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Abstract 13 

The question of material stability through the determination of the thermodynamic properties is of 14 

fundamental and technological importance to any analysis of system properties in many applications. 15 

For Al4C3, its experimental heat of formation varies widely, from -0.187 to -0.363 eV/atom, which 16 

makes it difficult to use such experimental information for any reactivity assessment.  Here, we 17 

demonstrate that density functional theory (DFT), with the recently developed strongly constrained 18 

and appropriately normed (SCAN) functional, is especially powerful in critically assessing these 19 

experimental data. In order to have a more complete description of thermodynamic properties of 20 

Al4C3, we also determine the temperature dependence of its heat capacity using both the harmonic 21 

and quasi-harmonic approximation. In addition, and to select the most efficient approximation, we 22 

come back to the experimental background by using differential scanning calorimetry (DSC) to 23 

measure this quantity at constant pressure up to very high temperatures, namely 850K. 24 

Keywords: Aluminum Carbide; Thermodynamic properties; DFT; SCAN+vdW functional 25 



1. Introduction 26 

 27 

Aluminum Carbide is a refractory material with applications in various technical fields. It is a potential 28 

stable phase in the carbothermic reduction of alumina [1]. It may be a product in the reaction of 29 

aluminum with silicon carbide [2]. Al4C3 is also present in selected composite ceramics in the Y-Al-Si-30 

C-O system [3]. In addition, Al4C3 is an important phase for Al-based metal matrix composites. 31 

Recently, some authors reported its use as reinforcement [4–6]. However, the formation of Al4C3 is 32 

most widely associated with a severe degradation of properties of composites [7,8]. For instance, 33 

Al4C3 might form at the matrix/reinforcement interface during processing, dissolving the 34 

reinforcements and causing embrittlement. Last but not least, Al4C3 is a semiconducting material and 35 

can be used in electronic components such as diodes [9]. 36 

In order to control the stability of the phase and the synthesis conditions, a thorough knowledge of 37 

the thermodynamic properties of solid Al4C3 is mandatory. Its heat of formation, heat capacity at 38 

constant pressure and Gibbs energy were then studied intensively over the last 120 years but 39 

surprisingly the reported experimental values display large discrepancies. Indeed the standard heat 40 

of formation obtained from different experimental techniques involving variety of calorimetric 41 

methods based on combustion, acid-solution and direct-reaction  and 2nd / 3rd law analysis of vapor 42 

pressure measurements [10–21] display a large range of values, varying from -0.187  to –0.363 43 

eV/atom.  44 

More recently, DFT is applied as a computationally efficient component of a methodology capable of 45 

accurately determining structural properties and energies of formation of many compounds. 46 

Furthermore, this methodology should also be used where experimental data are lacking, i.e. in the 47 

prediction of new materials or in the case of experimental discrepancies or controversies.  DFT with 48 

the PBE [22] generalized gradient approximation (GGA) to its exchange-correlation energy is the 49 

most common approach due to its relatively cheap computational cost and reasonable accuracy. 50 

However, the theoretical determination at 0K of the heat of formation of Al4C3 using this 51 



approximation [23] is considerably less negative than all experimental values, namely -0.013 52 

eV/atom, preventing any use of theory to critically assess the experimental data.  Note that 53 

corrections to include thermal contributions at T=298K [24,25] yields a value of -0.015 eV/atom but 54 

do not change the previous conclusion.  Such a discrepancy can be attributed to the use of PBE, a 55 

common deficiency found in DFT calculations to capture the cohesive energy of graphite accurately 56 

[26]. The absence of van der Waals (vdW) interactions in PBE is the major source of error to describe 57 

the layered structure of graphite.   We also emphasize that Al4C3 has an unusual crystal structure that 58 

consists of alternating layers of Al2C and Al2C2 (see Fig. 1) and PBE seems not to be accurate enough 59 

to describe its structural and cohesive properties.   60 

 61 

         Figure 1:  Crystal structure of Al4C3 62 

In this work, we investigate the structural and thermodynamic properties of Al4C3 using the recent 63 

SCAN many-body interaction functional [27]. First, we find that SCAN significantly improves the 64 

agreement between the experimental and calculated ground state properties of C-graphite and 65 

those of Al4C3. As a consequence, the energy of formation of Al4C3 at 0K is -0.236 eV/atom, a value 66 

that is now located inside the range of experimental values.  Moreover, we complete our theoretical 67 



analysis at T = 0K by including temperature effects through the calculation of the temperature 68 

dependence of the heat of capacity of Al4C3 as well as those of Al-fcc and C-graphite. Both harmonic 69 

and quasi-harmonic approximations are tested to determine these temperature dependences. Using 70 

the quasi-harmonic approximation, we obtain a standard heat of formation equal to -0.250 eV/atom.  71 

As experimental heat capacity data of Al4C3 are only available at temperatures below 350K, we also 72 

determine its temperature dependence up to 850K by using the “discontinuous method” as 73 

described by Höhne et al. [28]. This experimental study allows to identify that the quasi-harmonic 74 

approximation provides theoretical values in close agreement with experimental data up to 500K.  75 

2. Theoretical and experimental details 76 

2.1. DFT calculations 77 

 78 

The ground state properties of pure carbon (graphite, diamond), aluminum (fcc) and Al4C3 were 79 

calculated using density functional theory DFT [29,30] and the VASP software package [31,32] in its 80 

most recent version (5.4.4).  81 

The Strongly Conditioned and Appropriately Normed (SCAN) semi-local density functional [27] was 82 

chosen for the calculations. In addition, we include van der Waals interactions to take into account 83 

the long range order phenomena in these carbon based materials. The numerical routines from 84 

Klimes et al. [33,34] as implemented in the VASP code were used. For Al, the 3p and 3s orbitals and 85 

for C, the 2p and 2s orbitals are considered as valence states in the calculations. The energy cutoff for 86 

the projector augmented plane-wave bases was set to 800 eV. An automatically generated, gamma 87 

centered grid of k-points in the irreducible part of the Brillouin zone was used following the 88 

Monkhorst-Pack scheme [35].  89 

The lattice parameters of all compounds as well as their internal atomic coordinates were fully 90 

relaxed. The linear tetrahedron method with Blöchl corrections [36] was used to calculate the 91 

electronic density of states (DOS) for C-graphite and diamond as well as for Al4C3. For Al-fcc, the 92 



Methfessel-Paxton method of 2nd order was used for the relaxation calculation.  All relaxations were 93 

performed with a convergence criterion of 10-8 eV/Å for the total energy. 94 

Zero Point Energy (ZPE) and heat capacities at constant volume / pressure to access finite 95 

temperature properties can be obtained from lattice dynamics theory. The phonon spectra of all 96 

compounds were calculated with the frozen phonon (supercell) method using the phonopy code [37] 97 

coupled to VASP. The generated supercells for the different compounds were: 5x5x2 for C-graphite, 98 

3x3x3 for C-diamond and Al-fcc and 2x2x1 for Al4C3. The convergence criteria for the Hellman-99 

Feynman forces was set to 10-6 eV/Å to avoid any kind of residual strain in the lattice. 100 

2.2 Experimental study 101 

 102 

Al4C3 powder was purchased from the Alfa Aesar company. The chemical analysis obtained from the 103 

manufacturer is shown in Table 1. As this product is moisture sensitive, the as received bottle 104 

containing the carbide powder was opened and further handled in a glove box maintained under a 105 

protective atmosphere of purified argon (O2 < 10 ppm, H2O < 5 ppm). 106 

Table 1. Characteristics of the Al4C3 powder according to Alfa Aesar’s datasheet, in wt.% . 107 

Product No 14038 

Purity 99 %+ metals basis 

Lot No X22B028 

C total 24.6 % 

Al 72.0 % 

Fe 0.1 % 

N 0.8 % 

O 1.4 % 

 108 



The as received carbide powder was first analyzed by XRD. To avoid any potential hydration of the 109 

product during the XRD analysis, the aluminum carbide powder was loaded within the glovebox, in 110 

an airtight specimen holder equipped with a dome like X-ray transparent cap. During the specimen 111 

holder filling, it was not possible to perfectly flatten the surface of the powder because of the risk to 112 

trap powder grains in the groove of the O-ring of the holder, which could jeopardize the air-113 

tightness. The specimen holder was then transferred to the diffractometer equipped with a copper 114 

anode and analyzed in the [20-85°] 2 range, with a step size of 0.013° and a scan step time of 196.7 115 

s. The experimental diffractogram is compared in Figure 1 to the powder data file 00-035-0799 116 

reference pattern of the Al4C3 aluminum carbide calculated for the copper K( wavelength. An 117 

angular correction has been applied to the experimental diffractogram to take into account a slight 118 

difference between the z position of the powder diffracting surface and the 2 rotation axis of the 119 

goniometer. As already mentioned above, impossibility to level the powder surface during holder 120 

filling is the main reason explaining the necessity of this correction. 121 

 122 

Figure 2: Corrected diffractogram of the as received Al4C3 powder compared to the 00-035-0799 123 

reference pattern of Al4C3. 124 



The low angles (2 < 30°) broad peak is due to the x-ray scattering by the glassy specimen holder 125 

dome. There is a good match between the diffractogram of the tested powder and the reference 126 

pattern both in term of peak positions and intensities. Moreover, even if some few and low intensity 127 

additional peak can be observed, no secondary phases can be detected on the diffractogram. 128 

Therefore, the amount of secondary phases can be considered to be lower than 1 wt.%. 129 

The heat capacity was measured by the so-called “small temperature steps procedure“ or 130 

“discontinuous method” using the classical three steps method as described by Höhne et al. [28]. 131 

with a DSC 111 calorimeter from the Setaram Company. Further details on the calorimeter and on 132 

the experimental protocol can be found in Benigni et al. [38]. Four stainless steel crucibles provided 133 

by Setaram were used in the experiments. The crucibles were sealed with a crimping tool inside the 134 

glovebox. The first crucible was filled with 132.98 mg of Al4C3, the second with 133.571 mg of 135 

Standard Reference Material 720 -Al2O3 [39], the other two were sealed empty. The temperature 136 

program and the processing of the recorded thermograms were performed with the SETSOFT 2000 137 

software provided by Setaram. The parameters in the temperature program were set as follows: 2.5 138 

K temperature step, 1.5 K/min heating rate between each step, and 800 s stabilization time after 139 

each step. The heat capacity was measured between 300 and 873 K. A point by point correction 140 

factor calculated from the ratio between the reference [39] and the apparent heat capacity of α-141 

Al2O3 was applied. The uncertainty of the heat capacity measurements is estimated to be around 142 

±2.5% [38]. 143 

3. Results and Discussion: 144 

3.1. Structural and cohesive properties of C-graphite and C-diamond 145 

 146 

The crystal structure of hexagonal C-graphite was determined by Nelson & Riley [40], Baskin & Meyer 147 

[41], Trucano & Chen [42], Zhao & Spain [43] and Howe et al. [44]. It crystallizes in the P63mmc space 148 

group with two fixed atomic positions: C1 (0 0 1/4) and C2 (1/3 2/3 1/4). C-diamond crystallizes in the 149 

cubic Fd-3m structure. Lattice parameter studies were performed by Riley [45], Straumanis & Aka 150 



[46] and Hom et al. [47]. DFT calculations of the two allotropes of carbon were also performed using 151 

PBE [23]. While the agreement for C-diamond is good, the agreement for C-graphite is poor, 152 

especially the calculated c-axis is much longer than the experimental one. As already discussed in the 153 

introduction, the absence of vdW interactions in PBE does not allow to reproduce the interlayer 154 

coupling in the C-graphite structure. Note this remark holds also for other layered materials [26]. 155 

The available experimental [40–47] and theoretical [23,48,49] structural data for C-graphite and C-156 

diamond are reported in Table 2 together with our values of the lattice constants obtained from 157 

SCAN calculations including vdW interactions. In the following we will use the term SCAN when 158 

referring to our findings. For C-graphite, the agreement with the low temperature data from Baskin 159 

& Meyer [41] is excellent. The c-axis elongation, as observed using PBE, disappears with SCAN. This 160 

confirms that the SCAN functional is particularly adapted describe the electronic properties of 161 

layered materials such as C-graphite. For C-diamond, an excellent agreement between the calculated 162 

and measured lattice parameters is also observed whatever the functional. 163 

Table 2: Lattice parameters and cell volumes for C-graphite and C-diamond. 164 

  a [Å] c[Å] V [Å3] Temperature Reference 

C-graphite Experimental 2.4612 6.7079 35.189 285K Nelson & Riley [40] 

2.4579 

2.4589 

6.6720 

6.7076 

 4.2K 

297K 

Baskin & Meyer [41] 

 

2.464(2) 6.711(4) 35.294 300K Trucano & Chen [42] 

2.462 6.707 35.207 298K Zhao & Spain [43] 

2.4617(2) 6.7106(4) 35.219 298K Howe et al. [44] 

Calculated 2.482 6.60  0K LCAO, Zunger [48] 

2.468 8.685 45.803 0K PBE, Jain et al. [23] 

2.450 6.670 34.673 0K SCAN [This work] 



C-diamond Experimental 3.56679  45.377 298K Riley [45] 

3.56684  45.379 293K Straumanis & Aka 

[46] 

3.566986  45.384 298K Hom et al. [47] 

Calculated 3.602  46.734 0K LMTO, Yin & Cohen 

[49] 

3.574  45.652 0K PBE, Jain et al. [23] 

3.551  44.777 0K SCAN [This work] 

 165 

In Table 3, we compare the cohesive energy of C-graphite and C-diamond computed at T=0K using 166 

both PBE and SCAN functionals with the experimental data [50].  167 

Table 3: Cohesive energy (in eV/atom) for C-graphite and C-diamond 168 

 Ecoh (PBE) Ecoh (SCAN) Ecoh (Exp.) [50] 

C-diamond 7.737 7.456 7.361 

C-graphite 7.860 7.610 7.374 

 169 

From Table 3, we can see that PBE cohesive energies are significantly larger than the experimental 170 

values in both graphite and diamond while this overestimation is corrected by SCAN.  171 

3.2 Structural properties of Al4C3: 172 

 173 

The first determination of the crystal structure of Al4C3 was performed by v. Stackelberg and 174 

Schnorrenberg in 1934 [51]. Al4C3 crystallizes in the R-3m space group (166). This was confirmed by 175 

Cox and Pidgeon [52] using powder diffraction. The structure was further refined by Jeffrey et al. [53] 176 

and more recently by Gesing and Jeitschko [54] using single crystals. The experimental lattice 177 

parameters and the atomic positions are summed up in Table 3a and 3b. 178 



Table 3a: experimental and calculated lattice parameters and cell volume for Al4C3 in the hexagonal 179 

setting (R-3m space group) 180 

 a [Å] c [Å] V [Å3] Temperature Reference 

Experimental 3.325 24.94 238.79 298K v. Stackelberg & 

Schnorrenberg [51] 

3.30 24.89 234.74 298K Jeffrey et al. [53] 

3.3355(1) 24.967(3) 240.56 298K Gesing and Jeitschko [54] 

Calculated 3.352 25.104 244.28 0K PBE, Suetin et al. [55] 

3.354 25.117 244.69 0K PBE, Jain et al. [23] 

3.335 24.967 240.50 0K PBE, Sun et al. [56] 

3.3256 24.844 237.95 0K SCAN [This work] 

 181 

Table 3b: Experimental and calculated atomic positions for Al4C3 in the hexagonal setting  182 

 Al I 

6c 

Al II 

6c 

C I 

3a 

C II 

6c 

Reference 

Experimental 0 0 0.2916 0 0 0.1250 0 0 0 0 0 0.2291 v. Stackelberg & 

Schnorrenberg [51] 

0 0 0.296 0 0 0.129 0 0 0 0 0 0.217 Jeffrey et al. [53] 

0 0 0.29422(6) 0 0 0.12967(7) 0 0 0 0 0 0.2168(2) Gesing and 

Jeitschko [54] 

Calculated 0 0 0.29349 0 0 0.12990 0 0 0 0 0 0.21674 PBE, Jain et al.  [23] 

0 0 0.29352 0 0 0.13016 0 0 0 0 0 0.21672 SCAN [This work] 

 183 

DFT calculations using PBE were performed by Suetin et al. [55], Sun et al. [56] and in the frame of 184 

the materialsproject.org initiative [23].  We also report results obtained using SCAN. We note that 185 



SCAN improves slightly structural values with respect to PBE and the agreement between DFT 186 

calculations and experimental values is satisfactory. Again, the improvement mainly concerns the c-187 

axis length which is closer to the experimentally observed value when using SCAN. 188 

3.3 Heat of formation and heat of capacity of Al4C3 189 

 190 

The formation energy of Al4C3 at 0K is obtained by subtracting the weighed sum of the total energy of 191 

constituting elements from the total energy of the compound: 192 

 ∆𝐻 =  𝐸𝑇(𝐴𝑙4𝐶3) − 4/7𝐸𝑇(𝐴𝑙) − 3/7𝐸𝑇(𝐶).  193 

This formation energy is then corrected with respect to the Zero Point Energies (ZPE) estimated from 194 

the frequency integration over the vibrational density of states [37]: 195 

             ∆𝐻𝑐𝑜𝑟𝑟(𝐴𝑙4𝐶3) =  ∆𝐻(𝐴𝑙4𝐶3) + ∆𝑍𝑃𝐸(𝐴𝑙4𝐶3) 196 

for which the ZPE correction is calculated as follows: 197 

             ∆𝑍𝑃𝐸 =  𝑍𝑃𝐸(𝐴𝑙4𝐶3) − 4/7𝑍𝑃𝐸(𝐴𝑙) − 3/7𝑍𝑃𝐸(𝐶) 198 

The heat capacity at constant volume can be determined from the calculated Helmholtz free energy 199 

F in the harmonic approximation (HA) using the vibrational density of states as a function of 200 

frequency q of the band s: 201 

  𝐹(𝑉0, 𝑇) =
1

2
∑ ℏ𝜔(𝑞, 𝑠) + 𝑘𝐵𝑇 ∑ 𝑙𝑛 [1 − 𝑒𝑥𝑝 (

−ℏ𝜔(𝑞,𝑠)

𝑘𝐵𝑇
)]𝑞,𝑠𝑞,𝑠  202 

The vibrational entropy and the heat capacity at constant volume are then given by: 203 

  𝑆 = − (
𝜕𝐹

𝜕𝑇
)

𝑉
; 𝐶𝑉 = −𝑇 (

𝜕2𝐹

𝜕𝑇2)
𝑉

 204 

When repeating the HA calculations at several different volumes V to obtain a minimum value of 205 

F(V,T), the heat capacity at constant pressure in the quasi-harmonic approximation, QHA, is obtained 206 

from: 207 



𝐶𝑃 = −𝑇 (
𝜕2𝐺(𝑇, 𝑃)

𝜕𝑇2 ) 208 

with G(T,P) = minV[E(V)+F(V;T)+PV].   209 

The standard heat of formation at 298K of Al4C3 is then obtained from 0K calculations by including 210 

the ZPE correction and by subtracting the weighed sum of the heat content of constituting elements 211 

from the heat content of the compound, namely  ∆𝐻0𝐾
298𝐾 =  ∆𝐻0𝐾

298𝐾(𝐴𝑙4𝐶3) − 4/7∆𝐻0𝐾
298𝐾(𝐴𝑙) −212 

3/7∆𝐻0𝐾
298𝐾(𝐶). 213 

In Figure 3 we present the calculated phonon Density of States (DOS) of Al4C3 used to determine the 214 

temperature dependence of its thermodynamic properties. 215 

 216 

 217 

Fig.3: Calculated phonon Density of States (DOS) of Al4C3 218 

 219 

The derived heat capacity at constant volume (harmonic approximation) and at constant pressure 220 

(quasi-harmonic approximation) are plotted in Figure 4 together with the available experimental data 221 

(present contribution and data from[24]). 222 



 223 

Fig.4: Comparison of calculated heat capacity at constant volume (harmonic) and constant pressure 224 

(quasi-harmonic) with experimental values (from this work and from [24]) 225 

The calculated heat capacity at constant pressure agrees well with the measured data from 226 

Furukawa et al. [24] and from the present experimental determination up to 500K. At higher 227 

temperatures, anharmonic contributions become more important and the measured values are 228 

higher than the calculated ones.  229 

The calculated ground state energies for Al-fcc, C-graphite and Al4C3 with the SCAN functional are 230 

summed up in Table 4. Using the calculated Zero Point Energies (ZPE) and the heat contents from 0K 231 

to 298K, the standard heat of formation of Al4C3 is -0.250 eV/atom. Note that the value obtained at 232 

T=0K using SCAN, namely -0.236 eV/atom, is much more negative than that obtained with PBE, -233 

0.092 eV/atom.   234 

 235 

 236 

 237 



Table 4: Calculated ground state properties and derived heat of formation for solid Al4C3. 238 

 ET(0K) 

[eV/atom] 

ZPE (0K) 

[eV/atom] 

H(298K)-H(0K) 

[eV/atom] 

H(298K) 

[eV/atom] 

Al-fcc -7.699 0.037 0.047  

C-graphite -10.052 0.175 0.011  

Al4C3 -8.943 0.089 0.024 -0.250 

 239 

The comparison of our calculated value with the literature information allows now a critical 240 

assessment of the available experimental data since the SCAN value is well located in the 241 

experimental range. To illustrate this, we report all the experimental data and our theoretical one in 242 

Figure 5. We find that the calculated standard heat of formation shows a good agreement with the 243 

calorimetric data from Meichsner & Roth [11,12] and Rinehart & Behrens [20] . All other values are 244 

considerably more or less exothermic than the calculated value, not to mention again the value using 245 

PBE [23] that is off the experimental range. Understanding the origin of the experimental 246 

discrepancies is beyond the scope of this work. However, incomplete reaction or metastable reaction 247 

products in the combustion or dissolution calorimetry experiments or  kinetic blockage of the 248 

graphite layer at the sample surface during vaporization may explain the dispersion in experimental 249 

values obtained from vapor pressure measurements as indicated by Rinehart & Behrens [20].  250 



 251 

Fig.5: Comparison of heat of formation of Al4C3 data from literature and this work 252 

We can also use calculated heat capacity values from the quasi-harmonic approximation to 253 

determine the standard entropy. We find a value of 0.924 meV/atom/K (89.12 J/mol/K), which is in 254 

excellent agreement with the experimental one [24,57], i.e. 0.922 meV/atom/K (88.97 J/mol/K).  255 

From the band structure of Al4C3 computed at T=0K, we obtain an indirect gap with a calculated value 256 

of 1.342 eV which is equivalent to 1.315 eV using PBE [23]. It is important to mention that the use of 257 

SCAN still underestimates band gap energies as this is generally the case for PBE [62].  258 

Finally, there is a plausible additional correction in relation to the ground state properties of C-259 

graphite. The heat of reaction for the diamond to graphite transition in carbon was measured by 260 

Rossini & Jessup [58] using combustion calorimetry and a value of 0.020±0.01eV/atom is reported at 261 

298K. More recently, Kleppa and Hong [59] obtain a standard heat of reaction of 0.018±0.010 262 

eV/atom using high temperature solution calorimetry. In addition, Hultgren et al. [60] published an 263 

assessed value of 0.020 eV/atom at 298K while in the compilation of Glushko [61], a value of 264 

0.019±0.01 eV/atom is given. All these values are in close agreement. At 298K, the standard heat of 265 



reaction calculated by SCAN including ZPE corrections and the heat content is equal to 0.070 266 

eV/atom, as shown in Table 5.  267 

    Table 5: Calculated ground state properties of C-graphite and C-diamond using the SCAN 268 

functional. 269 

 
E(0K) 

[eV/atom] 

ZPE (0K) 

[eV/atom] 

H(298K)-H(0K) 

[eV/atom] 

rH(298K) 

[eV/atom] 

C-graphite -10.052 0.175 0.011  

C-diamond -9.987 0.186 0.005 0.070 

 270 

Then, we get a difference equal to 0.050 eV/atom between the experimental value obtained Rossini 271 

& Jessup [58] and the calculated one.  Note that the difference with PBE calculations is much more 272 

important, namely 0.114 eV/atom.  273 

If we attribute this difference to some limitations of SCAN in the accurate description of the ground 274 

state properties of C-graphite as shown in Table 3, the heat of formation of Al4C3 has to be corrected 275 

by a value equal to-0.022 eV/atom. The corrected value is then -0.272 eV/atom, which does not 276 

modify our conclusions on the assessment of experimental values.   277 

4. Conclusion 278 

 279 

We have shown that the recently proposed SCAN functional including vdW interactions considerably 280 

improves the theoretical prediction of the heat of formation of Al4C3 as well as the ground state 281 

properties of C-graphite and C-diamond with respect to PBE calculations.  We also demonstrated that 282 

the calculated heat capacity at constant pressure using the quasi-harmonic approximation is in good 283 

agreement with experimental data obtained by DSC up to 500K. Our theoretical approach is also 284 

confirmed by the good agreement between the calculated standard entropy and the experimental 285 

one. All these results allow us to critically assess the experimental heats of formation of Al4C3 which 286 



is characterized by a wide range of available values using different experimental techniques. We thus 287 

conclude that SCAN would provide an improved description of the thermodynamic properties of 288 

layered materials more generally, at a cost comparable to PBE.  289 
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