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Abstract

First-principles calculations have been performed to study hydrogen insertion in Ti,AlC and its influence on the
crystal structure and bonds. It has been found that H insertion in interstitial sites of the Ti-Al layers is thermally
favorable and H diffusion along the basal plane is feasible. When H is inserted into tetrahedral interstitial sites (I.,-2)
surrounded by three Ti atoms and one Al atom, the surrounding Ti-Al bonds will be substituted by H-Al and H-Ti
bonds. When H is inserted into hexagonal interstitial sites (I}..,-5) surrounded by three Al and two Ti atoms, the Ti-Al
bonds will be weakened while H-Ti bonds will be formed, at the same time, surrounding Al-Al bonds will be substituted
by H-Albonds, which will result in a change of part of the crystal structure of the Allayers. In comparison, Hinsertion

into octahedral interstitial sites (I,
Al bonds. As a result, H insertion into I
H insertion into I}, -5 and I -
closely depends on its insertion position.
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-3) surrounded by three Ti and three Al atoms has the least influence on the Ti-
-2 will seriously weaken the bonding between the Ti and Al layers while
3 will enhance it. It is considered that the influence of H on the properties of Ti,AlIC

I. Introduction

MAX phases (M, 1AX,, wheren =1, 2 or 3, M is an
early transition metal, A is an A-group element, and X
is either carbon or nitrogen) have a remarkable combi-
nation of attractive properties of both metals and ceram-
ics, such as high bulk modulus, corrosion resistance, high
electrical and thermal conductivities, crack-healing abili-
ty, and easy machinability, etc. 1=5. Therefore, they have
promising applications in various fields, such as high-tem-
perature structural components -8, solid lubricant ma-
terials ?, structural and fuel coating applications in future
fission and fusion reactors 19, and so on. Based on their
unique properties and potential applications, numerous
works have been performed to study properties of MAX
phases. Among them, a large number of works have fo-
cused on the influence of doping on properties, includ-
ing doping in M site, A site or X site. Z.M. Li1l found
that the doping of Al could improve the microwave di-
electric properties of Ti3SiC,, E.D. Wu et al. 12 and H.B.
Zhang et al. 13 reported that the doping of 10at% Al in
Ti3S1C, could form Ti3Sig Al {C, and improveits oxida-
tion resistance, while X.L. Xu’s work 14 indicated that in-
creased Al contentin Ti;3Si1_Al,C, would lower its den-
sity and hardness. T. Cabioch et al. 15 found that the ther-
mal expansion of the c-axis increased with doping of Ge
in Cr,AlC. S. Aryal et al. 16 reported that the formation
of Ti,Al(C,N_,) based on N doping in Ti,AlC would in-
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fluence the mechanical properties, such as bulk modulus,
shear modulus and Young’s modulus.

Besides M, A and X sites, the interstices are also possible
sites for doping, especially for small-size atoms. For exam-
ple, J.R. Xiao et al. 17 reported that He atoms preferred to
be doped in the interstitial sites in the Al layer of Ti3AlC,.
Zhang HF et al. and L.X. Jia et al. 18:19 have studied the
doping of He in interstitial sites of Ti1351C, and found that
He could provoke the fracture failure of Ti53SiC,. Besides
He, it is known that H can also be easily doped in many
solids owing to its smaller size, and the doping of H usu-
ally causes the properties of materials, especially metals,
to deteriorate by inducing embrittlement. Nevertheless,
H.E Zhanget al. and X.D. Ou ez al. 20: 21 reported that the
mechanical response of Ti351C, to H seemed to be differ-
ent from the metals, and the cleavage fracture of Ti3SiC,
would not be obviously affected by the doping of H. In or-
der to examine the feasibility of MAX phases for use in hy-
drogen storage, the doping of Hin Ti3AlC, phases hasalso
been studied in our recent work, and it has been found that
H can be doped and diffused in Ti-Allayers of Ti;AlC, 22.
However, the influence of H doping on the properties of
Ti3AlC, has not been discussed in that work.

Considering the different bonding characteristics be-
tween H-Al and H-Si, the influence of H doping in
M, ;1 AIX, phases may be different from thatin M, {SiX
phases. Therefore, in this work, first-principles calcu-
lations have been performed to study H insertion into
Ti,AlCanditsinfluence on the crystal structure and bonds
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in order to further clarify the effects of H doping on the
properties of MAX phases. As we know, there are mainly
three kinds of MAX phases, which are 211, 312 and 413
phases. The 211 phase Ti,AlC is selected as the object of
this study rather than 312 or 413 phases for the following
reasons. As mentioned above, H atoms prefer to be doped
inM-A layers of the MAX phases. In211 MAX phases, the
neighboring two A layers are separated by two M layers
while they are separated by three and four M layers in 312
and 413 phases, respectively. In other words, 211 phas-
es have the largest M-A layers numbers per unit weight
among all the MAX phases. Therefore, it is deduced that
the influence of H on 211 MAX phases should be more
remarkable than that on 311 and 413 MAX phases.

II. Calculation Methods

The calculations are based on the density-functional the-
ory and performed using the program package CASTED.
Although the generalized gradient approximation (GGA)
is commonly considered to be better than local density
approximation (LDA) for studying many aspects, such
as the bulk properties of materials 23, it has been found
that the calculation results of LDA are in better agree-
ment with experimental data in studying of the hydrogen
insertion in solids 24. Therefore, local density approxima-
tion (LDA) was utilized for structure optimization and
energy calculation in this work. Ti,AlC crystallizes in
a hexagonal structure with space group of P63/mmc, as
shown in Fig. 1. The lattice constants of Ti,AlC are set as
a=2.968 A and ¢ =13.224 A according to the work of A.
Bouhemadou ez al. 25. The atomic positions of Ti corre-
spond to the 4f, Al to 2b, and C to the 2a. The 3 x 3 x 1
supercell which contains 72 atoms is investigated in this
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work. During the calculations, all the atoms in the super-
cell are fully relaxed. Ultrasoft pseudopotentials (USP)
are chosen, the plane-wave cut-off energy of 550 eV is
employed after the convergence test and the self-consis-
tent field (SCF) tolerance was set to 5.0 x 10-7 ¢V/atom.
In addition, Mulliken overlap population analysis is also
performed in all the calculations, which offers the bond
populations in the crystals, and the grids of K-points are
sampled by 6 x 6 x 4.

The formation energies of H atoms insertion in different
sites in T1,AlC are calculated with

EH:

Ef E?o[ -Eor - HT (1)
where 7 is the number of H atoms, E2! is the total energy
of the system doped with » H atoms, E,; is the total
energy of Ti,AlC, and E™: is the total energy of the
hydrogen molecule 26.

For studying the diffusion of H, the linear synchronous
transit (LST) optimization method is used. Itis known that
the LST optimization method is usually used to find the
transition state of a reaction. In this work, the structure
with H in the initial position is considered as the reactant
and the structure with H in the final position is the prod-
uct. During the transition-state-structure research, a se-
ries of single-point energy calculations are performed on
a set of linearly interpolated structures between the re-
actant and the product. The maximum energy structure
along this path provides a first estimate of the transition
state structure. Then, an energy minimizationindirections
conjugate to the diffusion pathway is performed 27. This
yields a structure closer to the true transition state, which
can be used to determine the energy barrier of the diffusion
process.

<
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Fig. 1: Crystal structure of Ti,AlC and interstitial sites considered in this work (a) front view; (b) side view. Small red spheres represent C
atoms, large blue spheres represent Ti atoms and purple spheres represent Al atoms, H atoms are denoted by small green spheres. The dash

lines are just used to show the positions of H.
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III. Results and Discussion

Ti,AlC phases have a layered hexagonal structure with
space group P63/mmc, and they consist of alternating lay-
ers of Al and Ti,C octahedron, while C atoms are located
inan octahedral Tiatoms coordination 28. Therefore, there
is a variety of high-symmetry interstitial sites in Ti,AlC,
and these sites can fall into two categories: the interstices
in Ti-Al layers and those in compact Ti-C layers, as Fig. 1
shows. Although the actual positions for hydrogen inser-
tion in Ti,AlC are uncertain based on the experiment re-
sults, considering the size of H and its insertion in oth-
er materials, the interstitial sites are used as original sites
for H insertion into Ti,AlC during the calculation in this
work. Then the original configurations are relaxed to find
the lowest energy configurations that can be used to de-
termine the actual preferred positions for H insertion. For
Ti-Al layers, there are three kinds of possible interstitial
sites for H insertion: the tetrahedral interstitial site denot-
ed as I,,-1 is surrounded by three Al atoms and one Ti
atom, the tetrahedral interstitial site I ;-2 is surrounded
by three Ti atoms and one Al atom, and the octahedral in-
terstitial site I -3 is surrounded by three Ti atoms and
three Al atoms. They are illustrated as number 1, 2 and
3, respectively in Figs. 1a and b. For Ti-C layers, given C
atoms have occupied the octahedral interstitial sites, only
the tetrahedral interstitial site formed by Ti atoms which
is designated as I,..,-4 is considered to be the original site
for H insertion during the calculation. It is illustrated as
number 4 in Fig. 1.

The formation energies for H insertion into different in-
terstices are calculated with Equation (1) and the results are
shown inTable 1. It can be seen that the formation energies
for all interstitial sites in Ti-Al layers are negative, indicat-
ing that it is thermally favorable for H insertion into Ti-
Allayers. Among all the interstitial sites, I .;,-2 is the most
preferred position with the H insertion energy of -0.58 eV
and the next one is I.-3. However, the difference in the
formation energies between these two sites is only 0.05 eV.
The formation energy for H insertion into the I ;.- 1 site is
-0.38 ¢V, indicating that H insertion into I -1 is thermal-
ly less favorable. In Ti-C layers, it is noticed that H can-
not stay stable at the I, -4 site and will move to n adja-
cent I.,-2 site after the relaxation. This further confirms
that H atoms will not be inserted into M-X layers but pre-

fer to be inserted in M-A layers as found in the previous
works 20,22,

Table 1: Formation energies for H insertion in different
interstices of Ti,AlC.

Sites for H Ti-Al layer Ti-C

layer

insertion Liei-1 L2 Ioe-3 L4
E¢ (eV) -0.38 -0.58 -0.53  unstable

The relaxed structures of H insertion in different sites
of Ti-Al layers are shown in Fig.2. It can be seen from
Fig. 2a that, actually, H at I,;-1 in original configuration
moves to the Al layer after the optimization, and is lo-
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cated in the hexagonal interstice surrounded by three Al
atoms and two Ti atoms (this interstice will be designat-
ed as I}.,-5 in the following sections). The bond popula-
tions and bond lengths shown in Table 2 demonstrate that
H simultaneously bonds with Ti and Al atoms to form co-
valent bonds, and H-Al bond is stronger than H-Ti bond,
as shown in Fig. 2d. It is interesting to note that the bond-
ing between the three Al atoms and the two Ti atoms sur-
rounding the H atom will be changed remarkably after H
insertion in Iy ..,-5. In the Allayer, the surrounding Al-Al
bonds will be substituted by H-Al bonds. According to
these results, it can be deduced that, if H atoms can insert
into all Tj,.,-5 sites in Al layers, the structure of Al lay-
ers will be changed from Fig. 3a in which Al atoms form
a closed-packed hexagon to Fig.3b in which H and Al
atoms form a hexagon structure that is similar to that of
C layer in graphite. However, owing to the impossibility
of Hinsertion into all the hexagonal interstitials, only part
of the crystal structure changed into the structure shown
in Fig.3b is possible. At the same time, it is also found
from Table 2 that the bond populations of Al-Tibonds will
be decreased from 0.33 to 0.22, which indicates that the
strength of the surrounding Al-Tibonds will be weakened
after Hinsertion into I},.,-5. However, the newly formed
H-Ti bonds can offset the weakness of Al-Ti bonds. As a
result, itis considered that H insertion into I} -5 will en-
hance the bonding between Al and Ti layers.

For Hinsertion into I -2, its relaxed position is close to
the center of I;.;,-2 as shown in Fig. 2b. The bonds shown
in Fig. 2e and the bond populations in Table 2 demonstrate
that H and Al atoms are bonded to form strong covalent
bond. For H-Ti bonds, the bond populations are -0.03, in-
dicating that H bonds with the three surrounding Tiatoms
to form weak ionic bonds. At the same time, the surround-
ing Ti-Al bonds disappear. In addition, unlike H insertion
into Ij...-5, H insertion into I.,-2 will not change the
structure of the Al layer. Therefore, if all I ;-2 positions
are occupied by H atoms, the structure and bonding of Al
layers should be changed into Fig. 3¢ and d. Although the
single H-Albond in Fig. 3c and d is stronger than the origi-
nal Ti-Al bond, the number of broken Ti-Al bonds is three
times that of the newly formed H-Al bonds. As aresult, it
is considered that the bonding between Al layers and Ti
layers will be seriously weakened after insertion of H into
Itetr'z'

For the H atom at I ,.-3, it is almost relaxed to the inter-
stice center and bonds with all the surrounding Ti and Al
atoms as shown in Figs. 2c and {. In this case, H-Ti bonds
are a little stronger than H-Al bonds as the bond popu-
lations in Table 2 shows. Although the strength of the Ti-
Al bonds is also weakened by H insertion, the degree of
this weakening is much smaller than that caused by H in-
sertion into Ijey,-5 and I,.-2. Therefore, H insertion in-
to I -3 will have the least influence on the Ti-Al bonds.
At the same time, the surrounding Al atoms will move out
and the bonding between them will disappear. Consider-
ing the newly formed H-Tiand H-Al bonds, it is deduced
that H insertion into I -3 will also enhance the bonding
between Al and Tilayers.
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Fig. 2: Lowest-energy positions for H insertion in Ti,AlC and the bonds surrounding the H atom (a, d) H insertion in I} .,-5; (b, €) H insertion
in I;=2; (¢, f) H insertion in I -3. Small red spheres represent C atoms, large blue spheres represent Ti atoms and purple spheres represent
Al atoms, H atoms are denoted by small green spheres and dash lines represent the bonds surrounding the H atom.
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Fig. 3: Schematic diagram of the structure and bond change of Al layers if H atoms are inserted in all the Ij.,,-5 or ;.2 sites in Ti,AlC (a)
structure and bonds of Al layers in Ti,AlC; (b) structure and bonds of Al layers after H insertion in I} ,-5; (c, d) structure and bonds of Al
layers after H insertion in I ,-2: top and side view.
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Table 2: Bond populations and lengths (A) for bonds surrounding the H atom in the Ti-Al layer.

Configurations Bond populations (lengths)
Al-Ti Al-Al H-Ti H-Al
Virgin slab 0.33 (2.773) 0.15 (2.968) - -
Fig.2a and d 0.22 (2.844) Broken 0.14 (2.108) 0.22 (1.908)
Fig.2b and e Broken 0.18 (2.975) -0.03 (1.848) 0.45 (1.673)
Fig. 2c and f 0.30 (2.796) Broken 0.15 (1.983) 0.09 (2.121)

It has been well acknowledged that the properties of sol-
id materials correlate closely to crystal structure, electron-
ic structure and bonding properties as well 29. For MAX
phases, they usually have strong covalent bonding be-
tween M and X, and relatively weak bonding between M
and A 30. The M-X blocks contribute more to the high-
temperature strength and structural stability 18, while A
layers will be easily moved owing to the weak bonding be-
tween A and M layers, which contributes to many prop-
erties, such as the damage tolerance, self-lubricating prop-
erty, micro-scale plastic deformation, fracture properties,
and so on2% 31 -34 For example, it has been reported
that the low hardness of Ti,AlC and Ti;AIC; can be un-
derstood based on an easy basal plane slip derived from
the layered structure and the relatively weak coupling be-
tween TiC slabs and Al planes 2. N.I. Medvedeva ez al. 32
also suggested that the weak bonding between Ti and St
layer in Ti3SiC, favors plasticity. And by studying the
cleavage fracture in Ti3SiC,, N.I. Medvedeva et al. 33 fur-
ther confirmed that the cleavage fracture in Ti3SiC, tends
tooccur between Tiand Silayers. Based on their worksand
the above results, it can be deduced that H insertion should
not obviously influence the high-temperature strength of
Ti,AlC owing to its unfavorable insertion in Ti-C layers.
On the other hand, its influence on the properties related
to Ti-Allayers depends on the position of Hinsertion. If H
atoms are inserted into I -2, like He insertion in Ti3S1C,
as reported by X.E. Zhang e al. 18, it is considered that the
fracture failure of Ti,AlC will be provoked owing to the
obvious weakness of the bonding between Al and Ti lay-
ers, and Young’s modulus and hardness will correspond-
ingly decrease. However, the properties attributed to the
weak bonding between Ti and Al layers, such as the self-
lubricating property, will be improved. Contrary to H in-
sertion into I,,-2, H insertion into Ij.,-5 and I -3 will
enhance the properties related to the strong bonding be-
tween Al and Ti layers.

According to all the results above, it can be seen that con-
trolling the position of H insertion is essential for regulat-
ing its influence on the properties of Ti,AlC, while the dif-
tusion of H is important for the process. Therefore, in the
following section, H diffusion is studied based on the LST
optimization method. As mentioned above, H will main-
ly be inserted into Ti-Al layers of Ti,AlC. Therefore, the
diffusion of H into Ti-Al layers is only considered in this
study. And two cases are considered: H diffusion along
the basal plane and the c-axis, respectively. On the basis of
the results shown in Table 1 and Fig. 2, the diffusion paths
along the basal plane are set as following: H firstly diffus-

es from a I} ..,-5 site to an adjacent I -3 site (designated
as Path 1), then it diffuses from the I -3 site to an adja-
cent I ,-2 site (designated as Path II). Finally, it diffuses
from the I,.,-2 site to an adjacent I} .,,-5 site (designated
as Path III). The whole paths are shown in Fig. 4a and the
calculated results are shown in Fig. 4b. For diffusion of H
along the c-axis, the most possible path should be the dif-
fusion from a I.-3 site to an adjacent I ,.-3 site as Fig. 4a
shows (designated as Path IV), and the results are shown
in Fig. 4c.

For H diffusion along the basal plane, it can be seen from
Fig. 4b that the energy barrier for diffusion from a I} .y,-
5 site to an adjacent I -3 site is 0.53 eV, whereas the op-
posite path should be 0.69 eV according to the results in
Table 1. The diffusion of H from I -3 site to an adjacent
L o2 site is easier with the energy barrier of 0.36 €V, while
the opposite path is also easy with the energy barrier of
0.41 eV. However, it is noticed that the diffusion between
a Lior-2 site and a Tj..,-5 site is difficult. The energy bar-
rier for H diffusion from a I -2 site to an adjacent Iy, .-
5 site is 1.08 eV and the opposite path is 0.87 eV. There-
fore, itis considered that H diffusion along the basal plane
should have mostly occurred betweenI -2 sitesand I, -
3 sites, while once doped in Tj,.y,-5 sites, H atoms will be
trapped in the interstices. Ithas been reported that the acti-
vation energy of Hdiffusionino-Tiis 0.51 eV according to
X.L. Han’s work 3, and the experimental studies by R.]J.
Wasilewski et al. 36 and T.P. Papazoiglou et al. 37 gave even
higher activation energy of 0.54 and 0.64 €V, respectively.
It can be seen that H diffusion along the basal plane be-
cerr-2 sites and -3 sites in Ti,AlC is easier than
that in «-Ti. This result is in agreement with the finding
of H diffusion in Ti3AIC, in which H diffuses even much
more easily along the basal plane in Ti-Al layers owing to
the less compact structure of Ti3AlC, 22.

tween |

For H diffusion along the c-axis, it is found from Fig. 4c
that the energy barrier fromal, -3 site to anadjacentI -
3 site (Path IV) is 1.06 eV, which is larger than that from
a Ioct_
adjacentI -3 site (this pathisshowninFig. 4aby red dash
line and designated as Path V). Therefore, Path V is more
possible than Path IV for H diffusion along the c-axis but
the diffusion is still more difficult than that along the basal
plane.

3 site to an adjacent I} ..,-5 site and then to another
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Fig. 4: The diffusion of H atoms in Ti-Al layers of Ti,AlC (a) possible diffusion paths; (b) diffusion energy profiles and barrier energies (eV)
for H diffusion along the basal plane; (c) diffusion energy profiles and barrier energies (eV) for H diffusion along the c-axis.

IV. Conclusions

In summary, first-principles calculations have been per-
formed to study hydrogen insertion in Ti,AlC and its in-
fluence on the crystal structure and bonds. It is found that
H insertion into interstitial sites of Ti-Al layers includ-
ing the tetrahedral interstitial sites (I;o;,-2) surrounded by
three Ti atoms and one Al atom, the octahedral intersti-
tial sites (I,.-3) surrounded by three Ti atoms and three
Al atoms, and the hexagonal interstitial sites (I},oy,-5) sur-
rounded by three Al and two Ti atoms is thermally fa-
vorable. When H atoms are inserted into I;,-2, the sur-
rounding Ti-Al bonds will be substituted by H-Al and
H-Ti bonds. When H atoms are inserted into Ij..,-5, the
strength of the Ti-Al bonds will be weakened while H-Ti
bonds will be formed, at the same time, Al-Al bonds in Al
layers will be substituted by H-Al bonds, and part of the
crystal structure of Al layers will also be changed accord-
ingly. In comparison, H insertion into I -3 has the least
influence on the Ti-Al bonds. As a result, H insertion into
Liety-2 will seriously weaken the bonding between the Ti
and Allayers while H insertion into Ij.y,-5 and I,.-3 will
enhance it. Therefore, it is considered that the influence of
H on properties of Ti,AlC closely depends on its inser-
tion position. The LST optimization study shows that H

diffusion along the basal plane in the Ti-Al layers is feasi-
ble, while the diffusion along the c-axis is difficult.
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