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Ti0.50Al0.50 and Ti0.75Al0.25 compounds were mechanically alloyed by ball milling of
elemental Ti and Al powders. Radioactive 111In atoms incorporated into these
compounds were used to investigate the different locally ordered crystalline structures
by perturbed ��-angular correlation spectroscopy (PAC). The formation of the
intermetallic compounds �–TiAl and �2–Ti3Al was observed on an atomic scale and
occurred as a consequence of the heat treatment of mechanically alloyed Ti0.50Al0.50

and Ti0.75Al0.25, respectively. Due to the sensitivity of PAC to local order on an
atomic scale, information about formation conditions and thermal stability of a
new metastable phase with an ordered tetragonal crystal structure is presented for
Ti0.50Al0.50 samples. In addition, the formation of the ordered phase Ti2AlN was
observed, indicating the incorporation of N during the milling process. The PAC
investigations were complemented by x-ray diffraction and differential scanning
calorimetry measurements.

I. INTRODUCTION

Intermetallic compounds of Ti and Al are of techno-
logical interest for high-temperature applications.1 These
materials are characterized by a low density, high melt-
ing point, and good resistance against oxidation. Until
now, the widespread use of Ti-aluminides, however, is
hampered as well by the poor ductility and fracture
toughness at low temperatures as by the poor strength at
high temperatures. To improve these deficiencies, at-
tempts are made with respect to the control of the mi-
crostructure, such as grain refinement, and of the
precipitation of a second phase, such as a nitride, carbide,
or oxide phase. Thus, the precipitation of Ti2AlN in
�–TiAl leads to an improved strength up to temperatures
of about 1300 K.2

Especially, the process of mechanical alloying by ball
milling offers advantages for the production of Ti–Al
compounds and, therefore, has been investigated in de-
tail.3 Ball milling leads to a small grain size, thereby
improving the mechanical properties,4 and the produced
powders are suitable for powder metallurgical prepara-
tion methods, such as net shaping. In contrast to ingot
metallurgy, it is possible to produce nonequilib-
rium phases by mechanical alloying, such as amor-
phous phases or supersaturated solid solutions. The
addition of a reactive medium during the milling process
modifies the powders chemically. Thus, the addition of

gaseous N or liquid heptane to the Ti and Al powders was
attempted to increase the hardness through the precipi-
tation of Ti2AlN5 and Ti4Al2C2,6 respectively. However
so far experimental techniques that provide local infor-
mation and are sensitive to local order on an atomic scale
have not been employed to these problems in a system-
atic way. As a consequence, it has been difficult if not
impossible at all to distinguish between phases with dif-
ferent local structure or to detect the presence of local
defects in otherwise long-range-ordered crystal-
line phases.

The experimental data presented here were obtained
by applying perturbed ��-angular correlation spectros-
copy (PAC) with radioactive 111In atoms as local probes
for the characterization of the mechanically alloyed Ti–
Al compounds on an atomic scale. The characterization
was performed by measuring the electric field gradient
(EFG) at the site of the radioactive probe atom, where-
by the EFG was typical for the local atomic structure
about the probe atom and, therefore, provided informa-
tion about the local environment of the probe atom on an
atomic scale. It comprises the local symmetry and chemi-
cal order of neighboring atoms as well as the detection of
structural point defects.7 In this work, Ti0.50Al0.50 and
Ti0.75Al0.25 compounds are studied in order to continue
similar investigations of the Al-rich Ti0.25Al0.75 com-
pounds.8 Thus, the present paper describes the sequence
of phase formation of mechanically alloyed Ti and Al
powder blends during thermal annealing by PAC and the
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extracted information is compared with that obtained by
x-ray diffraction (XRD) and differential scanning calo-
rimetry (DSC).

II. EXPERIMENTAL DETAILS

As mentioned above, PAC experiments yield informa-
tion about the local environment of suitable radioactive
probe atoms by measuring the local EFG. The probe
atom 111In decays to an excited state of its daughter
isotope 111Cd (Fig. 1), which emits two � quanta and,
thereby, populates a spin I� � 5/2+ nuclear level with a
lifetime � � 123 ns. The spatial emission probability of the
second � quantum with respect to the direction of the first
one shows anisotropy due to the conservation of angular
momentum during the decay process. The EFG is the
second derivative of the electrostatic potential and is de-
scribed by its second rank traceless tensor Vij, which in
its principle axes system is completely described by its
largest component Vzz and the asymmetry parameter
� � (Vxx − Vyy)/Vzz. The asymmetry parameter assumes
the values 0 � � � 1 if | Vxx | � | Vyy | � | Vzz | is chosen.
Since the strength of the EFG decreases with the distance
r of a generating charge by r−3, this parameter is particu-
larly sensitive to the local environment about the probe
atom. The EFG at the site of the probe nucleus is detected
by the hyperfine interaction with the quadrupole moment
Q of the I� � 5/2+ state of the daughter isotope 111Cd,
causing a threefold splitting of this nuclear level. In con-
sequence, the emission probability of �2 with respect to
�1 is modulated in time, and this modulation is governed
by three frequencies �1, �2, and �3 � �1 + �2, which
are proportional to the product QVzz. The strength of the
EFG is usually expressed by the quadrupole coupling
constant �Q � eQVzz/h and the asymmetry parameter �
is deduced from the ratio �2/�1. In a PAC experiment,

the number of �1–�2 coincidences as a function of the
time passed between the emission of the first and the second
� quantum is recorded under fixed angles 	. In case of
polycrystalline samples, the number of recorded coinci-
dences is described by

N(	,t) � N0 
 e−t/� 
 [1 + P2(cos	) 
 R(t)] + B . (1)

Here, N0 denotes the number of recorded coincidences at
t � 0, B the time-independent background caused by
chance �� coincidences and P2(cos	) is the second-order
Legendre polynomial. The function of interest

R�t� = A2 
 { f 
 �s0 + �
n=1

3

sn 
 cos�nt 
 e−�nt�
+ �1 − f �� , (2)

is extracted from the coincidence spectra N(	,t) yielding
the three frequencies �1, �2, and �3.9 The amplitude f
of the modulation corresponds to the fraction of probe
atoms that reside in a crystalline phase or in a local
environment producing the nonzero EFG and (1 − f ) de-
notes the fraction of probe atoms with zero EFG. The
damping coefficients �n arise from an EFG distribution
�Vzz, which can be caused by local lattice imperfections,
impurities, or defects. In Eq. (2) and for the evaluation of
the present experimental data, this distribution is as-
sumed to be of Lorentzian shape and is characterized by
��Q ∼ �Vzz ∼ �n. In the case of more than one single
local environment characterized by a nonzero EFG, f is
split into different fractions f(i), whereby each fraction is
characterized by its own frequency triplet �n(i). The EFG
of a specific local structure behaves like a fingerprint
and, therefore, can be used to identify such local struc-
tures in new materials. By using four �-detectors, 12
coincidence spectra are recorded simultaneously. A more
detailed description of PAC spectroscopy, applied to the
investigations of metals, can be found elsewhere.9,10 The
absolute number of probe atoms needed for a PAC ex-
periment is in the order of 1011 to 1012 atoms per sample
corresponding to a concentration below 1 ppm. This con-
centration is below the concentration of residual impuri-
ties and does not alter the properties of the sample.
Therefore, it is easily possible to compare the results of
this technique with those obtained by other analytical
techniques, such as XRD and DSC.

The XRD measurements were carried out at a Siemens
D5000 	-	 diffractometer (Germany) using a Mo anode.
The investigated samples were treated identically to the
samples used for the PAC experiments with the only
exception that no radioactive 111In was added. The grain
size of nanocrystalline samples was determined from the

FIG. 1. Radioactive decay scheme of the PAC probe 111In showing
the electron capture decay (EC) to 111Cd.
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line shape of the diffraction peaks according to the
method of Williamson and Hall.11 When the results of
PAC and XRD are compared, their specific sensitivities
have to be taken into account. Because of its short-range
sensitivity, PAC is sensitive to local structures, such as to
the chemical order of an intermetallic compound about
the probe atom. Such a local structure gives rise to a
well-defined EFG also in the absence of a periodicity on
a larger scale. On the other hand, a chemically disordered
solid solution does not give rise to a well-defined EFG
but rather to a distribution of EFG because of the large
number of possible nonequivalent local environments
about the probe atoms caused by the random occupation
of the neighboring lattice sites. In contrast, XRD is
mainly sensitive to the periodic arrangement of atoms on
a larger scale but less to the local chemical disorder.
However, the detection of chemical order becomes vis-
ible only by the appearance of additional superlattice
lines. Since these lines have small intensities in case of
incompletely ordered lattices, the chemical order may be
difficult to detect.12 In this respect, both experimental
methods complement each other.

Thermodynamic properties of the samples were inves-
tigated by DSC using a Netzsch DSC 202 (Selb, Ger-
many) setup. The investigated powders were heated at a
rate of 20 K/min and cooled at a rate of 50 K/min in an
Al2O3 crucible under continuous flow of purified Ar. To
detect irreversible transformations of the metastable
phases, produced by the ball milling process, into equi-
librium phases, the baseline of the DSC plot was deter-
mined by subtracting the values of a second run, which
was recorded immediately after the first one. The data
obtained by DSC supply information about the tempera-
tures of thermally induced phase transformations. When
the results of DSC and PAC are compared, the different
conditions of thermal treatment have to be taken into
account. Whereas in the DSC experiment the temperature
is continuously increased, in case of PAC and XRD, the
heat treatment consists of an isochronal (16 h) annealing
program at some distinct temperatures.

For mechanical alloying, powders of Ti (purity
99.98%) and of Al (99.99%) with particle sizes smaller
than 150 m were mixed and filled into hardened steel
vials under Ar atmosphere. The powders were milled in
a standard Spex 8000 ball-mill (Grasbrunn, Germany) for
times ranging between 2 and 52 h. The powders were
handled and milled in a glove-box under Ar atmosphere.

The 111In probe atoms were incorporated into the
milled powder samples by diffusion inside of an evacu-
ated quartz ampoule (10−5 mbar) at a temperature of
Tdiff � 690 K for a time of 16 h. Subsequently, the
samples were annealed at temperatures up to 1060 K
without opening the quartz ampoule. Following each
temperature step, a PAC spectrum was recorded at room
temperature. Since the concentration of the In probe

atoms is always below 1 ppm, the phase formation in the
mechanically alloyed and annealed Ti–Al samples
should not be affected by the In atoms.

III. RESULTS

A. Ti0.50Al0.50

Different samples consisting of 50 at.% Ti and 50 at.%
Al were alloyed by ball-milling for tmill � 2, 4, 8, 13,
and 23 h (see Table I). After a milling time of 13 h
(sample #A4), the XRD analysis does not show any
diffraction peaks corresponding to elemental Ti or Al
but reveals the formation of a solid solution with a
hexagonal-close-packed (hcp) lattice structure. This re-
sult is in agreement with the data from the literature
obtained under comparable experimental conditions,12,13

indicating that the process of mechanical alloying is ter-
minated and a homogeneous alloy is formed. The grain
size was determined to about 20 nm on the basis of the
analysis of the XRD data.

Following the characterization of the as-milled state
by XRD, the 111In probe atoms were diffused into this
sample. The recorded PAC time spectrum R(t) as well as
its Fourier transform F(�) [Fig. 2(a), left and right panel,
respectively] do not show any frequency triplet, which
would correspond to a well-defined single EFG. Rather,
a broad EFG distribution is visible, indicating that the
local arrangement of neighboring atoms is different for
each probe atom. This EFG distribution can belong either
to probe atoms that did not diffuse into the crystallites
and still reside at grain boundaries or to 111In atoms
incorporated at regular lattice sites of chemically disor-
dered Ti–Al crystallites. Thus, in agreement with the
XRD data, the observed EFG distribution can be ex-
plained by a random occupation of the hcp lattice sites
about the 111In probes by Ti and Al atoms in the Ti–Al
solid solution.

After annealing at 880 K for 16 h, two different well-
defined EFG are visible [Fig. 2(b)], and the observed
fractions indicate that about 20% of the 111In atoms are
incorporated in the corresponding two different locally
ordered structures. When the annealing temperature is
increased to 1060 K, the EFG distribution completely

TABLE I. Mechanically alloyed Ti–Al powders investigated in
this work.

Composition Sample no. Milling time (h)

Ti0.50Al0.50 A1 2
A2 4
A3 8
A4 13
A5 23

Ti0.75Al0.25 B1 16
B2 52
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disappears, and at the same time, the number of 111In
atoms located in both ordered structures increases sig-
nificantly [Fig. 2(c)]. The analysis yields that 60% of
the 111In atoms exhibit an EFG characterized by
�Q � 142 MHz and � � 0, which is known to be caused
by the intermetallic compound �–TiAl.14 Fan and Collins
observed this EFG for the tetragonal Ll0 structure of
�-TiAl, which is composed of alternating layers of Ti and
Al atoms along the c axis [Fig. 3(a)]. Since only a single
axially symmetric EFG (� � 0) was observed in their
experiment, they concluded that 111In is exclusively in-
corporated on the site of the isovalent Al atoms. In con-
trast, the second EFG ( f � 12%) characterized by
�Q � 259 MHz and � � 0 was not observed in Ti–Al
compounds before. The XRD analysis of a second
Ti0.50Al0.50 sample, treated identically to this sample
(#A4), shows two ordered phases after annealing at
1060 K [Fig. 4(a)]: Firstly, the pattern of tetragonal
�–TiAl confirming the assignment of the first EFG
to �–TiAl and, secondly, a phase attributed to hexagonal
Ti2AlN with an AlCCr2-type crystal structure. Therefore,
the EFG characterized by �Q � 259 MHz is assigned to
111In atoms located in the ordered phase of Ti2AlN. As
will be discussed in context with Ti0.75Al0.25, this latter
assignment corrects an earlier interpretation,15 which as-
signed this EFG to �2–Ti3Al [Fig. 3(b) and see below].
The formation of Ti2AlN clearly shows the contamina-
tion of the Ti–Al powder by N impurities.

For sample #A4, the evolution of the intermetallic
phases was investigated by DSC [Fig. 5, top panel]. The
DSC spectrum shows two sharp, exothermal peaks at 845

and 1000 K, respectively. By comparing the DSC results
with the fraction of 111In atoms that are incorporated in
�–TiAl ( f�–TiAl) and in Ti2AlN ( fTi2AlN) during isochro-
nal annealing [Fig. 5, bottom panel], it is obvious that the
DSC peak at 845 K coincides with the steepest increase

FIG. 2. PAC spectra of mechanically alloyed Ti0.50Al0.50 (sample
#A4). The spectra were recorded after diffusion of 111In at 690 K, and
annealing at 880 and 1060 K. The phase �–TiAl is characterized by
�Q � 142 MHz, � � 0, and Ti2AlN by �Q � 259 MHz, � � 0.

FIG. 3. Lattice structure of (a) �–TiAl and (b) �2–Ti3Al. The 111In
probe atoms are assumed to occupy Al sites.

FIG. 4. XRD data of two Ti0.50Al0.50 samples: (a) recorded after mill-
ing for 13 h (sample #A4) and annealing at 1060 K, and (b) after
milling for 4 h (sample #A2) and annealing at 880 K.

St. Lauer et al.: Investigation of mechanical alloying of Ti–Al compounds using PAC, XRD, and DSC

J. Mater. Res., Vol. 17, No. 8, Aug 2002 2133



of fTi2AlN and the peak at 1000 K with the steepest in-
crease of f�–TiAl. Therefore, it is concluded that the DSC
peak at 845 K corresponds to the ordering transition of
Ti2AlN and the peak at 1000 K to that of �–TiAl.

In contrast to sample #A4 (tmill � 13 h, see Table I),
the XRD spectrum of sample #A2 (tmill � 4 h), directly
recorded after the milling process still exhibits the dif-
fraction peaks of elemental Ti and Al. The mechanical
alloying process is obviously not yet completed and the
final phase formation, observable at 1060 K, requires
the interdiffusion of Ti and Al atoms. The PAC data
show an EFG distribution after diffusion of 111In at
690 K [Fig. 6(a)]. After annealing the sample at 790 K,
this distribution changes to a reduced width of
��Q � 16 MHz centered at �Q � 38 MHz [Fig. 6(b)].
Following annealing at 880 K, a new crystalline structure
called m-TiAl is observed [Fig. 6(c)], which is charac-
terized by a well-defined EFG (�Q � 57 MHz and
� � 0.1). The EFG disappears after annealing at 1060 K
[Fig. 6(d)] and the EFG of �–TiAl, already observed in
sample #4, is detected by 70% of the probe atoms. Since
the temperature treatment at 1060 K leads to the disap-
pearance of m-TiAl and the formation of �–TiAl, it is
concluded that m-TiAl corresponds to a metastable pre-
cursor, which developed during the interdiffusion of Ti
and Al at the annealing temperature Ta � 880 K. The
heat treatment at 1060 K, finally, effects the formation of
the equilibrium phase �–TiAl.

The crystal structure of m-TiAl was studied using the
XRD data of sample #A2 after annealing at 880 K
[Fig. 4(b)]. The XRD spectrum mainly shows a face-
centered tetragonal phase (fct), whereby the broadening
of the diffraction peaks hinders the distinction between
the observed fct phase and the Ll0 structure of �–TiAl
[Fig. 4(a)]. In contrast, the different EFG clearly visible
in the PAC data in Figs. 6(c) and 6(d) show that the local
structure of the phase m-TiAl is different from that
of �–TiAl.

A DSC analysis of sample #A2 [Fig. 7, top panel]
reveals four distinct exothermal peaks at 615, 710, 815,
and 940 K, in contrast to only two observed at sample
#A4 [Fig. 5]. Obviously, in the case of the shorter milling
time, the behavior of the different Ti–Al phases is more
complex than in the case of the sample milled for 13 h.
Besides the DSC data of sample #A2, Fig. 7 (bottom
panel) shows the fraction of 111In atoms in the different
crystalline environments observed by PAC during iso-
chronal annealing. The comparison shows that the peak
at 710 K can be assigned to the formation of the crystal
structure characterized by �Q � 38 MHz, the transition

FIG. 5. For sample #A4, comparison of (a) DSC results and (b) the
fraction of 111In atoms observed by PAC in �–TiAl and Ti2AlN.

FIG. 6. PAC spectra of Ti0.50Al0.50 (#A2). The spectra were recorded
after diffusion of 111In at 690 K and after annealing at 790, 880, and
1060 K. An unknown crystalline structure is characterized by an EFG
distribution of ��Q � 16 MHz centered at �Q � 38 MHz, the meta-
stable phase m-TiAl by �Q � 57 MHz, � � 0.1, and �–TiAl by
�Q � 142 MHz, � � 0.
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at 815 K to the formation of m-TiAl, and the peak at
940 K to the formation of �–TiAl. A correlation of the
peak at 615 K with a crystalline phase detected by PAC
is not possible since the 111In atoms were diffused into
the sample at 690 K. Like the data in Fig. 6, the DSC and
PAC data in Fig. 7 indicate that the EFG distribution,
characterized by �Q � 38 MHz and ��Q � 16 MHz
might represent a precursor state of m-TiAl. The corre-
sponding crystal structure is still not identified and will
not be further discussed in this paper.

The formation of the different phases as a function of
the applied milling time was systematically investigated
by PAC at Ti0.50Al0.50 samples annealed at Ta �
1060 K. Figure 8 shows the fraction of probe atoms in-
corporated in the phases �–TiAl, m-TiAl, and Ti2AlN.
The equilibrium phase �–TiAl and the impurity phase
Ti2AlN are formed in all samples with the exception of
sample #A1 (tmill � 2 h), for which the fraction of 111In
atoms in Ti2AlN is obviously too small to be detected.
The observation of a fraction of 30% of 111In atoms
incorporated in the metastable structure m-TiAl for a
milling time of 2 h (#A1) and its absence for longer times
indicates that at Ta � 1060 K after tmill � 2 h the
phase m-TiAl is thermally more stable than after
tmill � 4 h (#A2). For comparison, the PAC data of
sample #A2 [Fig. 7, bottom panel] yield for m-TiAl a
maximum fraction of about 50% at 880 K and almost
zero at 1060 K. The fraction of Ti2AlN increases
monotonously with milling time from 0% (tmill � 2 h) to

16% (tmill � 23 h), whereas the fraction of �–TiAl de-
creases from its maximum value of 67% (tmill � 4 h) to
39% (tmill � 23 h). The observed increase of the fraction
of Ti2AlN corresponds to an increasing level of N de-
tected by chemical analysis (hot extraction combined
with gas phase chromatography) yielding 3.2 at.% and
11.8 at.% after milling for 13 and 28 h, respectively. The
total fraction of 111In atoms in crystalline structures (Sum
in Fig. 8) is almost constant up to a milling time of 13 h
and decreases by about 15% for tmill � 23 h. This de-
crease might be caused by probe atoms incorporated in a
disordered structure, possibly caused by an increasing
amount of contaminations.

B. Ti0.75Al0.25

Powders of the composition Ti0.75Al0.25 were me-
chanically alloyed and investigated as in the case of the
Ti0.50Al0.50 alloys. The milling times were 16 and 52 h
[Table I]. The evolution of the crystalline structure dur-
ing heat treatment will be discussed in detail for sample
#B1, milled for tmill � 16 h.

After mechanical alloying of sample #B1, a solid so-
lution with hcp structure was identified by XRD, which
is in agreement with results reported in the literature.12,13

The PAC spectrum recorded after diffusion of the 111In
probe atoms at 690 K for 16 h [Fig. 9(a)] reveals an EFG
distribution similar to that observed in the Ti0.50Al0.50

samples. Annealing the sample at 880 K incorporates al-
most all 111In probes into a local structure characterized
by an EFG distribution ��Q � 12 MHz, centered at
�Q � 32 MHz [Fig. 9(b)]. Increasing the annealing tem-
perature to 1060 K slightly narrows this EFG distribution
but does not significantly affect its position [Fig. 9(c)].

To identify the corresponding crystal structure, a sec-
ond mechanically alloyed Ti0.75Al0.25 sample (supplied
by R. Bormann, GKSS, Geesthacht, Germany) was in-
vestigated by PAC and XRD. The XRD spectrum re-
corded after annealing at 1060 K [Fig. 10] shows the
hexagonal D019 structure of the intermetallic compound

FIG. 7. For sample #A2, comparison of (a) DSC results and (b) the
fraction of 111In atoms observed by PAC in m-TiAl, �–TiAl, and in the
structure characterized by �Q � 38 MHz.

FIG. 8. For different milling times, the fraction of 111In atoms incor-
porated in the phases m-TiAl, �–TiAl and Ti2AlN after annealing of
the respective Ti0.50Al0.50 samples at 1060 K. The sum of all fractions
is also plotted.
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�2–Ti3Al [Fig. 3(b)]; the corresponding PAC spectrum
was identical to that of sample #B1 shown in Fig. 9(c).
Therefore, the observed EFG distribution about
�Q � 32 MHz is assigned to the formation of the ordered
crystal structure of �2–Ti3Al. The magnitude of the ob-
served EFG characterizing this phase can be understood
if the In probe atoms are on Al sites in this phase: in this
case, the probe atom is surrounded by 12 Ti neighbors
[Fig. 3(b)], so the short ranged EFG should be compa-
rable to that of hexagonal �–Ti, for which PAC experi-
ments yield �Q � 27.8 MHz and � � 0.16 Of particular
importance is the measured distribution of EFG in the
�2–Ti3Al structure of the present sample, which points to
a superposition of slightly different, unresolved EFG.
This occurrence can be caused by slightly different local

configurations due to crystallites that are not perfectly
ordered or by the presence of gaseous impurities (e.g., N,
O, and H) incorporated in the neighborhood of the 111In
atoms.17 These local perturbations of the �2–Ti3Al struc-
ture would not be expected on the basis of the XRD data
in Fig. 10.

A DSC investigation of sample #B1 shows the coin-
cidence of a single exothermal peak at 890 K [Fig. 11,
top panel] with the annealing temperature that effects the
occurrence of a fraction of more than 90% of 111In atoms
in �2–Ti3Al [Fig. 11, bottom panel]. Therefore, the DSC
peak at 890 K is attributed to the transition from the
disordered hcp solid solution prepared by ball milling to
the ordered equilibrium phase �2–Ti3Al. At higher an-
nealing temperatures, no additional transition is detect-
able neither by DSC nor by PAC [Fig. 9].

The influence of the milling time on the crystalline
structure of Ti0.75Al0.25 powders was investigated by
PAC for an annealing temperature of 1060 K. After a
milling time of 16 h (#B1), all probe atoms were incor-
porated in the phase �2–Ti3Al [see Figs. 9(c) and 12(a)].
If the milling time is increased to 52 h (#B2), a pro-
nounced formation of Ti2AlN is observed [Fig. 12(b)].
The corresponding PAC data show that 55% of the 111In
atoms are incorporated in Ti2AlN (Table II), and only
10% of the 111In atoms in �2–Ti3Al. In contrast to the
Ti0.75Al0.25 alloys, in the Ti0.50Al0.50 compounds
the phase Ti2AlN was already detectable for milling
times of tmill � 4 h [See Fig. 8].

FIG. 9. PAC spectra of Ti0.75Al0.25 (#B1). The spectra were recorded
after diffusion of 111In at 690 K, and annealing at 880 and 1060 K.

FIG. 10. XRD data of a mechanically alloyed Ti0.75Al0.25 sample
(GKSS, Geesthacht) recorded after annealing at 1060 K.

FIG. 11. For sample #B1, comparison of (a) DSC results and (b) the
fraction of In atoms observed by PAC in �2–Ti3Al.
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IV. DISCUSSION

The present PAC experiments reveal the formation of
ordered intermetallic compounds upon annealing, having
different noncubic crystal structures. The corresponding
EFG measured at the site of the radioactive 111In probe
atoms are assigned to different intermetallic compounds
of the Ti–Al system and are listed in Table II; the typical
errors of the experimentally determined coupling con-
stants �Q are on the order of 1 to 2 MHz. The experi-
mental data show that each phase or local structure is
characterized by its unique EFG in a reproducible way so
that the EFG is used as a “fingerprint”. As a group III
element, the probe In should be incorporated on the Al
site but based on atomic radii of the elements, the occu-
pation of Ti sites is possible, too, as discussed else-
where.8 The actual lattice site of the 111In probe is not of
importance as long as the incorporation always happens
on the identical lattice site; i.e., each phase or local struc-
ture has always its own fingerprint also under varying
experimental conditions.

Since most experimental information was obtained for
the Ti0.50Al0.50 compounds, the discussion will mainly
focus on this material and will be extended to the
Ti0.75Al0.25 compounds whenever possible. Tetragonal
�–TiAl, prepared by arc-melting, was investigated by
Fan and Collins using PAC.14 They showed that an EFG
of �Q � 142 MHz and � � 0 detected at the probe 111In
arises from the unperturbed lattice of the layered Ll0
structure [Fig. 3(a)]. The identical EFG is observed in
this work to occur after milling Ti0.50Al0.50 powder. Fan
and Collins also reported the observation of a second
EFG in �–TiAl, characterized by �Q � 104.5 MHz and
� � 0.46 that, however, was revised later.18

The properties of mechanically alloyed Ti–Al com-
pounds observed directly after ball milling vary signifi-
cantly, as discussed in the literature.19 The chosen
milling conditions, such as type of ball mill, milling in-
tensity, size of balls, and purity of argon atmosphere,
strongly influence the results of the alloying process. It
was shown by Oehring et al.12 and by Park et al.20 that
Ti0.50Al0.50 powders become amorphous if the milling
intensity is low. Additionally, the purity of the argon
atmosphere influences the crystal structure arising during
ball milling. In case of the compositions Ti0.50Al0.50 and

Ti0.75Al0.25, high-purity conditions favor the formation
of a hcp structure,12 whereas under low purity conditions
a face-centered-cubic (fcc) phase is obtained, which is
assigned to TiN.19,21,22 In the present experiments, con-
tributions of amorphous phases were not detected by
XRD. Following mechanical alloying, a hcp structure is
observed by XRD for both Ti0.50Al0.50 and Ti0.75Al0.25,
milled for 13 and 16 h, respectively. Since the solubility
of Al in Ti is below 10% at room temperature, a super-
saturated solid solution has been formed during ball mill-
ing in agreement with reports for the dissolution of Al
in the hexagonal Ti lattice.23 Using PAC, XRD, and
DSC, the formation of ordered intermetallic compounds
has been shown to occur after annealing the samples at
high temperatures.

Following annealing at 1060 K, the equilibrium phases
of the two compositions Ti0.50Al0.50 and Ti0.75Al0.25 are
observable via the respective characteristic EFG of
�–TiAl and �2–Ti3Al, whereby in the latter case the EFG
distribution indicates a slight lattice disorder. This heat
treatment is comparable with the hot compaction of me-
chanically alloyed amorphous Ti–Al powders, described
by various authors.6,19,20 Hot compaction at temperatures
between 1073 and 1473 K is reported to result in the
formation of the intermetallic compounds �2–Ti3Al for
the composition Ti0.75Al0.25, of �–TiAl for Ti0.50Al0.50,
and of �–TiAl3 for Ti0.25Al0.75,19 which is consistent
with the results presented here and in Ref. 8.8

Besides these phases, the present data show the for-
mation of the impurity phase Ti2AlN in Ti0.50Al0.50 and
Ti0.75Al0.25. This phase was also reported in the case of
Ti0.25Al0.75 samples studied by PAC using comparable
experimental conditions.8 The formation of Ti2AlN after
ball milling in a pure N2 atmosphere and subsequent
annealing was also observed at Ti0.50Al0.50 samples by
Wang and co-workers5 and by Chen and co-workers us-
ing a NH3 atmosphere.24 In these cases, the formation of
�–TiAl and Ti2AlN was identified by XRD.

With regard to the transitions from the metastable
structures into the respective equilibrium phases ob-
served for Ti–Al compounds produced by mechanical
alloying, the respective temperatures are determined by
DSC investigations. The temperature of the transition to
�–TiAl determined in this work is systematically higher
than corresponding literature values [See Table III]. This
difference may be due to different parameters of the mill-
ing process or due to different concentrations of impuri-
ties. By comparing the present DSC data in Figs. 5 and 7
(top panels), it can be noted that the transition tempera-
tures of �–TiAl, determined for samples #A4 (1000 K)
and #A2 (940 K), can be reproduced quite well. None-
theless, the observed temperature difference of about
50 K seems to be significant and might be related to the
different milling times used for these samples. Thus,
the comparison of the present PAC and DSC experiments

TABLE II. EFG observed in mechanically alloyed Ti–Al powders. In
the case of an EFG distribution the mean value and the width ��Q

are given.

Structure �Q (MHz) �

�–TiAl 142 0
Ti2AlN 259 0
m-TiAl 57 0.1
�2–Ti3Al �Q � 32

��Q � 12
...
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on Ti0.50Al0.50 samples indicates that the DSC peaks at
845 and 1000 K correspond to the formation of Ti2AlN
and �–TiAl, respectively. The corresponding tempera-
tures in the literature are distributed over the range 870 to
1000 K. The exclusive formation of �–TiAl at 870 K was
observed by Istukaishi et al.,19 whereas Senkov et al. de-
termined a temperature of 995 K for this process.25 After
mechanical alloying in pure N2 atmosphere, the simulta-
neous formation of both �–TiAl and Ti2AlN was ob-
served to occur at 1000 K.5 Furthermore, the data in
Table III indicate that the transition temperatures do not
seem to correlate with the initial crystalline phase, i.e.,
amorphous or solid solution, obtained after ball milling.
On the contrary, as mentioned above, the PAC data sug-
gest an influence of the milling time on the actual tran-
sition temperatures.

The structural evolution of the different phases de-
pends on the degree of mechanical alloying. In the case
of Ti0.50Al0.50, no elemental Ti and Al are observed by
XRD after sufficiently long milling times, indicating that
the alloying process is complete. After annealing at
1060 K, the equilibrium phases �–TiAl and Ti2AlN are
observed by PAC, whereby the fraction of the impurity
phase Ti2AlN increases monotonously with increasing
milling time [Fig. 8]. Since the chemical analysis also
showed an increase of the N content of the samples with
milling time, the N atoms obviously do not originate
from contaminations of the elemental powders of the
Ti and Al used as starting material but rather from re-
sidual N2 in the Ar atmosphere present in the vials during
ball milling.

The process of mechanical alloying is not complete in
the case of shorter milling times, as in samples #A1
(tmill � 2 h) and #A2 (tmill � 4 h), and the XRD spectra

still show the diffraction peaks of elemental Ti and Al.
Consequently, the intermetallic phases observed at
higher temperatures have to be formed by interdiffusion
of both components during the subsequent thermal treat-
ment. A new metastable structure (m-TiAl) is observed at
Ta � 880 K, also with a fct crystal structure like �–TiAl
as determined by XRD. In contrast, the PAC data show
a well-defined EFG, which is characteristic for a locally
ordered structure and is different from the EFG of
�–TiAl. Thus, the phase m-TiAl is obviously chemically
ordered, but the atomic arrangement of Ti and Al atoms
is different from that in �–TiAl. For this new phase,
which was observed in different samples, the formation
conditions, like milling time and annealing temperature,
as well as the thermal stability and transition temperature
[See Figs. 7 and 8] are determined. Due to the short
milling time, the fraction of the impurity phase Ti2AlN
remained at a low level in these samples. It should be
noted that a metastable Ti–Al phase was also observed in
mechanically alloyed Ti0.25Al0.75 samples.8 In this case,
annealing at 690 K caused the formation of TiAl3 with a
metastable D023 crystal structure, which transformed into
the D022 equilibrium structure following heat treatment
at 1020 K.

In the Ti0.75Al0.25 alloys, besides �–TiAl3, the impu-
rity phase Ti2AlN is not observable after annealing at
1060 K if the milling time is 16 h (sample #B1), whereas
in sample #B2, which was milled for 52 h, most of the
111In probe atoms are incorporated into Ti2AlN [Fig. 12].
The absence of Ti2AlN after 16 h is confirmed by the
DSC data, which show only a single peak. After a similar
milling time of 13 h, in Ti0.50Al0.50 alloys, this phase was
already clearly visible under comparable preparation
conditions (sample #A4 in Fig. 2). In the case of sample
#B1, the N impurity atoms obviously do not form an
ordered compound in the Ti0.75Al0.25 sample in contrast
to the Ti0.50Al0.50 samples. Rather, the N impurities
seem to be dissolved in the �2–Ti3Al lattice, which

TABLE III. Thermal stabilities of crystalline phases prepared by me-
chanical alloying and their transformation into intermetallic com-
pounds. The transition temperatures were determined by DSC.

Composition
Initial

structure

Transition
temperature

(K)
Intermetallic
compound Reference

Ti0.50Al0.50 hcp 1000,
845

�–TiAl,
Ti2AlN

this work

hcp 850 ...a 12
amorphous 870 �–TiAl 19
amorphous 1000 �–TiAl,

Ti2AlN
5

Ti0.50Al0.47Cr0.03 amorphous 900,
995b

hcp,
�–TiAl

25

Ti0.75Al0.25 hcp 890 �2–Ti3Al this work
hcp 730 ...a 12

amorphous
+ hcp + fcc

850 �2–Ti3Al 19

aThe corresponding intermetallic compounds are not specified.
bA twofold transformation from an amorphous phase to hcp and from hcp
to �–TiAl is observed.

FIG. 12. For two different milling times, PAC spectra of Ti0.75Al0.25

samples (#B1 and #B2) measured after annealing at 1060 K.
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would explain the absence of the Ti2AlN phase and, at
the same time, the EFG distribution observed for �2–
Ti3Al [See Table II]. The occurrence of the EFG distri-
but ion character ized by ��Q � 12 MHz and
�Q � 32 MHz is in sharp contrast to the unique EFG,
observed in case of �–TiAl and �–TiAl3.8 At the same
time, the EFG distribution shows the presence of local
disorder, which is not easily recognizable in the corre-
sponding XRD data [See Fig. 10].

V. SUMMARY

PAC spectroscopy complemented by XRD and DSC
was applied to investigate the formation of intermetallic
compounds in mechanically alloyed Ti–Al samples. The
measured EFGs show the formation of �–TiAl, �2–
Ti3Al, Ti2AlN, and of a new metastable fct structure
m-TiAl. The experimental results obtained by employing
the PAC technique for the study of mechanically alloyed
samples show the following:

(1) Since PAC is sensitive to the local order on an
atomic scale it complements other techniques such as
XRD. As a consequence, information was obtained about
a new metastable phase m-TiAl and about the slight
structural or chemical disorder in the case of the forma-
tion of �2–Ti3Al.

(2) PAC can be combined with other analytical tech-
niques under identical sample conditions. In the present
study, PAC was combined with XRD and DSC measure-
ments using samples from the identical milling process
so that the results obtained by the three different tech-
niques were directly comparable.

(3) The short-range EFG warrants a high sensitivity
for the detection of impurities, crystal defects, and small
grains. As was shown in the case of the investigation of
TiAl3 compounds, the fraction of Ti2AlN was too small
to be visible to XRD but was still detectable by PAC.8

Similarly, the investigation of the local structures in grain
boundaries might become possible as has been docu-
mented by first results in nanocrystalline Ni prepared by
pulsed electrodeposition.26

In conclusion, the present work performed in combi-
nation with XRD and DSC represents a first systematic
investigation of the formation of different phases in me-
chanically alloyed Ti–Al compounds on an atomic scale
and thereby has contributed to a more complete picture of
the evolution of different phases during ball milling.
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