Mg system was taken from Chen et al. [56], Al-Mg from the COST507 database [55] and Al-C
from the recent revision proposed by the Deffrennes et al. [39]. All calculations were performed using both
software packages Pandat [64] and Thermocalc [65], and the results were checked for agreement.

The Al,MgC; carbide was treated as a stoichiometric phase and its Gibbs energy was modeled according to Eq.
1. The expression for the heat capacity of the phase is given in Eq. 2 from Eq. 1.

G 2M9% (T) — 2HZFR — HIER — 2HEER = A+ BT + CTIn(T) + DT? + ET + FT3 (1)
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C,"?MI%(T) = — C — 2DT — 2ET™% — 6FT? (2)

The Liquid phase was treated as a substitutional solution (Al, C, Mg). The binary interaction parameters were
extrapolated by the Kohler/Toop method [66] with C being the Toop element. No ternary excess parameters
were used.

Mg solubility in Al,Cs was modeled using the Compound Energy Formalism (CEF) [67] with the formula
(AD2(Al,MQ).C5 selected in accordance with the fact that Mg preferentially substitute on the Al2 site (cf. Section
4). The end-member phase Al.Mg.C3 was modeled using a floating reference according to Eq. 3 and the
reference term of the phase Gibbs energy is presented in Eq. 4. A Redlich-Kister series [68] was used to model
the excess Gibbs energy of (Al)2(Al,MQ@).Cs. The excess term is presented in Eq. 5 and the Redlich-Kister
interaction parameters in Eq. 6.

G;lllegZC3 (T) — ZG;;lll_fCC + ZGrl\rfllg—hcp + 3G;—graphite + A (3)

Al (ALM. C: AlyC 1 2 3 Al, Mg, C:
Temez( 9g)2 3(T) = yfg)ylg)yé@sz} 3(T) + 3’,51)3’1\(/1;3%( )sz g2 3(T) (4)

Aly(ALMg)C M, (), (2). (3) 0y(AD2(ALMg)2(C)
TG IR = Yy Vg yMg)yC ) OLAI:A?Mg:Cg 0
ALz (ALMg)2(C
OL,(ql:/)é,(Mg;Cg)Z( s = OaAl:Al,Mg:C + 0bAl:Al,Mg:CT (6)

In a first stage, the thermodynamic properties of Al,MgC, were modeled. First of all, the C, D, E and F
coefficients of Eq. 2 were determined using the heat capacity of T2-Al,MgC; calculated by DFT in the quasi-
harmonic approximation [2]. Three temperature ranges were used to describe the heat capacity of Al,MgC; in
order to reduce the number of parameters and to avoid aberrations at extreme temperatures caused by the use of
the powers of T terms. Then, the B coefficient of Eq. 1 was adjusted using the standard entropy of formation of
T2-AlMgC; (AsS°29s) calculated by DFT [2]. For the last temperature range, the parameter B was determined
using the condition of continuity of the entropy function of Al,MgC.. Finally, the A coefficient of Eq. 1 was
adjusted using the DFT standard enthalpy of formation of T2-Al,MgC, (AfH®298) [2] and this parameter was
determined for the last temperature range using the condition of continuity of the Gibbs energy function of
A|2|V|gC2.

In a second and final stage, a joint optimization of the parameters regarding the end-member Al,Mg.Cs, the
phase (Al)2(Al,Mg)2(C)s, and the last temperature range of Al,MgC, was performed. In addition to the T2-
Al;MgC; data already mentioned above, the temperature of invariant decomposition of Al,MgC, measured in
this work was used along with phase equilibria data determined by Viala et al. [3] and the DFT standard enthalpy
of formation of Al,Mg.Cs. A high weight was selected for the calculated entropy of formation of Al,MgC,
during this process, and the continuity over the different temperature ranges of the thermodynamic functions of
the ternary carbide was ensured afterwards. Extensive details regarding the uncertainties and the weights used in
the optimization can be found elsewhere [60].

The thermodynamic parameters obtained in the present modeling are presented in Table 4.
Table 4 Thermodynamic parameters given in J.mol? in the form A + BT + CTIn(T) + DT2+ ET ! + FT3

Term T-range A B C D.10° E.10° F.10°
AlzMgC;, Stoichiometric, Al.MgC.
50-298.15K -137023.17 -130.2133 +31.64858 -309.8213 -0.009339 +123.3135
Gf:’Mycz — 2HSER — HSMzR — 2H$ER 298.15-500K | -141504.37 +95.31393 -11.48743 -168.8773 - +46.2193
500-3000K -170910.3 +715.88624 = -113.83391 -9.9976 +1.599446

Al4Cs, Compound Energy Formalism, (Al)2(Al,Mg)2(C)s

GAMIzCs _ g ghAl-fec _ g gMa~her _ 3gCmgraphite | 50.2000K -13540
oL e 50-3000K -20471 +93.252



6. Results and discussion
6.1 Thermodynamic properties

The heat capacity of Al,MgC; calculated with the parameters in Table 3 is presented in Fig. 3 along with the
DFT and DSC data on the T2 form [2]. For clarity reasons, only one third of the experimental points are plotted
in the figure. The fit obtained in this work is in perfect agreement with DFT calculations from 50 to 400 K and
deviate slightly from it at higher temperature. This deviation was allowed to compensate for the fact that the
DFT heat capacity is probably underestimated as anharmonic contributions rise with temperature. The difference
of roughly 3% observed at 1000 K is consistent with the order of magnitude of the anharmonic contributions
observed for the Al4Cs phase [1] and the fit obtained is still within the experimental uncertainties.

150

120

Cp /).mol' K"
0
o

=3
o

— -[2] Deffrennes et al. (2019) - DFT (QHA)

30 * [2] Deffrennes et al. (2019) - DSC

—This work

0 200 400 600 800 1000 1200 1400 1600
Temperature | K

Fig. 3 Calculated heat capacity of Al,MgC, compared with DSC measurements and DFT calculations on T2-
Al,MgC; from [2]

The calculated standard entropy and enthalpy of formation of Al.MgC, are compared with the literature data on
the T2 form in Table 5. The standard entropy of formation is in a perfect match with the DFT value of 70.0 J.K
L mol? [2]. Regarding the standard enthalpy of formation, an optimized value of -25.1 kJ.mol of atoms* was
obtained, this result being 1.5 kJ.mol of atoms™* more exothermic than the results from DFT calculations. It is
noted that a similar discrepancy of 1.4 kJ.mol of atoms™* was obtained between the DFT and the optimized
standard enthalpy of formation of Al,C3; when modeling the Al-C binary system [39]. It is also interesting to
highlight that using previous versions of the Al-C binary [69-71], the enthalpy of formation of Al.MgC, would
have been roughly 5 kJ.mol of atoms™ more exothermic than the DFT value so that the phase equilibria data
could be fit satisfactorily.

Table 5 Calculated standard enthalpy and entropy of formation of T2-Al,MgC, compared with DFT calculations
from [2]

Reference | AfH%29g.15« / kJ.mol of atoms™ | AfS°9s15k / J.KL.mol?
19Def -23.6 70.0
This work -25.1 70.0

Regarding the enthalpy of formation of the end-member phase Al,Mg,Cs, an optimized value of -1.9 kJ.mol of
atoms* was obtained, which is only -0.2 kJ.mol of atoms™ more exothermic than the DFT calculations at OK. It
is noteworthy that this value has very limited influence in the overall results as it can be easily compensated by
the interaction parameters.
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6.2 Phase equilibria

It is reminded here that polymorphic transition of Al,MgC. could not be taken into account and that the phase
was modeled based on the data regarding its T2 form, yet that the calculated equilibria involving the low-
temperature T1 form, partially stable below 1000K, are considered to be reasonable predictions. Therefore, the
ternary carbide is simply denoted as Al.MgC; in the following sections. In addition, the aluminum carbide can
contain variable amount of Mg in solid solution but will simply be referred to as Al4Cs.

Isothermal sections of the ternary phase diagram at 1000 and 1273 K are presented in Fig. 4. At 1000 K, the
agreement between the calculated and the experimental phase equilibria determined by Viala et al. [3] is very
satisfying. The Al content in the liquid in three-phase equilibrium liquid + graphite + Al,MgC; was calculated at
0.5 wt% Al which is in good agreement with the experimental value of 0.6:2wt%. The liquid composition in the
liquid + Al,MgC; + Al4Cs equilibrium is calculated at 18.5 wt% Al, which compares well to the 19+2wt%
determined by Viala et al. [3]. Finally, the content of Mg in solid solution in AlsC3; when the phase is in
equilibrium with liquid and Al,MgC, was calculated at 5.2 wt% Mg which is in good agreement with the value
of 5.6+1.8 wt% estimated in the present study from the measurements of Viala et al. [3]. At 1273 K, the liquid
composition in the liquid + graphite + Al,MgC; equilibrium was calculated at 2.8 wt% Al, which is in good
agreement with the value of 2.3 wt% measured by EDS [2].

Graphite
+AL,C,
\ [ +ALMgC,

Al,MgC,
— +AlLC;
| + Liquid

0
80 90 10 Al Mg 0 10 20 30 40 cysnAI 60 70 80 90 10 Al
Wwt7%

(a) (b)

Fig. 4 Isothermal sections of the Al-C-Mg system calculated at (a) 1000 K and (b) 1273 K. Open circles
represent the data measured by Viala et al. [3] at 1000 K and filled square by Deffrennes et al. [2] at 1273 K

The calculated liquidus projection is presented in Fig. 5, and more details regarding the highlighted ternary
invariant equilibria are given in Tables 6 and 7. The solubility of Mg in Al4Cs is predicted to increase up to 8.8
wit% Mg at 1550 K and then to decrease down to 0 when Al4Cs decomposes at 2410.7 K as calculated in the Al-
C binary [39]. The invariant decomposition temperature of Al,MgC, determined by DTA at 1559+10 K is in
satisfying agreement with the modeled value of 1550 K and the liquid involved was calculated to contain 11.3
wt% Al and 0.2 wt% C. The monovariant line liquid + Graphite + (Mg) pointing from the Mg-C binary eutectic
down towards the invariant U; almost collapses to a point at the y-axis in Fig. 5. Even though Uj is almost
degenerate, it is clearly a transition type reaction because the liquid composition at U; is located outside the
triangle of the solid phases Graphite = (Mg) + Al.MgC.. There is no maximum in the monovariant line from U;
to Ua.
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Fig. 5 The calculated Al-C-Mg liquidus projection, disregarding the gas phase. On the y-axis a logarithmic
representation of the carbon content in the liquid phase is plotted to enlarge the region of interest around the
invariant reactions. The binary Al-C edge converts to a curved shape, where the peritectic Liquid + Graphite =
Al4Cs is seen at 2410.7 K.

Table 6 Calculated invariant reactions in the ternary system Al-C-Mg. AT denotes the difference between the
corresponding binary and the (almost) degenerate ternary invariant reactions.

Reaction Reactiontype | T/K | AT/K
P1 : Liquid + Al.C3 + Graphite = Al,MgC; Peritectic 1549.6 | N.A.
U; : Liquid + Graphite = (Mg) + Al,MgC, Transition 9218 |12

U, : Liquid + AlLMgC, = Al,Cs + (MQ) Transition 808.5 | N.A.
E: : Liquid = B-Al1s0Mgsg + (Al) + Al,C3 Eutectic 723.6 | 1E-7
E, : Liquid = B-Al1s0Mgsg + y-Al12Mga7 + Al4Cs | Eutectic 7227 | 1E-7
Es : Liquid = y-Al1,Mgi7 + (Mg) + AlLCs Eutectic 7094 | 1E-7

Table 7 Calculated compaosition in wt.% (at.%) of the phases involved in the non-degenerate ternary invariants

Al,MgC, Al,C3 Graphite Liquid (Mg)
Invariant Al C Al C Al C Al C Al C
52.8 23.5 65.9 25.3 0.0 100.0 11.3
P1 0.2 (0.3) - -
(40.0) | (40.0) | (49.8) | (42.9) | (0.0) | (100.0) | (10.3
U 52.8 23.5 70.3 25.2 i i 20.6 3.1E-7 6.1 0.0
2 (40.0) | (40.0) | (53.3) | (42.9) (18.9) | (6.4E-7) | (5.6) | (0.0)

7 Application to the grain refinement of Mg-Al alloys by carbon inoculation

In this section, the phase formation sequence during solidification of a classical Mg-9Al wt% alloy inoculated
with 0.5 wt% C at 1000 K is predicted based on the present modeling of the ternary system. For this
composition, Al:MgC:; is obtained to be the only stable compound from 809 to 1376 K where the gas phase
starts forming at 1 bar. Under higher pressure, Al,MgC, may be stable up to about 1500 K where transformation
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to graphite is predicted on further heating, as also seen in Fig. 5. In order to be in equilibrium with Al,Cs at 1000
K the liquid should contain more than 18.5 wt% Al which is far beyond the composition of industrial Mg alloys.

Assuming an initial equilibration of Mg-9AIl wt% alloy with 0.5 wt% C addition at 1000 K the two phases liquid
+ Al,MgC, form during a holding time of typically 20 minutes at the inoculation temperature. The mass fraction
of 0.021 of this initial Al,MgC,-formation results in drastically reduced content of dissolved carbon, 0.00007
wt% C, in the equilibrated liquid with fraction 0.979 and composition Mg-8.048AI-0.00007C (wt%). The
fraction of this initial Al.MgC, changes only little with temperature, from 0.0208 at 1300 K to 0.0213 at 900 K.
The phase formation during casting of this liquid may then be predicted by Scheil-Gulliver solidification
simulation of the liquid starting at 1000 K and disregarding the initially formed Al,MgC,. The phase fraction
evolution is presented in Fig. 6. The solidification of (Mg) is predicted to start at 881 K with Al,MgC; being the
dominant carbide present in the liquid phase. The phase fraction of the secondary Al,MgC, grows from zero at
1000 K to about 3-10° as seen in Fig. 6b. Only a negligible amount of Al4Cs, less than 3-107°, is formed in Scheil
conditions below 809 K, after most of the liquid, fraction 0.74, already solidified. Scheil solidification is
predicted to end at 709 K in the ternary eutectic Es by the formation of y-Al12Mga7 (fraction of 0.09) together
with (Mg), see Fig. 6a.

It is important to note that both the initial Al,MgC,, predicted with mass fraction of 0.021, and the small fraction
of secondary Al.MgC,, presumably growing on it, should be considered as active nucleant. Therefore, it is
essential to provide a sufficient amount of carbon addition to the melt during holding at about 1000 K. The
simulated growth of secondary Al,MgC, shown in Fig. 6 will be essentially the same even if much less than 0.5
wt% C is added, assuming it is more than the very small carbon solubility limit in the liquid.
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Fig. 6 Mass fraction of phases obtained from Scheil solidification simulation of a 91Mg-9Al wt% alloy
inoculated by 0.5 wt%C at 1000K plotted with (a) a linear representation and (b) a logarithmic representation

13



In conclusion, thermodynamic calculations provide a convincing argument that Al,MgC; is the nucleant
responsible for the grain refinement of Mg-Al alloys inoculated by carbon. A very interesting perspective lies in
the inclusion of the present modeling to the Mg thermodynamic databases in order to investigate the effect of
alloying elements on the phase formation, notably for the case of Mn highlighted in the introduction.

8. Conclusions

In the present work the temperature of the peritectic decomposition of Al,MgC; was determined at 1559+10 K
by DTA. DFT calculations were conducted on potential end-member phases of the Mg solution in AlsCs and it
was shown that the substitution of Mg on the Al2 site of the structure was the only energetically favorable
substitution. Based on those findings as well as on previous work of the authors, a CALPHAD modeling of the
ternary Al-C-Mg system was conducted. Due to the phase equilibria data taken into account, the optimization
was rather constraint and the very satisfying agreement obtained with experimental data demonstrates the self-
consistency of the proposed description. The present assessment provides the basis to support the development
of Mg-Al alloys and composites.
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