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Abstract

The equilibrium structural parameters, enthalpies of formation and partial densities of state for Ti5Si3 and Ti5Si3Z0.5 (Z= B, C,
N or O) were calculated based on ®rst-principle techniques. Enthalpy of formation calculations suggest that of the known structures
for transition metal (TM) silicide compounds containing TM5Si3 (D88, D8l and D8m) the D88 structure is the most stable form of

Ti5Si3, and the stability of the structure increases as Z atoms are added. The theoretically determined structural trends as a function
of interstitial element, Z, agreed well with experimentally determined values. Both indicate bonding between Ti and Z atoms based
on contraction of Ti±Z separations. The calculated partial densities of state suggest that p(Si)±d(Ti) and d(Ti)-d(Ti) interactions are

responsible for most of the bonding in pure Ti5Si3, which agrees with previous studies. As Z atoms are added, p(Z)±d(Ti) interac-
tions become signi®cant at the expense of weakening some of the d(Ti)±d(Ti) interactions. # 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Interest in M5Si3 intermetallics (M= transition metal
of groups III±VI) which began in the 19500s and con-
tinues today is primarily a result of their high melting
points (>2000�C), wide homogeneity ranges and large
alloying potentials. Nowotny and coworkers performed
much of the early characterization of these materials [1±
3]. The crystal structures were determined to be either a
hexagonal Mn5Si3-type (D88, M= Sc, Ti, Mn, Y), tetra-
gonal Cr5B3-type (D8l, M= Cr, Nb, La, Ta) or tetra-
gonal W5Si3-type (D8m, M= V, Mo, W). Additionally,
Nowotny discovered that all of these M5Si3 compounds,
except La5Si3, reverted to the hexagonal form in the pre-
sence of boron, carbon, nitrogen, or oxygen [1]. M5X3

compounds stabilized in the hexagonal structure by
ternary additions have since become known as Nowotny
phases [2]. Experimental observations also suggested

that carbon was most e�cient and oxygen least e�cient
in stabilizing the hexagonal structure. However, no direct
experimental or theoretical evidence currently exists which
explains why this stabilization occurs.
Although experimental evidence suggests that Ti5Si3

does not require ternary additions to form the hexagonal
structure, recent work has shown that small additions of
carbon have a signi®cant e�ect on the crystal structure,
thermal expansion and high temperature oxidation
resistance [4,5]. In fact, by adding carbon to the struc-
ture, Ti5Si3 becomes a considerably more promising
material for engineering applications [6,7] by reducing
the anisotropy of thermal expansion and increasing
oxidation resistance. However, little is known why car-
bon additions have such a striking e�ect on these prop-
erties. The goal of this study is to combine experimentally
determined structural data with ®rst-principle electronic
calculations to understand bonding changes that occur
with the addition of boron, carbon, nitrogen or oxygen to
Ti5Si3. Determining these bonding changes will aid in
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understanding and predicting the changes that occur in
the thermal and electronic properties.
No previous ®rst-principle calculations have been

attempted on ternary Ti5Si3Zx (Z= B,C,N or O); how-
ever, two studies do exist on binary Ti5Si3. The ®rst
study, by Long and Chong [8], used a semi-empirical
tight binding energy band method with the extended
HuÈ ckel approximation to calculate band structure and
density of states (DOS). They concluded that bonding±
antibonding in Ti5Si3 is primarily a result of d(Ti)±p(Si)
interaction above and below the Fermi energy (Ef) as
well as d(Ti)±d(Ti) interactions spanning energies
around Ef. These orbital interactions are very typical of
transition metal silicides in general and explain their
good electrical conductivity [9,10]. The second study, by
Ekman and Ozolins [11], made calculations based on
the full potential version of the linear mu�n tin orbital
(LMTO) method. Their conclusions of d(Ti)±p(Si) and
d(Ti)±d(Ti) hybridization were identical to those above.
However, their electron density maps suggest that all
Ti±Si interactions in Ti5Si3 are multi-centered bonds as
opposed to simple two-atom covalent bonds. The study
also calculated the equilibrium volume, bulk modulus
and enthalpy of formation, all of which were only
slightly lower than the experimental values.
This study used the LMTO method with the atomic

sphere approximation (ASA) to calculate the angular-
momentum decomposed electronic DOS, but unlike the
previous studies, equilibrium lattice parameters and
atomic positions were also calculated. These calculations
were made for Ti5Si3, Ti5Si3Z0.25 and Ti5Si3Z0.5

(Z=B,C,N or O) and compared to experimentally
determined values. Heats of formation were also calcu-
lated for most compositions including Ti5Si3 in the equi-
librium Mn5Si3 structure (D88) as well as in the possible
alternate structures of W5Si3 (D8m) and Cr5B3 (D8l).

2. Crystal structure of Ti5Si3

Fig. 1 gives the hexagonal structure of Ti5Si3. The
unit cell contains two distinct titanium sites and one
silicon site: Ti at 4d sites at (1/3, 2/3, 0); Ti at 6g sites at
(xTi, 0, 1/4); Si at 6g sites at (xSi, 0, 1/4).
Theoretical calculations were based on this unit cell,

which contains two formula units of atoms (i.e. Ti10Si6).
The Ti4d atoms form a linear chain parallel to the c-axis,
and the Ti6g atoms form a chain of face-shared trigonal
antiprisms along the c-axis. The silicon atoms form a
chain of distorted face-shared trigonal antiprisms par-
allel to the c-axis such that one Ti4d site is at the center
of each antiprism. This structure leads to an ABAC
stacking sequence along the c-direction. The B and C
planes consist of Ti6g and Si atoms, which form the
shared faces of the antiprsims, and the A planes consist
solely of Ti4d atoms. The Z atoms are thought to occupy

the interstitial region at the center of the antiprism
formed by the Ti6g atoms, and hence, would also lie in
the A plane with the Ti4d atoms.
Strong experimental evidence exists to support the

assertion that Z atoms occupy this interstitial site. Neu-
tron di�raction studies of Mo5Si3C by Parthe et al. [3]
and of Ti5Si3Hx by Kajitani et al. [12] as well as single
crystal x-ray di�raction studies of La5Ge3Ox by Guloy
and Corbett [13] and of Er5Si3Cx by Al-Shahery et al.
[14] all agree that occupation of this antiprismatic inter-
stice by Z atoms is most probable. Thus, the solubility of
Z in Ti5Si3 should vary from zero to the stoichiometric
limit of Ti5Si3Z1 (there are only two antiprismatic inter-
stices in the unit cell, which is equivalent to a maximum
of one Z atom per formula unit). This is in full agreement
with the actual solubility limits of C,N or O in Ti5Si3 as
measured by di�usion couple experiments [15,16].

3. Theoretical approach

Calculations to determine the stable structure were
made within the local density approximation [17] by
using the Hedin±Lundqvist [18] form for the local
exchange and correlation potential. Electronic Bloch

Fig. 1. D88 crystal structure of Ti5Si3: (a) 001 orthographic projection

of lattice with highlighted trigonal antiprisms; (b) depiction of the face-

sharing of the trigonal antiprisms along the c-axis. Z atoms sit at the

center of the trigonal antiprisms formed by six surrounding Ti6g atoms.
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states [19] were expanded as a mixed basis set with norm
conserving scalar-relativistic pseudopotentials [20] used
for the constituent elements. Relaxation of atomic
coordinates was facilitated by computing the Hell-
mann±Feynman forces [21] acting on the atoms. A
Broyden algorithm for estimating and updating this
force matrix was used to predict the new atomic coor-
dinates during the relaxation process. The atomic posi-
tions and lattice parameters were fully relaxed to the
true equilibrium structure. Using these calculated equi-
librium lattice parameters, electronic densities of state
(DOS) were calculated by the LMTO-ASA method. To
improve e�ciency and accuracy of the calculations,
unoccupied octahedral interstices were ®lled with empty
spheres. For Ti5Si3, the radius of these spheres was set
to 0.7 times the radius of the Ti atom. For Ti5Si3Zx, the
radius was set to the radius of the Z atom, which ranged
from 0.68 to 0.7 times the radius of the Ti atom. Heats
of formation were also calculated (see Section 5.1).

4. Experimental approach

All Ti5Si3Zx samples were synthesized by arc-melting.
The starting materials included sponge titanium (Timet,
99.7%), silicon pieces (Alfa ásar, 99.9999%), spectro-
graphic grade graphite electrodes for carbon, boron
pieces (Alfa ásars, 99.5%), titanium nitride for nitro-
gen (Johnson Matthey, 99.8%) and titanium dioxide for
oxygen (Fischer Scienti®c, 99.8%). Arc melting was done
in a ultra-high-purity argon atmosphere on a water-chil-
led copper hearth. Samples were melted at least three
times via a non-consumable tungsten electrode. Total
weight losses after arc-melting were typically much less
than 0.5 wt.%.
Arc-melted samples were then ground to <20 mm and

mixed with a silicon line position standard (NIST SRM
640b). Room temperature X-ray di�raction spectra were
obtained from a Scintag di�ractometer with solid state
detector. Room temperature neutron di�raction spectra
were obtained from the Missouri University Research
Reactor (MURR) using a curvedGemonochromator and
position sensitive detector. Rietveld analysis software
(GSAS, Los Alamos National Laboratory, 1985) was
used to calculate the lattice parameters and the two vari-
able atomic coordinates, xTi and xSi. Oxygen and nitrogen
content weremeasured on a Leco TC-436 analyzer; carbon
content was measured on a Horiba EMIA-520 analyzer.

5. Results and discussion

5.1. Enthalpy of formation

The enthalpies of formation were calculated from
total energies, E, according to: H� ETi5Si3Zx

ÿ Si�XiEi�,

where Xi is the concentration of the ith elemental com-
ponent. The total energies of the elements, Ei, were cal-
culated using their most stable structures: titanium (P63/
mmc), silicon (Fd-3m), boron (R-3m) and graphite (P63/
mmc), as well as O2 and N2 gas. For Ti5Si3Zx, total ener-
gies, ETi5Si3Zx

, were calculated using the relaxed atomic
positions and lattice parameters that were determined by
the pseudopotential method described in Section 3.
Table 1 lists the results of these calculations. Of the

three possible crystal structures in which M5Si3 com-
pounds form, the D88 structure has the largest negative
value. Thus, these calculations agree with experimental
observations that suggest that the D88 structure is the
most stable structure for Ti5Si3. In most other M5Si3
compounds, where M is heavier than Ti, the D88 struc-
ture only becomes favorable in the presence of inter-
stitial atoms. As an example, Mo5Si3, which exists in the
D8m structure, converts to the D88 structure when car-
bon is added. In a study by Fu et al. [22], calculations of
enthalpies of formations did correctly suggest that in
agreement with experimental evidence, Mo5Si3 should
form in the D8m structure instead of the D88 and D8l
structures. Thus, this study provides further support that
theoretical calculations of the enthalpy of formation can
be used to predict which crystal structure is most stable.
As seen in Table 1, the enthalpy of formation

becomes more negative, as more carbon or boron is
added to the lattice. This suggests that these interstitial
atoms, in accordance with experimental observations,
do increase the stability of the D88 structure. A com-
parison of the enthalpy of formation of Ti5Si3 with that
of Ti5Si3Z0.5 indicate Ti5Si3C0.5 is 3% more negative,
Ti5Si3N0.5 is 7% more negative and Ti5Si3O0.5 is 38%
more negative than Ti5Si3. This trend agrees well with
experimental values of the Gibbs energy of formation at
1100�C for Ti5Si3Z. As reported in Goldstein et al. [16],
Ti5Si3C is 5% more negative, Ti5Si3N is 11% more
negative and Ti5Si3O is 41% more negative than Ti5Si3.

5.2. Equilibrium structural parameters

Theoretical and experimental structural parameters are
given, respectively, in Tables 2 and 3. The theoretical

Table 1

Calculated enthalpies of formation

Composition Structure Enthalpy, eV/f.u.

Ti5Si3 D8l ÿ6.060
Ti5Si3 D8m ÿ6.170
Ti5Si3 D88 ÿ6.410
Ti5Si3B0.25 D88 ÿ6.604
Ti5Si3B0.5 D88 ÿ7.104
Ti5Si3C0.25 D88 ÿ6.625
Ti5Si3C0.5 D88 ÿ7.251
Ti5Si3N0.5 D88 ÿ6.866
Ti5Si3O0.5 D88 ÿ8.870
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lattice parameters underestimate the experimental lat-
tice parameters by 0.6±1.6% as is common for this
method of calculation. However, the normalized trends
between experimental and theoretical values are in good
qualitative agreement, particularly for the change in c-
axis as a function of interstitial content. Boron and
carbon, being the larger atoms, expand the ``c''-lattice
parameter; whereas, the smaller oxygen and nitrogen
contract it. The agreement between theoretical and
experimental trends in the ``a''-lattice parameter is not
quite as good. Based on experimental measurements, all
but boron contract the ``a''-lattice parameter; although
theoretical calculations show all but oxygen expand the
``a''-lattice parameter. The reason for this discrepancy
may be due to the underestimation of the lattice by
theoretical calculations, although additional research is
necessary to con®rm this assertion.
Based on the experimental and theoretical structural

parameters, nearest-neighbor atomic separations were
calculated in order to infer bonding changes as inter-
stitial atoms are added to Ti5Si3. Fig. 2 shows the
change in nearest-neighbor atomic separations as car-
bon is added to Ti5Si3. In general, all studied interstitial
additions led to changes similar to those seen in Fig. 2.
There is very good qualitative agreement between the
experimental and theoretical changes in atomic separa-
tions as a function of interstitial content. The most
striking e�ect of interstitial atoms is to contract the
Ti6g±Ti6g and Ti6g±Z separations and to expand the
Ti6g±Si separations. This suggests bonding between the

Table 3

Measured structural parameters for Ti5Si3Zx
a

Zx a (AÊ ) c (AÊ ) xTi
a xSi

a

O0.02 7.4601(1) 5.1510(1) 0.2507(3) 0.6067(2)

B0.24 7.4670(2) 5.1722(2) 0.2495(3) 0.6076(5)

B0.47 7.4781(1) 5.1788(1) 0.2478(3) 0.6053(5)

C0.25 7.4497(1) 5.1596(1) 0.2446(3) 0.6032(2)

C0.47 7.4415(1) 5.1687(1) 0.2391(3) 0.6004(2)

N0.27 7.4387(1) 5.1453(1) 0.2439(2) 0.6049(3)

N0.46 7.4273(1) 5.1543(1) 0.2379(3) 0.6025(5)

O0.22 7.4469(2) 5.1410(1) 0.2454(2) 0.6041(2)

O0.4 7.4342(1) 5.1334(1) 0.2419(2) 0.6015(2)

a Values for the x coordinates of the 6g Ti (xTi) and 6g Si (xSi) sites

are in fractional units.

Table 2

Calculated structural parameters for Ti5Si3Zx
a

ZX a (AÊ ) c (AÊ ) xTi
a xSi

a

± 7.377 5.084 0.2473 0.6063

B0.25 7.4027 5.1079

B0.5 7.4101 5.1130 0.2470 0.6023

C0.25 7.3775 5.0892

C0.5 7.3925 5.0956 0.2400 0.6023

N0.25

N0.5 7.3834 5.0746 0.2410 0.6025

O0.25

O0.5 7.3730 5.0829 0.2440 0.6025

a Values for the x coordinates of the 6g Ti (xTi) and 6g Si (xSi) sites

are in fractional units.

Fig. 2. Change in atomic separations as carbon is added to Ti5Si3. Dotted lines represent theoretical calculations, solid lines represent experimental data.
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Fig. 3. PDOS's for Ti5Si3 and Ti5Si3Z0.5. Thick, black lines represent Si states; thick, grey lines are Z states; thin, black lines are Ti6g states; thin,

grey lines are Ti4d states.
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Ti6g and Z atoms and a possible weakening of bonding
between the Ti6g and Si atoms. Furthermore, the theo-
retical calculations suggest that these changes are
strongest for carbon. Thus, carbon atoms may be more
strongly bonded with the Ti than the other interstitial
atoms.

5.3. Densities of state

Fig. 3 gives the partial densities of state (PDOS's) for
each of the atoms in Ti5Si3 and Ti5Si3Z0.5. The calcu-
lated densities of state for Ti5Si3 qualitatively agree with
the previously mentioned studies by Long and Chong
[8] and Ekman and Ozolins [11]; that is, the region from
ÿ2 to ÿ5.5 eV is dominated by d(Ti)±p(Si) mixing, and
the region at the Fermi level (0 eV) to ÿ2 eV is domi-
nated by d(Ti) states. These d(Ti) states most likely

consist of both bonding and non-bonding electrons.
Also, little mixing occurs with the s(Si) states from ÿ6.5
to ÿ10.5 eV.
As boron, carbon, nitrogen or oxygen is added to the

lattice, mixing occurs primarily between the interstitial
atom's p-state and the surrounding Ti6g atom's d-state.
This is shown in Fig. 4 for interstitial carbon and oxy-
gen atoms, which is a plot of the cumulative area of the
di�erence between the PDOS's of Ti5Si3Z0.5 and Ti5Si3.
A positive slope in Fig. 4 indicates an increase in the
PDOS of an atom in Ti5Si3Z0.5 compared to that same
atom in Ti5Si3. Similarly, a negative slope indicates a
decrease and a zero slope indicates no change in the
PDOS's in Ti5Si3Z0.5 relative to Ti5Si3. Thus, as seen in
Fig. 4, addition of 0.5 formula units of oxygen leads to
an increase of about 0.3 states for each Ti6g atom at ÿ6
to ÿ7 eV which corresponds exactly to the position of

Fig. 4. (a) Cumulative area of the di�erence between the DOS of an atom of Ti5Si3O0.5 and the DOS of that same atom in Ti5Si3. (b) Cumulative

area of the di�erence between the DOS of an atom in Ti5Si3C0.5 and the DOS of that same atom in Ti5Si3. Large, positive slopes in the Ti6g curves

correspond exactly in energy to the position of the interstitial atom's p-state. Smaller features in these ®gures are due to slight changes in the Fermi

level as interstitial atoms are added to Ti5Si3.
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the oxygen p-band. Also, addition of oxygen leads to a
reduction of 0.1 states per Ti6g atom at ÿ4.5 to ÿ5 eV
and a reduction of 0.25 states per atom at ÿ0.5 to ÿ2
eV which corresponds to areas of d(Ti)±p(Si) and d(Ti)±
d(Ti) interaction, respectively.
Furthermore, little change occurs between the

PDOS's of Ti4d and Si atoms in Ti5Si3O0.5 relative to
Ti5Si3. Based on these observations, addition of oxygen
to Ti5Si3 leads to the formation of d(Ti6g)±p(O) bonds
at the expense of d(Ti6g)±d(Ti6g) interaction and to a
lesser extent, d(Ti6g)±p(Si) interaction. However,
d(Ti4d)±d(Ti4d) and d(Ti4d)-p(Si) interactions remain
relatively una�ected.
The e�ect of carbon addition is similar in that Ti6g

atoms show the most dramatic redistribution of elec-
tronic states. Also, the increase in states of the Ti6g

atoms coincides in energy with the carbon p-states (ÿ2
to ÿ5 eV) and the decrease in states of Ti6g atoms coin-
cides with states associated with d(Ti6g)±d(Ti6g) interac-
tion (ÿ0.5 to ÿ2 eV). However, unlike oxygen (and
nitrogen), the carbon p-band is considerably broader
and is located at similar energy levels as the Si p-band
(ÿ2 to ÿ5 eV).
Although not shown, the e�ect of nitrogen additions

is very similar to that of oxygen additions. Boron addi-
tions, however, leads to a redistribution of Ti6g states
around boron's s-band, which is located at ÿ6 to ÿ7 eV.
The majority of boron's p-states are located at ÿ1 to ÿ2
eV, where d(Ti)±d(Ti) interactions predominate.
Finally, although d(Ti6g)±p(Z) bonding apparently

forms at the expense of d(Ti6g)±d(Ti6g) interactions, no
signi®cant change in DOS occurs at the Fermi level for
all studied compositions. Also, although not obvious in
Figs. 2 and 3, the overlap between Ti4d and Si atoms
increases slightly as interstitial atoms are added to
Ti5Si3. This may suggest an increase in bonding between
Ti4d and Si atoms.

6. Conclusions

Based on enthalpy of formation calculations, the D88
structure appears to be the most stable structure for
Ti5Si3 in accordance with experimental evidence. Also,
interstitial additions appear to increase the stability of
the D88 structure. This increase in stability is apparently
a result of bonding between the interstitial atom's p-
electrons and the Ti6g atom's d-electrons, which results
in a strong contraction in separation between these
atoms. These bonds form at the expense of Ti6g states

located near the Fermi level. All other PDOS features
remain relatively una�ected by the incorporation of
interstitial atoms.
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