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Direct surface nitridation of TiAl alloy was successfully per-
formed using a reactive plasma process. The modi5ed layer,
composed of a double-layer structure, was fabricated using this
plasma process. The top surface layer mainly consisted of a ter-
nary nitride, Ti2AlN. The reaction mechanism in this plasma
process is divided into three stages: surface reaction, di4usion of
atomic nitrogen, and rearrangement of atomic con5guration.
The driving force to form the ternary nitride from TiAl was
considered by a quantum chemical simulation. As a result of the
simulation, the strong Coulomb attractive interaction between Ti
and interstitial N atoms in the TiAl alloy is inferred to be
predominate in the rearrangement of the atomic con5guration,
rather than the covalency between Al and N atoms. The surface
modi5ed layer signi5cantly exhibits a higher hardness than the
TiAl alloy. The subsurface layer retains su7cient ductility, al-
though solution hardening was slightly achieved. ( 2001 Academic Press
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1. INTRODUCTION

TiAl alloys are promising as one of the candidates for
novel structural materials in many industries such as the
aerospace and automobile industries (1). The microstruc-
tural control (1) and the composite material designs (2) have
been studied to improve their mechanical properties. In
addition to these material designs, surface treatment is an
important technique for extending material lifetime because
it is expected to improve wear, heat, corrosion, and oxida-
tion resistance. Physical and chemical vapor deposition
processes for forming coatings with high melting points,
hardnesses, and environmental resistance are being actively
studied. However, exfoliation of the coatings, which is
caused by large thermal expansion mismatches between the
coatings and substrates, is a serious problem in achieving
reliable barrier coatings.

One of the present authors (Nunogaki) has developed
a novel plasma process (reactive plasma process) for directly
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transforming metal surfaces to ceramics with the properties
of a functionally graded material (3, 4). The reactive plasma
process has the following superior points to a conventional
ion nitriding process: the sample can be heated to above
10003C independently of the plasma power, a powerful
microwave plasma can be used for scaling of the reactive
plasma, and a homogeneous modi"ed layer is obtainable.
This paper investigates the nitriding of Ti}48 at. % Al alloys
by reactive plasma processing to develop an e!ective surface
treatment of intermetallics and their related materials.

2. EXPERIMENTAL PROCEDURE

2.1. Fabrication and Evaluation

The Ti}48 at.% Al alloy was fabricated by vacuum hot-
pressing an alloying powder prepared by self-propagating
high-temperature synthesis and mechanical crushing
(Kyouritu Ceramic Materials Co., Ltd.). Plates (5]8]
1 mm3) of the alloy were obtained from the hot-pressed
disks.

The apparatus and processing details of the reactive
plasma process have been described previously (3, 4). In this
work, nitridation of the alloy was performed at 11003C for
2 h. The source plasma was generated using a Penning Ion
Gauge (PIG) discharge under a gas pressure of 6.0]10~2

Pa (N
2
: H

2
"5 : 2). The cross-sectional microstructure of

the modi"ed layers was observed by scanning electron
microscopy (SEM). The polished surface was chemically
etched with Kroll's reagent for SEM observation. The con-
stitutional phases were identi"ed by X-ray di!raction
(XRD). The hardness of the modi"ed layers was character-
ized by an indentation system (Microzone test system:
MZT-4, Akashi Co., Ltd.) with a triangular pyramidal in-
denter (tip angle: 683). For the indentation test, a load of up
to 98 mN was applied with a loading rate of 49 mNs~1.
After maintaining the maximum load for 5 s, the load was
removed at 49 mNs~1. The hardness was estimated by the
equation

H"F/A"K )F/h2, [1]
9
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FIG. 1. Cluster models of (a) Ti
4
Al

2
N

1
and (b) Ti

2
Al

4
N

1
before geo-

metrical optimization by an eigenvector-following method.
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where H, F, A, K, h are hardness, maximum indentation
load (mN), projected area of the hardness impression, geo-
metrical constant (2.972 for the present indenter), and max-
imum penetration depth (lm), respectively.

2.2. Molecular Orbital Simulation

In order to qualitatively consider the formation mecha-
nism of the modi"ed layers, the molecular orbitals around
FIG. 2. Cluster models of (a) Ti
20

Al
18

N
1

and (b) Ti
18

Al
20

N
1
including th

Cluster models (c) Ti
20

Al
18

and (d) Ti
18

Al
20

are reference clusters for mode
the interstitial N atoms in the ground state were simulated
using several "rst-principle algorithms. To estimate the lat-
tice distortion by an interstitial N atom, the geometrical
optimization of the eigenvector-following method for the
cluster models (Ti

4
Al

2
N

1
and Ti

2
Al

4
N

1
) illustrated in

Figs. 1a and 1b, which represent interstitial atomic nitrogen
(N) in the Ti and Al planes of the TiAl alloy, was conducted
using a commercial program, namely the Dmol3 code, with
a nonlocal density function of the generalized gradient ap-
proximation (GGA) (packaged in Cerius2, Molecular Simu-
lation Inc.). In addition to the geometrical optimization, the
total energy of these cluster models was calculated with the
Dmol3 code. By using the result of the geometrical optim-
ization, the cluster models of Ti

20
Al

18
N

1
and Ti

18
Al

20
N

1
(Figs. 2a and 2b), which include the distortions by inter-
stitial N atoms, were constructed for the DV-Xa simulation
by a program, namely the SCAT code (5}7). Because the
convergence to a self-consistent "eld was barely achieved for
these large metallic cluster models by the Dmol3 code, the
DV-Xa method was adopted for the simulation of these
models. The Mulliken population analysis was also per-
formed by the SCAT code to obtain useful parameters to
qualitatively discuss the bond nature, such as bond overlap
e lattice distortion of nearest-neighbor Ti and Al atoms induced by N atoms.
ls (a) and (b), respectively.



FIG. 3. Cluster model of Ti
16

Al
8
N

27
, which is extracted from the

crystal structure of Ti
2
AlN.

FIG. 5. XRD pattern of the specimen after reactive plasma processing.
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population and net change. Furthermore, DV-Xa simula-
tion of the cluster model of the Ti

16
Al

8
N

27
shown in Fig. 3,

which is extracted from the Ti
2
AlN crystal, was conducted

to understand the characteristics of chemical bonds in this
ternary nitride. Madelung potentials were not arranged
around the cluster models for the "rst-principle simulations.
The energy levels of the molecular orbitals are shifted to set
the highest occupied orbital at 0.

3. RESULTS AND DISCUSSION

3.1. Microstructure of Modixed Layer

Figure 4 shows the typical cross-sectional microstructure
of the surface of the Ti}48 at. % Al substrate nitrided by
a reactive plasma process at 11003C for 2 h. The surface
FIG. 4. Cross-sectional SEM micrograph of the surface modi"ed layer
fabricated by the reactive plasma process at 11003C for 2 h.
modi"ed layers consist of two layers that are formed on the
TiAl alloy with a lamella structure. The alloy was composed
of the lamella structure TiAl and Ti

3
Al phases before the

surface treatment. The XRD pattern in Fig. 5, measured
using X-rays incident perpendicular to the sample surface,
indicates that the main phase of the modi"ed layer is
Ti

2
AlN. Signs of AlN and TiN formation as byproducts are

also observed in this "gure. The subsurface layer (layer 2) is
considered to be a di!usion layer of interstitial N atoms.

3.2. Formation Mechanism of Ti
2
AlN Layer

The formation process of the modi"ed layers is brie#y
divided into three steps, i.e., (1) surface reaction, (2) di!usion
of atomic nitrogen (N), and (3) rearrangement of the atomic
con"guration (formation of reaction product). In this
plasma-processing apparatus, the gas mixture of N

2
and H

2
was transformed to a reactive plasma using a PIG-type
discharge, which is a type of radio frequency (RF) discharge
utilizing a tandem motion of electrons with acceleration and
deceleration between a hot tungsten "lament and an an-
ticathode at low gas pressure. This reactive plasma con-
tained abundant ions and molecules (N`, NH

3
, etc.) in

excited states. The e!ective excitation of chemical species in
the plasma results in decreasing the activation energy for
di!using N into the alloy. When the chemical potential of
the N reaches a critical value in the alloy, the rearrangement
of atomic con"guration should occur to form Ti

2
AlN.

In order to consider the formation mechanism of the
Ti

2
AlN, the chemical environments around the interstitial

N in the TiAl were simulated by the quantum chemical
algorithms. TiAl has an L1

0
-type crystal structure that

contains alternately stacked Ti and Al planes in the direc-
tion of the c axis (1). In the present simulation, the inter-
stitial N atoms are arranged in these planes. As a result of
geometrical optimization for the cluster models of the
Ti

4
Al

2
N

1
and Ti

2
Al

4
N

1
(Figs. 1a and b) by an eigenvector-

following method, an anisotropic distortion of the lattice is



TABLE 2
Total Energy of the Clusters and Atoms Calculated by

the Dmol3 Code

Models Ti
4
Al

2
N Ti

2
Al

4
N Al Ti

Total energy !107.71783 !74.13131 !6.59841 !23.12130
(]103 eV)
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predicted to be induced by the interstitial N atoms. Due to
the interstitial N atoms in the Ti plane, the nearest-neighbor
Ti and Al atoms are forced to be 11.60 and 0.61% further
from the standard positions in TiAl, respectively (Table 1a).
However, the interstitial N atoms in the Al plane forces
nearest-neighbor Al and Ti atoms to be 5.38 and 8.17%
further from the standard positions in TiAl, respectively
(Table 1b).

To brie#y estimate the relative energetic di!erence be-
tween these atomic con"gurations, the following reactions
are assumed

4Ti#4Al#NPTi
4
Al

2
N

1
#2Al, [2]

4Ti#4Al#NPTi
2
Al

4
N

1
#2Ti, [3]

where Al, Ti, and N are the isolated atoms. Thus, the
energetic stability of these clusters can be compared by the
formula

Ti
4
Al

2
N

1
#2AlPTi

2
Al

4
N

1
#2Ti. [4]

The total energies of Ti
4
Al

2
N

1
, Ti

2
Al

4
N

1
, Al, Ti are shown

in Table 2. The energetic di!erence in the reaction [4] is
estimated:

*E
505!-

"ME(Ti
2
Al

4
N

1
)#2E(Ti)N

!ME(Ti
4
Al

2
N

1
)#2E(Al)N"1.24 eV. [5]

Therefore, the atomic con"guration in the Ti
4
Al

2
N

1
cluster

is more stable than that in the Ti
2
Al

4
N

1
cluster. Although
TABLE 1
Results of the Geometrical Optimization of the

Ti4Al2N1 and Ti2Al4N1 Clusters

Interatomic distance
Bond (nm)

(a) Cluster model: Ti
4
Al

2
N

1
Initial

N}Ti 0.19995
N}Al 0.20400

Optimized
N}Ti 0.22214
N}Al 0.20525

(b) Cluster model: Ti
2
Al

4
N

1
Initial

N}Al 0.19995
N}Ti 0.20400

Optimized
N}Al 0.21070
N}Ti 0.22067
the precise estimation of defect energies, which is based on
the total energy of crystal using a model with a periodic
boundary condition, is necessary to discuss the stability of
defect structures, the stable atomic con"guration for the
interstitial N atoms is brie#y inferred by the above consid-
eration. The interstitial N atoms in the Ti planes are ex-
pected to be more stable than those in the Al planes.

Based on these calculation results, the cluster models of
Ti

20
Al

18
N

1
and Ti

18
Al

20
N

1
, which include the geomet-

rically optimized clusters of Ti
4
Al

2
N

1
and Ti

2
Al

4
N

1
as

a central unit, are constructed as shown in Figs. 2a and 2b.
To obtain qualitative information about the chemical
bonds, the DV-Xa simulation of these models was conduc-
ted with and without interstitial N atoms in Ti

20
Al

18
and

Ti
18

Al
20

(Figs. 2a}d).
Figures 6a and 6b show the bond overlap population and

net charge in the cluster models of Ti
20

Al
18

and Ti
20

Al
18

N
1

respectively, which represent the interstitial N atoms in the
Ti plane. The net charge values indicate signi"cant charge
transfer to N atoms from neighbor Ti and Al atoms. In
addition to the charge transfer, the covalent bond strength
of the Al}Ti and Ti}Ti bonds, which is in proportion to the
bond overlap population, decreases with interspersing
N atoms. Figure 7b shows the overlap population diagram
for the chemical bonds of an N atom with "rst nearest-
neighbor Ti and Al atoms for the Ti

20
Al

18
N

1
cluster model.

By comparison with the results of the partial density of state
illustrated in Fig. 7a, the atomic orbital components that
contribute to forming these chemical bonds can be deduced.
The Ti}N bonds have a relatively low-bond overlap popu-
lation due to the lack of bonding components from Ti 3d
orbitals, although the N 2p components signi"cantly con-
tribute with bonding characteristics. However, the net
charge of the N and Ti atoms indicates that the stability of
the Ti}N bonds in the Ti planes is compensated by the
strong ionic attractive interaction between these atoms. In
contrast, the chemical bonds of the N atom with neighbor
Al atoms exhibit signi"cant covalency that originates from
hybridization of the sp components.

Figures 8a and 8b show the bond overlap population and
net charge in the clusters of Ti

18
Al

20
and Ti

18
Al

20
N

1
, which

represents the interstitial N atoms in the Al plane. In this



FIG. 6. Bond overlap population and net charge in central units of the (a) Ti
20

Al
18

and (b) Ti
20

Al
18

N
1

cluster models. A central unit of the cluster
model is only indicated in this "gure.
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situation, the charge transfer to an N atom mostly occurs
from neighboring Al atoms. Moreover, the covalent bond
strength of the Al}Al and Al}Ti bonds is reduced by the
N atom. Figure 9b shows the overlap population diagram
for the chemical bonds of the N atom with "rst nearest-
neighbor Al and Ti atoms of the Ti

18
Al

20
N

1
cluster model.

Although the characteristics of chemical bonds in this
model are analogous to that in the Ti

20
Al

18
N

1
cluster

model, two di!erent features are clari"ed by the results of
FIG. 7. (a) Partial density of state in the Ti
20

Al
18

N
1

cluster mo
this calculation. The "rst is insu$cient ionic attraction for
compensation for the low-bond overlap population between
the N and Ti atoms. Another feature is the anti-bonding
interactions that create energy levels with anti-bonding
characteristics on the highest occupied level. In this atomic
con"guration, the contribution of anti-bonding components
is much larger than that in the Ti

20
Al

18
N

1
model. The anti-

bonding components are also considered to be one of the
factors for energetic destabilization.
del. (b) Overlap population diagram for the N}Ti and N}Al bonds.



FIG. 8. Bond overlap population and net charge in central units of the (a) Ti
18

Al
20

and (b) Ti
18

Al
20

N
1

cluster models. A central unit of the cluster
model is only indicated in this "gure.
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Although the rearrangement process of atomic con"gura-
tion to form Ti

2
AlN cannot be wholly explained by local

atomic interactions, it is likely to be based on these charac-
teristic chemical interactions between the interstitial N and
neighboring atoms. Figure 10 shows the results of the DV-
Xa simulation for the Ti

16
Al

8
N

27
cluster model that is

constructed from the crystal structure of Ti
2
AlN. To simply

understand the characteristics of the chemical bonds,
Fig. 10 only shows the results of a central unit in the cluster
model. The result of population analysis for the Ti

16
Al

8
N

27
FIG. 9. (a) Partial density of state in the Ti
18

Al
20

N
1

cluster mod
cluster model shows that the covalent bonds are not formed
between neighboring N atoms. The Coulomb repulsive in-
teraction is also induced between these N atoms. Hence, the
atomic con"guration of the N atoms is determined by
competition between the ionicity of the Ti}N bonds and the
covalency of the Al}N bonds in the TiAl alloy, but not
clustering of N atoms.

The net charge of neighboring Ti and N atoms in the
Ti

16
Al

8
N

27
cluster indicates signi"cant charge transfer from

Ti atoms to N atoms. Strong covalent bonds, as well as the
el. (b) Overlap population diagram for the N}Ti and N}Al bonds.



FIG. 10. Results of molecular orbital simulation for the Ti
16

Al
8
N

27
cluster. A central unit of the cluster model is only indicated in this "gure.

FIG. 11. Loading}unloading pro"les of the Ti}48 at.% Al substrate,
layers 1 and 2, during the indentation test with a triangular pyramidal
indenter (tip angle: 683).
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Coloumb attractive force, can be formed between the Ti and
N atoms because of the high-bond overlap population.
Therefore, the strong Coulomb attractive interaction be-
tween the Ti and N atoms is inferred to play an important
role in rearranging the atomic con"guration from TiAl to
Ti

2
AlN, rather than the strong covalency between Al and

N atoms. The stability of the Ti
4
Al

2
N

1
cluster suggests that

the interstitial N atoms in the Ti planes of TiAl contribute to
the rearrangement of the atomic con"guration, rather than
those in the Al plane. Thus, the interstitial N atoms in the Ti
planes are expected to make a predominant contribution for
forming a Ti

2
AlN lattice. After the rearrangement of the

atomic con"guration, the strong covalency, as well as the
ionic attractive interaction, is created between Ti and
N atoms.

3.3. Mechanical Behavior of Modixed Layer

Figure 11 and Table 3 show loading}unloading pro"les
and deformation properties of the Ti}48 at.% Al substrate,
TABL
Deformation Properties of th

Total deformation
Hardnessa (nm)

Layer 1 641 674
Layer 2 359 901
TiAl alloy 313 964

Note. Layers 1 and 2 are measured by the indentation test illustrated in F
aCalculated by Eq. [1].
with layers 1 and 2 being measured by the indentation test
with a triangular pyramidal indenter. Layer 1, which is
mainly composed of Ti

2
AlN, has a hardness two times

higher than that of the TiAl substrate. Because Ti
2
AlN has

a complicated crystal structure with alternate stacking of
polarized layers as shown in Fig. 7 (8, 9), the dislocation
motion is extremely suppressed, resulting in a high hard-
ness. The modi"ed layer with a high hardness is expected to
improve its wear resistance. Although the modi"ed layer has
a superior hardness, it is intrinsically brittle due to low
plastic deformability. Hence, toughness of the interface be-
tween the modi"ed layer and the matrix alloy is an impor-
tant factor in determining the exfoliation resistance of the
layer. In the subsurface (layer 2), solution hardening by the
interstitial N atoms is slightly observed as shown in Fig. 9.
The N atoms can provide signi"cant hardening by two main
mechanisms: local distortion of the lattice and modulation
of the Coulomb potential by the negatively charged
N atoms. However, the layer retains a relatively high plastic
deformability, which is expected to achieve a su$cient relia-
bility of interfacial adhesion. The modi"ed layer is con-
sidered to have a more reliable adhesion to the TiAl alloy
than to coatings formed by physical vapor deposition.
E 3
e Ti+48 at. % Al Substrate

Plastic deformation Elastic recovery Deformation during
(nm) (%) holding at 98 mN (nm)

360 46.6 26
573 36.4 30
638 33.8 50

ig. 11.
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4. SUMMARY

Direct surface modi"cation of a Ti}48 at.% Al alloy was
successfully performed at a substrate temperature of 11003C
using a reactive nitrogen plasma generated at low gas pres-
sure. The modi"ed layer consists of a double-layer structure
formed on the substrate. The top surface layer, which has
a high hardness, is mainly composed of Ti

2
AlN. The re-

arrangement of the atomic con"guration to form Ti
2
AlN is

predominantly governed by the strong attractive ionicity
between the Ti and the interstitial N atoms in the TiAl alloy.
The subsurface layer retains a su$cient plastic deformabil-
ity, although slight solution hardening is induced by local
distortion of the lattice and modulation of the Coulomb
potential.
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