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Standard enthalpies of formation of different K-phase unit cells are calculat-
ed and compared with formation enthalpy of modified unit cell of K-phase.
Spin-polarized calculations are performed to compare electronic structure of
carbon atoms in K-phase substrate, diamond, and graphite. An assumption is
made on the epitaxial growth of the diamond crystals during the thermobaric
treatment of high-carbon Fe—Al alloys.

PospaxoBano cTaHZapTHI eHTANBLIII YyTBOPEeHHSA Pi3HUX eJleMeHTapHUX KOMi-
pok K-as3u, BUKOHAHO IIOPiBHAHHA iX 3 €eHTAJbIIi€I0 YTBOPEHHA MoaudiKoBa-
HOI eTeMeHTapHOI KOMipKu. IlopiBHAHO €JIeKTPOHHI CTPYKTYPHU aTOMiB ByTJIe-
mio B K-(dasi, anmasy Ta rpadirty, AKUX 0epKaHO CHiH-TIOJIAPU30BAHUMU PO3-
paxyarkamu y nakeri Wien2k. Ilpunyimeno emitaxkciaabHuii picT Kpucrasiis
ajaMasy Ipu TepMobapruYHOMY 00POOJIeHH] BUCOKOBYTIIeleBuX cTomis Fe—Al.

PaccuuraHbl cTaHZAPTHBIE SHTAJBIUN O0PA3OBAHUA PA3HBIX dJIEMEHTAPHBIX
Adeek K-(dasbl, BEIITOJHEHO UX CPaBHEHME C YHTAJbIINEN 00pasoBaHUSI MOIU-
dunupoBaHHON sjeMeHTapHON fAueliku. CpaBHEHBI 9JeKTPOHHBIE CTPYKTYPBI
aromoB yriuepoza B K-dase, asmmasa u rpadura, IOJyIeHHBIE B PE3yJIbTaTe
CIIMH-IIOJISPU30BAHHLIX pacuéroB B naketre Wien2k. IIpeamosoxeH smurakcu-
aJbHBIM POCT KPUCTAJJIOB ajiMasa IIPU TepMobapuyecKoii 00paboTKe BHICOKO-
yraepoqucThiX ciiiaBoB Fe—Al.
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1.INTRODUCTION

The most common designation for K-phase is Fe;AlC. Type of crystal
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structure of the K-phase is described in reference literature as: L'1, cu-
bic face-centred crystal lattice with Schoenflies symbol O,' and Her-
mann—Mauguin symbol of space group Pm3m. Average unit cell param-
eteris a =~ 3.75 A. Coordination number M = 5. Coordinates of the atoms
are as follows: 1Al (0O,): 000, 3Fe (Dy): 1/200; | 0.6-0.9 C (O,) by
1/21/21/2[1].

However, actually stoichiometric K-phase has never been observed
[2], and real chemical formula is Fe, ,Al,C, [2], where y = 0.4—1.0, and
x=0.08 to 0.66 [2, 3]. Another attempt [4] was made to achieve stoi-
chiometric composition under high pressure (up to 8 GPa) and high
temperature (up to 2.2 K). It was unsuccessful; examination has shown
that composition of obtained K-phase was Fe;AlC,¢. Besides, in the
bulk of compound, which consisted mostly of the K-phase, colonies of
diamond crystals of 100—200 micrometres in size were found. Spectral
analysis has shown the presence of Fe and Al atoms in these crystals in
theratioof 3to 1.

Caiamond
3— — Ca
L
D) U@ ©

Fig. 1. Scheme of epitaxial growth of Fig. 2. Octahedral pore, in which car-

adiamond on the K-phase. bon is deposited during thermobaric
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Fig. 3. Calculated crystal cells: (a) Fe; ;Al, ;C, (b) Fe; ;Al, ;C (distinct configu-
ration); (¢) Fes 155A10.525Co 55 (d) Fes A1y 5Co 55 (€) FezAlC g6.
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This and also the fact that the difference of lattice parameters of the
K-phase (0= 3.75 nm) and diamond (3.57 nm) is about 5%, allows to
assume that epitaxial growth (or nucleation) of diamonds is possible on
the surface (or inside the volume) of K-phase (Fig. 1). Increase of pres-
sure during the thermobaric treatment will reduce the difference of
parameters even more (0. = 3.69 nm at 7 GPa). The most suitable sub-
strate crystal plane for epitaxial growth of diamonds on K-phase is
[200]. It contains four atoms of carbon, and it has an octahedral pore in
the middle. It is possible that undissolved carbon (K-phase can dissolve
only up to 2/3 carbon atom per cell) is deposited in this pore during the
process of thermobaric treatment (Fig. 2).

As said earlier, K-phase composition varies in a broad range, so first
we investigated different possible unit cells corresponding to different
compositions of K-phase. Linearized augmented plane wave method as
implemented in Wien2k package is used to perform spin-polarized calcu-
lations of the following crystal cells (Fig. 3): Fe;AlC, Fe; 25Al;555Co.55
Fe; Al sCo5, Fes Al sC (two configurations), Fe;Aly¢6Coe6, FesAlC g6-
The last one corresponds to the real K-phase in terms of composition.
Crystal cell parameter is chosen to be 0.375 nm, which corresponds to the
optimal volume of stoichiometric K-phase according to our calculations.
Generalized gradient approximation (Perdew—Burke—Ernzerhof’96) is
used as exchange-correlation potential with cut-off energy equal to -7 Ry
in all calculations. Atomic radii are chosen as follows: for Al, 2.34 a.u.;
for Fe, 1.87 a.u.; for C, 1.66 a.u.

Total energies of corresponding K-phase cells and their constituent
elements are obtained from calculations and then used to compute en-
thalpies of formation of these cells. Obtained values are listed in Table
1. Minimum of studied enthalpies of formation corresponds to the
Fe;AlC, 5 cell. Fe;AlC 46, cell also has low value of enthalpy and most
probably forms when the melt is oversaturated with carbon. K-phase
cell of stoichiometric composition Fe;AlC has higher formation en-

TABLE 1. Standard enthalpies of formation of different compositions of K-
phase.

Unit cell Enthalpy of formation, eV /atom
Fe;AlC -0.03
Fe;AlC 4 -0.0328
Fe;AlC 5 -0.033
Fejs 125Al0.825C0.5 -0.0308
Fe; ;Al, 5Co 5 -0.0244
Fe; ;Al, ;C -0.0286
Fe; sAl,sC -0.0275

“Distinct atomic configuration.
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Fig. 4. Spatial distribution of electron densities in plane [200] of Fe3AlC, ;
(left) and Fe; 155Al5.575Cy 5 (right).

thalpy and thus probability of its formation is lower, which corre-
sponds to experimental data: stoichiometric K-phase has never been
found yet. Fe; ;Al, ;C has even lower probability of formation. Such in-
crease of formation enthalpies with decrease of aluminium contents is
caused by the fact that iron atoms embedded instead of aluminium
form new bonds with iron atoms from octahedral carcass (that sur-
rounds carbon) and, despite this newly formed bonds are slightly
stronger than previous bonds with aluminium atoms, the strength of
Fe—Fe and Fe—C bonds of atoms from octahedral carcass is decreased
(Fig. 4). As aresult, this leads to decrease of stability of K-phase struc-
ture as a whole.

As for the carbon non-stoichiometry, one can see that structures
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Fig. 5. Total electron densities of Fe;AlC (left) and Fe;AlC, 5 (right).
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with carbon non-stoichiometry have more evident minimum of density
of states compared to stoichiometric one, which makes them more
thermodynamically stable (Fig. 5).

Despite the experiment and calculations had shown that Fe;AlC, 5
and Fe;AlC, ¢ are more thermodynamically preferable than Fe;AlC, in
our further calculations we used the last one, because it is much less
computationally expensive. In order to understand whether K-phase
can be a substrate for a diamond, electron densities of graphite, dia-
mond and modified K-phase cell (Fig. 2) (with no pressure and under
pressure of 7 GPa) were calculated. They are compared in Fig. 6. The
calculation shows that with gradual increase in pressure applied to K-
phase (and thus, gradual decrease of lattice parameter) electron densi-
ties of carbon atoms in K-phase become more and more similar to those
in diamonds.

Diamond —— Diamond ——

05 05

DOSs{StaesieV)
L=

DOS(StaesieV)
L=]

05

[+11 05 |

DOS{SiaesleV)
=]

DOS{Staes/eV)
(=]

05 05 }

5]

-20 15 10 5 0 5 10 20 15 10 5 o 5
Energy (eV) Energy (eV}

G, C,

Fig. 6. Comparison of electron densities of graphite/diamond with electron
densities of corresponding carbon atoms of modified K-phase. On the left, C,
atom of K-phase; C, is on the right (see Fig. 2 for atom designation). Dotted
lines stand for K-phase under no pressure, dashed lines for K-phase under
pressure of 7 GPa.
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Several cells with different number of layers of ordinary (varying
from 1 to 4) and modified K-phase were also calculated. Additional
layers of K-phase create additional splitting, but the picture mostly
remains the same. Enthalpies of formation of such unit cells are close
to 0 (varying from —0.008 to —0.01 eV /atom) and are bigger than that
of ordinary K-phase, so, these cells require special conditions to form,
e.g., abundance of the carbon.

2. CONCLUSION

We have made an assumption that K-phase, because its lattice parame-
ter (0.8375 nm) is close to that of diamond (0.357 nm), can be a sub-
strate for a diamond with the substrate plane [200]. We have per-
formed electron densities calculations of K-phase unit cells with addi-
tional carbon atom in the octahedral pore of [200] plane. Calculations
have shown that with gradual increase of pressure electron densities of
carbon atoms from the substrate plane of the modified K-phase become
more and more similar to the electron densities of carbon in diamond.
We also have performed calculations of standard enthalpies of for-
mation that have shown that Fe;AlIC, ; and Fe;AlC,,; have the lowest
enthalpies and thus have the highest probability of formation. The rea-
sons for this are provided in the article. It is worth mentioning that we
have used Fe;AlC unit cell as a basis for modified K-phase because it
has lower computational costs. Formation enthalpies of all calculated
modified K-phase unit cells are slightly higher than that of Fe;AIC,
which means that they need special conditions to form, e.g., abundance
of the carbon.
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