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FORMATION ENERGIES OF COMPLEXES OF HYDROGEN
AND CARBON ATOMS WITH VACANCY IN FCC ALUMINUM
FROM FIRST-PRINCIPLES
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Abstract. The DFT calculations are performed to investigate the interactions of hydrogen and
carbon atoms with vacancy in fee aluminum. The solution energies of hydrogen and carbon atoms
in aluminum, the cohesive energies of these atoms with vacancy and the formation energies of
impurity-vacancy complexes were calculated. We show that the carbon-hvdrogen bonding not only
increases the cohesive energy of carbon-vacancy complex but also makes the vacancy formation
energy negative by forming carbon-hydrogen-vacancy complex.
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1. Introduction. Structural components made from aluminum and its alloys are vital to
aerospace industry and are important in many areas of transportation and structural materials for
their low density and ability to resist corrosion due to the phenomenon of passivation. Generally, the
mechanical properties of solids are sensitive to presence of impurity light atoms. Small concentrations
of impurity atoms in bulk aluminum can drastically change the response of aluminum to external
loading fl 3]. Aluminum has been the subject of various experimental and theoretical investigations
regarding the effects of hydrogen impurities. Two major effects of hydrogen on the properties of
aluminum are hydrogen-enhanced local plasticity [4, 5] and hydrogen embrittlement (HE) [6, 7).
HELP takes places only when the diffusion of H atoms is fast enough to allow them to redistribute
around the core of a moving dislocation (dynamic trapping) and thereby continuously minimize
the system energy [8]. HE is widely known to be caused by the H-enhanced dislocation mobility
[B]. According to the study using of density-functional theory (DFT) of G. Lu and E. Kaxiras
[9], another mechanism of HE is the interaction of hydrogen and vacancy. Hydrogen atoms are
observed experimentally that during hydrogen charging, they immediately interact with vacancies
on the surface of aluminum, forming surface bubbles or resulting in the diffusion of hvdrogen-
vaeaney complexes into the bulk of aluminum [10]. G. Lu and E. Kaxiras suggest that hydrogen
lower the vacancy formation energy and through this it affects on the rate of void formation in
aluminum. However experimental measurement of Shimomura and Yoshida shows new results which
are not completely understood [11]. They use highly pure aluminum for their experiments (very low
concentration of hydrogen impurities left in this sample). The results show that without the removal
of hydrogen, adding carbon to aluminum causes more void formation than adding hydrogen to this
specimen. But the rate of void formation decreases significantly when hydrogen atoms are removed
from aluminum before carbon is added to this specimen. From these results, we can see that small
concentration of hydrogen may result in large effect on void formation, and besides hydrogen, other
light atoms may affect the formation of voids in bulk aluminum. Moreover, for a not highly pure
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aluminum with many light impurity atoms, it is not the interaction of vacancy and hydrogen but
the interactions of point defects including impurity atoms and vacancy play important roles in
the changing of the properties of aluminum. Despite the importance of these interactions, detailed
studies about them are still lacking. It is difficult to determine the concentration of H in bulk Al by
experimental measurements because its solubility is extremely low and the results are dependent
on H charging conditions. In this paper we study the interactions hydrogen, carbon and vacancy
point defects, the forming of the complexes from these defects in fee lattice of aluminum using DFT
which was used successfully for studying the interactions of hydrogen with aluminum [9].

2. Calculation method. The DFT calculations are performed with using of a plane-wave basis
and the projector-augmented wave (PAW) method [12] as implemented in the ABINIT code. The
generalized-gradient approximation [13] is used for the exchange-correlation energy. The plane-wave
Kinetic-energv cutoff Eeut of 800 eV and the k-point meshes for the different 2x2x2 super-cells of
fee lattice are chosen to guarantee an total energy accuracy of 1 meV/atom. We also investigate
the convergence of the formation energies of the complexes of point defects according to Eeut
in the range of 300-800 eV. Molecular dynamic of Nose Hoover thermostat [14] based on the
Verlet algorithm [15] was used with temperature 300 K and then 100 K to determine the atomic
configuration of super-cells with point defects and their complexes at low temperatures. Energetic
characteristics of different configurations were calculated after full relaxation of the super cells using
the Brovden Fletcher Goldfarb Shanno [16] minimization in which the interaction forces between
atoms should not be greater than 2.5 meV/A. For visualization of the positions of octahedral,
tetrahedral interstitial sites and aluminum vacancy we show part of the super-cell that contains
these positions in Fig. 1.

Fig. 1 The part of super cells including impurity atoms at the octahedral and tetrahedral
interstitial sites (the red balls with number 14 and 15 respectively). The aluminum atom with
number 13 will be removed when we perform calculations that relate to the aluminum vacancy.

Because of the lack of experimental data about solution energies of carbon in bulk Al we try
to make our calculations as reliable as possible by a series of systematical tests before choosing the
PAW potentials for aluminun, hydrogen and carbon. The accuracy of PAW potentials is tested by
comparing all the experimental measurements that we can find with our calculated results such as
the lattice constants of FCC aluminum, the bond-length of H-C molecule, the formation energy
of single aluminum vacancy and the solution energy of hydrogen in bulk aluminum. The PAW-
potentials are based on by good reproduction of experimental data and good convergence according
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to the cutoff energy. Our lattice constant of pure FCC aluminum equals 4.13 Awhich is close to the
experimental value (4.05 A) [17]. The results of other testing calculations will be shown below.

3. Results and discussions.
3.1 Solution of hydrogen and carbon in bulk aluminum. The solution energies of a hydrogen atom
or a carbon atom in fee lattice of aluminum are calculated by following formula

Esx = E[XT/° + AI3]-E[AI2]-1/2 sE[X2\. 1)

In Eq. 1 Esx are the solution energies of atom X (X  hydrogen or carbon) at the interstitial
sites in fee lattice, E[XT/° + Al32] is the total energy of the super-cell with impurity atom X at
tetrahedral (T) or octahedral (O) interstitial site, respectively, and E[AI32 is the energy of the
super-cell without any impurity atom. E[ X2\ is the energy of molecule H:2 in the vacuum in the case
X = H or the energy of 2 carbon atoms in diamond lattice in the case X = C. In table 1 we show
the convergence of solution energies Es of the impurity atoms according to Eeut which ranges from
300 eV to 800 eV.

Table 1

Calculated solution energy ES of hydrogen atom (H) and the carbon atom (C)
at tetrahedral (tet) and octahedral (oct) interstitial sites.

Eeut (eV)

Configuration 300 400 500 600 700 800
Es (cV)

H tet 084 076 072 070 069 0.69

H oct 098 090 086 085 0.84 0.83

c tet 319 192 146 131 127 126

c _oct 309 18 140 125 121 120

As we can see from the results of computational calculations showed in table 1, the difference
in solution energies Es according to Eeut for all impurity atoms is not larger than 0.01 eV between
the calculations with Eeut of 800 eV and of 700 eV. So we decide that the eeut of 800 eV gives
us convergent values and we refer to all DFT data below as those calculated with the use of eeut
800 eV.

The value of solution energy of hydrogen at tetrahedral site from experiments ranges from 65
to 71 eV [18 21]. DFT calculations of other authors produce hydrogen solution energies from 69
to 71 eV [22] for tetrahedral site and from 0.76 to 0.82 eV [22] for octahedral site. In the case
of hydrogen adsorption, our results are very close to experimental and theoretical results of other
authors. We do not have published data of the solution energy of carbon in fee aluminum lattice.
From our data we consider that carbon atom’s preference position in bulk aluminum is octahedral
interstitial site.

Because of the fact that the chosen PAW potentials reproduce some good experimental data
which are related to hydrogen and carbon atoms in aluminum FCC lattice, we can say that our
solution energies of carbon in aluminum lattice are reliable for, at least, the prediction of carbon’s
preference interstitial position in bulk aluminum.

According to the solution energies we can say that at 0 K hydrogen atom does not dissolve in
bulk aluminum because its solution energy is positive. However, at room temperature it is observed
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experimentally that about 1000 at. ppm of H atoms can enter Al [23]. For certainty we use carbon
from diamond lattice to calculate the solution energy so it is obviously that the energies of carbon
solution can not be negative. But this does not mean that there are not carbon impurity in bulk
aluminun as we can see from the work of Shimomura and Yoshida [11] mentioned above.

3.2 Interaction of Carbon with a vacancy and a vacancy-hydrogen complex in fee lattice of aluminum.
The formation of complexes of point defects really affects their concentration, diffusibilitv and the
behavior in material. For example, the formation of the complex from hydrogen and vacancy may
significantly increase the concentration of vacancy in aluminum [11]. In order to study the properties
of the complex of point defects it is necessary to determine the atomic structure of this complex
corresponding to minimum energy. This can be done by the relaxation procedure of some beginning
configuration of complex to the equilibrium configuration.

In the case of interstitial impurity solution we know that center of the interstitial site corresponds
to reasonable beginning position of the impurity for relaxation the system to equilibrium configura-
tion. In the case of vacancy, although the space around the aluminum vacancy is symmetric, it does
not mean that the configuration with impurity atom at the center of the vacancy is the equilibrium
one, especially when there are two atoms inside the vacancy. Moreover, if the beginning positions of
atoms are close to some local minimum energy, the optimization process may give us a metastable
configuration. So we need one more step before the optimization to determine the beginning positions
of atoms inside vacancy so that optimization process can give us the equilibrium configuration. It is
the Nose Hoover thermostat [14] with Verlet algorithm [15], the temperature is set to 300K to give
the atom enough energy so that it can move out of or across local minimums, then the movement of
atom is slowed down by setting temperature to 100K. This process makes it possible for the atom
to go to the position where the total energy of the system is the closest to the global minimum. This
process followed by the relaxation with the Brovden Fletcher Goldfarb Shanno minimization [16].
Fig. 2 shows the configurations of a carbon-vacancy complex C-V and a hydrogen-vacancy complex
H-V, which are received by performing the method mentioned above.

The atomic configuration of carbon-hydrogen-vacancy complex (C-H-V) is received by the same
method above including the use of molecular dynamical and systematical relaxation. In this case,
the carbon atom is initially embeded into the center of the vacancy of relaxed H-V complex. The
configuration after relaxation is shown in Fig. 2b. Fig. 3 shows the atomic configuartion of C-H-V
complex after performing the molecular dynamics simulation followed by the relaxation process.
After the optimization, carbon and hydrogen exchange the position with each other. They create C-
H bond in which hydrogen atom turns toward the center of the vacancy and carbon atom associates
with three nearest neighbored aluminum atoms.

Fig. 2. The parts of super cells including the relaxed complexes of impurity atoms and the



HAYYHbIE BEAOMOCTU Cepus: MaremaTtunka. ®Pusmka. 2013. Ne26(169). Bbin. 33 127

vacancy in fee lattice of Al. a the complex of carbon atom (grey ball with number 16) and single
vacancy, b the complex of hydrogen atom (white ball with number 13) and single vacancy.

Thermodynamical profit of developing the number of point defects in a complex is determined
by the cohesive energy of new defect to the complex with smaller size. In our considered complexes,
the cohesive energies are calculated by the following formulas

Ecx~v = E[XT/° + A*32] + E[V + Alsi] ~ E[AI32]- E[X —V + Al131], %)
Ecc-(H-v) =wco+ Al +wH _y +n/31]_ EAlI2]—E [C—H —V + Alzi], 3

Ech-(C-v)=1WHT+AI" +wc _y +n/31]_ e[Al32] —E[C —H —V + Alsi] * 4

Fig. 3. The part of super cells including the carbon-hydrogen-vacancy complex (C-H-V).
Grey ball number 14 is carbon atom and small white ball number 13 is hydrogen atom.

In Eq. 2, 3 and 4 EcX~l is the cohesive energy of X atom (X hydrogen or carbon) with
vacancy V, EcC~"H~X>is the cohesive energy of C with H-V complex, EcH~"C~X"is the cohesive
energy of H with C-V complex, E[AI32] is total energy of the super-cell with 32 aluminum atoms,
E[X7/70 + Al32] is total energy of the super-cell with 32 aluminum atoms and an impurity atom at
tetrahedral T (X H) or at octahedral O (X C) interstitial sites, E[V + Alsi] is total energy of the
super-cell with 31 aluminum atoms and a vacancy, E[X'JV + Alsi] is total energy of the super cell
with atom X connected to the vacancy, E[C H V + Alzi] is total energy of the super-cell with the
molecule C-H inside the vacancy. The table 2 lists the calculated cohesive energies.

Table 2

Cohesive energies ECH~n, Ecc~n, ECCH~| #» and ECH~*c~I 10f H, C atoms to aluminum vacancy,
of carbon atom to H-V complex and of hydrogen atom to C-V complex respectively.

Ec (V)

=0 = EcC-(H-V) Ech-{c-v)

0.39 0.18 0.77 0.98
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Our calculated cohesive energy of hydrogen atom to the vacancy is a little larger than the
theoretical value 0.33 eV [22] but smaller than the experimental values which ranges from 0.43 to
0.53 eV [24 26]. The cohesive energy of carbon atom with the vacancy is 0.18 eV less than the one
of hydrogen with vacancy (0.39 eV), but it is high enough to make sure that C-V complex is stable
one at moderate temperature. Moreover adding a carbon atom to the H-V complex or adding a
hydrogen atom to the C-V complex increases the cohesive energy of these complexes by the same
value 0.59 eV. We can say that both carbon and hydrogen from interstitial sites are easily trapped by
the impurity-vacancy complex to form the C-H bond inside the vacancy. Similar formation of C-H
bond inside vacancy of tungsten was obtained by S. Jin and other co-workers from pseudopotential
plane-wave method [27]. However, the formation effect of such bond in tungsten is weaker than
in aluminum and carbon causes a small decreasing of cohesive energy of hydrogen with vacancy,
the difference is only -0.03 eV. To understand more about how the bond creating between H and
C atoms changes their interaction with the vacancy we investigate the distribution of density of
valence electrons near C-H bond. Fig. 4 shows our calculated distribution of density.

Al Al

Al Al
Al Al

Growth of electron density

Fig. 4. The distribution of electron density around C-V-H complex. The plane of this picture
goes through the positions of carbon atom, hydrogen atom and aluminum atom (atoms with number
14, 13 and 5, respectively in Fig. 3).

In Fig. 4, it can be seen enlarging of the valence density on the line between carbon and hydrogen
atoms. This shows the covalent character of C-H bond in the aluminum vacancy and causes an
interest of comparing this bond with the one in free CH4 molecule. The length of a so-formed C H
bond is 1.11 A, similar to the C H bond length in a CH4 molecule (1.084 A) [28].

3.3. Effects of impurities on formation energy of vacancy. At fixed thermodynamic condition
concentration of vacancy in metal should be constant. However vacancy concentration may be
changed by the interaction with impurity atoms in which different impurity-vacancy complexes are
formed. In the case of aluminum, this phenomenon is experimentally observed by small angle neutron
scattering measurements [10]. In our study, we see that not only hydrogen but also carbon can be
trapped by vacancy turning vacancies into some complexes. The interaction of carbon impurity with
vacancy in aluminum is considered but its mechanism is still unclear from the experimental results of
Shimomura and his co-workers [11]. To keep the free vacancy concentration constant other vacancies
must be created. Probability of vacancy generation depends on its formation energies. The vacancy
formation energies in pure aluminum and in the presence of impurity atoms inside aluminum lattice
are calculated by following formulas:

the
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Ej =E[V+ Al3]]- 31/32 <E[AI3], ®)
Ej[C] =ECC~V-E j, (6)
Ej[H]=EcH~v -E j , )

Ej\C + H\ = Ej[H] - ECC-[HV) » (8)

In Eq. 5, 6, 7and 8 ErF , EV/[C], Et/[H], and Et/[C + H] are the vacancy formation energies in
pure aluminum, in the presence of carbon atom at the octahedral interstitial site of fee aluminum
lattice, in the presence of hydrogen atom at the tetrahedral interstitial site of fee aluminum lattice,
in the presence of both carbon and hydrogen atoms at the interstitial site of fee aluminum lattice,
respectively. Other values in formulas from (5) to (8) were mentioned in previous paragraphs. Table
3 lists our calculated formation energies of the vacancies.

Table 3

Formation engergies of vacancies in pure aluminum - E j , in aluminum with C impurity -
with H impurity - Ej[H] and with both H and C impurity atoms - E.J{H + C].

Ev (eV)
EM EJ[C] Ej[H] EJ[H +(
055 037 0.16 -0.61

Our vacancy formation energy in bulk aluminum is about 2% different from those received by
ab initio calculations of other authors (0.54-0.55 eV) [22, 29, 30] but it is 18% different from the
experimental values (0.63-0.67 eV) [31,32]. However, the experiments are typically performed at
high temperatures to have a measurable concentration of vacancies, while the our DFT calculations
correspond to 0 K. Empirical potential molecular dynamics simulations [33] indicate that the
vacancy formation enthalpy decreases by about 0.08 eV as the temperature decreases from the
melting point of 933 to 0 K. Thus, the "measured” vacancy formation enthalpy at 0 K may be
estimated roughly as 0.63 eV. Based on this estimation, the uncertainty of our vacancy formation
energy is not more than 6%.

As we can see from table 3 that the vacancy formation energy decreases from 0.55 eV with pure
aluminum to 0.37 eV when the vacancy forms the complex with a carbon atom in aluminum. The
same formation energy decreases to 0.16 eV when the H-V complex is formed. This means that it is
easier to form vacancies when there is carbon or hydrogen impurity in the aluminum lattice. But the
formation of vacant node in fee lattice of aluminum releases energy 0.61 eV when the C-H-V complex
is formed. This explains a significant increasing of void concentration in bulk aluminum with the
presence of both hydrogen and carbon defects, which is experimentally observed by Y. Shimomura
and his co-workers [11].

4, Conclusion. Using density functional theory calculations, we investigated the interactions
of impurity atoms and vacancy and the formation of stable complexes of these point defects in fee
lattice of aluminum. The results of this work can be summarized as follows:

- Both hydrogen and carbon atoms can be trapped by vacancy in aluminum. The large cohesive
energy of a hydrogen atom with vacancy leads to the high rate of the hydrogen-vacancy complex
formation, this supports the experimental fact that during hydrogen charging, very little amount
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of hydrogen diffuses into the bulk of aluminum [10]. Hydrogen atoms interact with vacancies on
the surface of aluminum creating hydrogen-vacancy complexes which then diffuse into bulk of
aluminum [10].

- From the decreasing of vacancy formation energies by the presence of impurity atoms we
suggest that the rate of void formation in bulk aluminum will increase. Our assumption is in good
agreement with the experimental results of Y. Shimomura and his co-workers [11] which show that
the presence of both hydrogen and carbon atoms in bulk aluminum make the void concentration be
the largest in comparation with the cases when only carbon atom or hydrogen atom are introduced
to bulk aluminum.

- We found the formation of C-H bond inside aluminum vacancy, which plays an important
role in the interaction of vacancy with impurity atoms. Adding a second impurity to the impurity-
vacancy complex makes the cohesive energy increase by 0.55 eV and the formation energy of vacant
nodes in fee aluminum changes from positive into negative value owing to formation of hydrogen-
carbon-vacancy complex.

Investigating carbon, hydrogen and vacancy point defects in bulk aluminum, we see that not
only the behaviors of each of them affects on the properties of aluminum but the interactions
between them also play important role in the changing of aluminum’s properties. The hydrogen
embrittlement process in aluminum may be significantly affected by the third point defect carbon
atom, besides the vacancy and hydrogen. Because of the important effects of point defects on the
properties of aluminum, more studies about them need to be carried out to improve the performance
of aluminum and its alloys in different invironments.
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