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Mechanical alloying of the Ti-Al system
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Ti-Al alloys have been prepared by mechanical alloying (MA) of pure titanium and aluminium
powders for four compositions: TiggAl,g, TizsAlys, TisgAlse, and TigeAlge. The 50 < Ti(at %) < 80
compositions could be fully amorphized with a milling time strongly dependent on the starting
chemical composition. For the Ti,oAlg, composition, only partial amorphization was observed.
The investigation on the early stage of MA shows that the different systems amorphized through
two different paths. On the titanium rich side (Ti = 75,80 at %), the MA first leads to the formation
of an h.c.p. aTi(Al) solid solution with an aluminium content of 14-16%, which subsequently
collapses into the amorphous state. For the aluminium rich side (Al = 50,60 at%), MA sooner

promotes the nucleations of disordered forms of TizAl and TiAl intermetallic compounds,
respectively. The inhibition of the ordering transition of the observed intermetallic phases is
ascribed to the low temperature at which the SSR takes place. The complete (TisgAlso) or partial
(TiaoAlgo) amorphization of the powder is then attained through a destabilization of the
disordered TizAl and TiAl phases. The present results confirm the existence of a metastable f.c.c.
phase as final alloying stage for the Ti;zAl,5 and TizoAlgo cOmMpositions.

1. Introduction
There is a considerable interest in titanium aluminides
because of their attractive properties at elevated ser-
vice temperatures. But, on the other hand, their low
ductility and poor formability restrict considerably
their industrial application [1]. A great effort has been
devoted in recent years to improve the properties of
Ti—Al alloys by means of chemistry modification and
microstructure control. For instance, mechanical
alloying (MA) is nowadays commercially exploited to
produce aluminium titanium alloys with additional
dispersoids. MA has also been revealed as a valuable
tool to produce amorphous powders starting from
pure elemental powders at a relatively low cost. Over
the last few years, a number of works have been
dedicated to the investigation of the low temperature
solid state reaction (SSR) which can be originated in
binary systems by imparting a severe plastic deforma-
tion, as in the case of high energy ball milling or cold
rolling (see [2] for a comprehensive review). This kind
of SSR may either lead to the formation of metastable
phases, mostly amorphous, or lead to the formation of
equilibrium intermetallic compounds. Besides the
technological applications, the Ti—Al system is of great
interest from a basic point of view because it cannot be
amorphized by melt spinning or other rapid quench-
ing techniques. In addition, since the Ti-Al system is
quite similar to that of Zr-Al [4], it is well-suited for
further investigation of the principle underlying the
crystal to glass phase transition.

The feasibility of amorphizing Ti-Al by MA has
already been tested [5-7], and a thermodynamic
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model predicting the formation, at room temperature,
of amorphous-alloys for compositions 25 < Ti (at %)
< 80, has been proposed [6]. However, the literature
results show some disagreements as far as the com-
positional range of amorphization is concerned. They
also report the formation of a metastable f.c.c. phase,
for the Ti;sAl,5 composition, when MA is performed
beyond the complete amorphization.

In this context, we found it useful to obtain further
information on the Ti-Al system submitted to the
mechanical alloying process. Keeping in mind pos-
sible technological applications, the Ti—Al starting
mixtures have been selected to approach the chemical
compositions of the alloys based on titanium alumin-
ides such as a5-alloys and y-alloys. Particular atten-
tion has been given to the early stage of MA since
a knowledge about the onset of SSR is essential for
understanding the reaction path followed by the sys-
tem during ball milling.

2. Experimental procedure

Pure Ti (99.0%, 325 mesh) and Al (99.3%) (Alfa pro-
ducts) were used as starting powders. Mechanical
alloying was carried out in a Frisch Pulverisette plan-
etary mill with hardened steel vials and balls. The
ball-to-powder weight ratio was approximately 10:1.
In order to minimize oxygen contamination the vials
were sealed under pure argon. The four different com-
positions, Ti Al _, (x =40, 50, 75, 80 at %), were
milled in exactly the same conditions and at the same
time in the four places ball mill. To avoid an excessive
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warming up during milling, the vials were cooled by
an air flow and a milling period of 30 min was alter-
nated with an equal rest time. Small quantities of
powder were withdrawn from the vials periodically for
X-ray monitoring of the process.

X-ray diffraction patterns were recorded by auto-
matic Seifert Pad IV and GSD diffractometers, using
MoK, (K, = 0.07107 nm) radiation. To gain further
information on the intermediate state of alloying, X-
ray diffraction patterns of some representative sam-
ples were also recorded with a high resolution diffracto-
meter (Italstructures X-red) equipped with a 120° cur-
ved multichannel position sensitive detector, a Johan-
son’s monochromator on the incident beam
(parafocussing geometry) and a Co target (K, =
0.1789 nm). The recorded diffraction patterns were
corrected for the background arising from the tape
adhesive film (Scotch Magic) used as sample holder,
and the peak shape analysis was performed by a least
square fitting to the experimental data with an en-
semble of generalized Lorentzian curves [8]. The oxy-
gen content was analysed with a Oxygen leco system
on the samples at the final milling stage. The oxygen
concentration was between 3—4 at %.

3. Results

The compositions under investigation have been se-
lected within or near the phase boundaries of the
TizAl(a,-phase) and TiAl(y-phase) intermetallic com-
pounds. As a consequence the obtained results may be
divided into two corresponding sections.

3.1. Ti,Aligo—x (X = 80,75 at %)

The X-ray diffraction patterns recorded with MoK,
radiation (Fig. 1) give the qualitative description of
MA sequence for Ti,Al; _, (X = 80, 75 at %). In both
cases, the mechanical alloying process induces an
amorphous state after a certain milling time which
strongly depends on the Al percentage. In fact, the
Ti;sAl,s composition (Fig. 1b) amorphized com-
pletely after 15 h of milling, whereas a prolonged pro-
cessing up to 27 h has been necessary to promote the
amorphization for TigeAl,, (Fig. 1a) composition. The
position of the maximum of the amorphous halo lies
for the two compositions, within the experimental
uncertainty, at the same angular position (20 = 17.7°).
The nearest neighbour distance of 0.28 nm, that can be
estimated, in first approximation, by the Ehrenfest
equation, is in agreement with previous measurements
on the same composition [6] and corresponds to the
weighted sum of atom radii of Al and Ti.

At X =75, it is worth noticing that further MA
leads to the crystailization of the amorphous phase
into a new phase, with f.c.c. structure having a lattice
parameter of a = 042 nm, as already observed in
a sample of the same composition milled using a dif-
ferent ball mill [6].

From the high resolution patterns obtained after
the early stage of MA(5 h of milling) with CoKy
radiation (Fig. 2a,b), it is clearly appreciable that the
Ti(0 1 0) peak position shifts towards higher scattering

angle. Furthermore, from the pattern of Fig. la, one
can deduce that the highest shift is already reached at
this point. Table I gives the peak positions as cal-
culated by the fitting procedure. Since ball milling on
pure Ti produces only a line broadening for this re-
flexion, the peak shift can be attributed to a shrinkage
of lattice parameter due to the diffusion of Al into Ti
promoting the formation of an hep Ti(Al) solid solu-
tion. Clark et al. [9] measured the o-Ti(Al) solid solu-
tion lattice parameters as a function of Al content.
According to their data, the amount of the dissolved
Al can be estimated to be about 14-16 at %.
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Figure 1 Continued.

3.2. Ti,Al; -, (X=50,40at %)

For X = 50, apart from a longer time (22 h) required
to amorphize the mixture (Fig. Lc) with respect to the
Ti;sAl, s, a more accurate analysis (Fig. 2c) shows that
after the first period of milling the peaks relative to Al
almost completely disappear and that the shift of the
Ti peaks is more accentuated. The angular positions of
the most intense reflection might be ascribed after S h
of milling to the fundamental reflections of the DO,
superstructure of the Ti;Al intermetallic compound
(ASTM N. 16-867). Since no superlattice reflections
could be detected (see Fig. 3a), the whole pattern can
be ascribed at the same time, either to a disordered
form of the Ti;Al structure, or to a supersaturated
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Figure 2 X-ray diffraction patterns of the early stage of alloying (5 h
of milling). (a) TiseAlsp, (b) Ti;sAls, (€) TiseAlse and (d) TigeAlge
(used wavelength: CoK, ). The Lorentzian peak components after
the fitting procedure are also shown. The d-values are reported in
Table L.



TABLE I Lattice spacing of the main reflections of the h.c.p. Ti(Al) solid solution, pure Al, Ti;Al and TiAl intermetallic compounds, as
determined by the fitting procedure. Note: Ti(010), d = 0.2557 nm

Alloy TigoAlzo TissAl,s TisoAls, TizoAlso
1 0.2530 nm 0.2532 nm 0.24718 nm 0.2543 nm
2Ti(A1}010) aTi(Al)0 1 0) Ti;Al(020) oTI(AI 0 10)
Al 16at % Al 15at % Al 7at%
2 0.2332 nm 0.2328 nm 0.2298 nm 0.2331 nm
«Ti(AI002) «Ti(A©002) Ti,A002) aTi(AIO 1 0)
+AI111]) +Al11]) +Al(111)
3 0.2294 nm
TiAl(111)
4 0.222 nm 0.2225 nm 0.2189 nm 0.2244 nm
aTi(A011) aTi(ADO11) TizAl021) oTi(Al)O 1 1)
5 0.203 nm 0.2028 nm 0.203 nm 0.2025 nm
Al(200) Al200) Al(200) Al(200)
very weak
6 0.1988
TiAY200)
milling some crystailine reflections became more ap-
preciable and, after 27 h of MA, the powder pattern is
the sum of an amorphous contribution and of a cry-
stalline phase whose structure can be tentatively in-
(a) TignAlgg //\/\ dexed as a fcc. one with a lattice parameter
™ yo—_-— = a~ 0.41 + 0.05 nm.
! 2, =
—_ —~ o =
6: IS 2 — =
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i " Do Recalling the thermodynamic model developed by
[ 1 ! | Ll I 1 1
3 1 i3 i 17 19 Cocco et al. [6], the main feature of the Ti—Al system,
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Figure 3 Low angle part of MoK, diffraction patterns of the (a)
TiseAlsg, and (b) TigeAlge compositions after 10 h of milling. The
angular positions of the superstructure reflections are indicated.

a(Ti) solid solution with an Al content > 30%, be-
cause both phases present the same unit cell.

As it concerns the TiyoAlgy composition, a distinct
alloying path is clearly recognizable. The diffraction
pattern after 5 h of MA (Fig. 2d) points out the nuclea-
tion onset of the TiAl intermetallic compound (ASTM
N. 5-678), which is completed after additional 5h of
MA (Fig. 1d). The only occurrence of reflections,
whose indices are all odd or all even, evidences that
the TiAl intermetallic holds an Al-fc.c. structure,
without forming the L1o layered superlattice (Fig. 3b).
The peak shift of the Ti(010) is less pronounced,
corresponding to an Al content of 7%, indicating
a preferential path towards the intermetallic com-
pound formation. An amorphous component, whose
maximum is located at the same angular position as
for the other compositions, is also detectable after the
early stage of alloying. In the present case, the highest
degree of amorphization is achieved after 12 h (see Fig.
1d), however the irregular shape of the broad max-
imum indicates that besides an amorphous compo-
nent additional contributions of a presumably
crystalline phase are still superimposed. Upon further

assuming a kinetic inhibition of the intermetallics
compound, can be summarized as follows: the
amorphization window opens, at room temperature,
to an Al concentration of about 20 at %, and all the
compositions investigated here are, in principle, able
to access the amorphous state. In more detail, the free
energy curves [6], calculated at 0 °K (Fig. 4), evidence

30

AG (k) mol ™)

-50 ‘
0

0.2 04 06 0.8 1.0
Ti {(at%)

Figure 4 Free-enthalpy curve for Al-Ti at 0°K [6]. The amorphous
phase is computed according to the Miedema model. The hep and
f.c.c. solid solutions are calculated with an equation taken from
[201.
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an Al amount of about 15%. Their free energy differ-
ence, hence the stability of the amorphous phase,
increases sharply with the Al content reaching its
maximum at the equiatomic composition.

Our experimental findings confirm that MA in-
duces, as a first step, the solution of some amounts of
Al into hep Ti. The hexagonal «-Ti phase is super-
saturated by Al atoms, up to a certain value beyond
which the system collapses into the amorphous state.
The measured Al concentration is about 14-16 at % in
very good agreement with the theoretical prediction.
It is worth noting that the critical Al content for the
solid solution to transform into the amorphous phase
is equal for both the starting mixtures, which confirms
that this value, as long as the formation of intermetal-
lic compound is kinetically suppressed, is independent
from the starting composition. The pattern sequences
shown in Fig. 1a, b suggest that the mechanism pro-
posed for the amorphization of Zr-Al [4], based on
the elastic instability of the solid solution, holds also in
the present case. In fact the angular position of the Ti
(01 0) reflection remains unaffected by further milling
beyond 5 h, and a decrease of its integrated intensity
corresponds to the apparence of an amorphous halo
until the complete amorphization of the powder. The
Al concentration of 14-16 at % can be, therefore, con-
sidered as an upper boundary for the solid solution,
where the free energy of the crystalline and amorph-
ous phases become equal.

Considering the time scale of the reaction one notes
that the complete amorphization is achieved, for the
Ti;sAl,s composition, in a time markedly shorter
than the one required for TigeAl,o. Because both
starting powders were milled under identical condi-
tions, this effect cannot only be ascribed to the uncer-
tainty of the preparative method, but clearly states the
strong influence of the Al content on the reaction path.

As has already been mentioned, the Ti;sAl;5 com-
position crystallizes in a f.c.c. structure after 27 h of
MA, in a quite similar way to ZrsoAls, [4]. A possible
explanation of this behaviour will be discussed in
more detail.

4.2. Ti, Al _, (B0, 40at%)

The behaviour of the TisgAls, composition seems to
contradict the results obtained for the two Ti-rich
mixtures. In fact, as previously said, the Al content
after 5h of milling should amount to about 30%,
a value which is far beyond the solubility limit meas-
ured for the Ti of 75 and 80at % compositions. This
discrepancy can be solved by deciding for the nuclea-
tion of the disordered Ti3Al rather than for a super-
saturated solid solution.

The high negative heat of mixing combined with the
local temperature rise during ball impact might be, in
fact, sufficient to promote the nucleation of the inter-
metallic compound, but, at the same time, not high
enough to climb over the energy barrier associated
with the hep A3 — DO, (A3B type) first type order
transition.
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Ti;Al, presupposes an elevated diffusion of both the
constituent elements. The low mobility of both atom
sorts, at the temperature at which this SSR takes
place, may explain the suppression of the ordering
transition.

The nucleation of an intermetallic compound alters
substantially the evolution of the alloying process,
since it lowers the energy of the system.

As a consequence, the transition to the glassy state,
which remains favoured by MA, as demonstrated by
the experimental results, is attained mainly through
a destabilization of the crystalline structure. The step
through the intermetallic phase, instead of a straight-
forward reaction to the amorphous phase, may also
explain the different milling time required to com-
pletely amorphize the TisoAlsq composition.

Owing to the composition of the starting powder,
the assumed disordered Ti;Al metastable phase is
driven, upon prolonged milling, far from its chemical
equilibrium, as can be deduced by the homogeneity
range of the ordered Tis;Al intermetallic (22 to 39
Alat %) [10], causing again the crystalline phase to
become unstable and to transform into the amor-
phous phase, under the assumption that the nuclea-
tion of a more stable intermetallic phase such as TiAl
is suppressed.

The suppression of the nucleation of the TiAl inter-
metallic compound is clear in the diffraction pattern
(Fig. 2¢), although the starting powder has been se-
lected close to the stoichiometry of this equilibrium
phase.

Assuming that the fast diffusion of Al avoids pos-
sible local Al enrichments, one can reasonably con-
sider that the average concentration of Al diffused into
the Ti matrix remains during milling below the value
of the starting mixture. Moreover observing that the
compositional range of existence of the TiAl inter-
metallic compound admits a minimum Al content of
about 48-49 at %, it is plausible to suppose that dur-
ing the MA process the prerequisites for the formation
of the TiAl intermetallic, as it concerns the chemical
composition, the negative heat of mixing and the en-
ergy imparted to the system are not fulfilled. The
above assumption is indirectly confirmed by the reac-
tion path of the TiypAlge composition.

The diffraction pattern (Fig. 2d) clearly indicates the
formation of the Al-fc.c. TiAl intermetallic already
after first sampling time (5 h). The involved mechan-
ism of the intermetallic compound formation appears
to be quite similar to the one observed for the TisqAlso
composition. However, the higher Al initial contents
allows, in this case, the system to reach, during ball

‘milling, the appropriate chemical composition for nu-

cleating the TiAl phase. The total absence of the (00 1)
and (110) lines (Fig. 3b), which are characteristic of
the L1o-TiAl superlattice, confirms even in this case
the lack of long range order. It is worth noticing that
the critical temperature of the order/disorder trans-
ition is near the melting point of TiAl phase
( = 1450° C) [10], and at room temperature the TiAl
phase is always present in its ordered state. The low



temperature SSR induced by MA discloses the exist-
ence of disordered phases [11], which are not attain-
able with conventional preparation techniques.
According to the analysis of Fig. 2d, it also appears
that the Ti(0 1 0) peak shift is less accentuated, corres-
ponding to an Al concentration in the h.c.p.-solid
solution of about 7at%, and that an amorphous
component can be singled out from the total scatter-
ing curve. The simultaneous occurrence of different
phases together with the low Al content of the hcp

solid solution indicates that the required Al concen-

tration to form an amorphous or an intermetallic
phase is reached promptly during ball impact in the
given milling condition. ’

The contemporaneous formations of an amorphous
component and an intermetallic compound as well
indicate that the two reaction paths are competing
with each other [12]. The nearly equal heat of forma-
tion for the amorphous phase (&~ — 45 kJmol™*, see
Fig. 4) and the equilibrium intermetallic compound,
experimentally measured at room temperature for an
Al content of 60at % ( — 40 + 2 kI mol~!) [13], may
explain the simultaneous nucleation of these phases
and the consequent partial amorphization of the
powder.

The previous considerations about off-stoichio-
metric composition do not hold for the present case,
because of the wide range of homogeneity
(48 ~ 66at % Al) of the TiAl intermetallic phase. Fur-
thermore, since the TiAl intermetallic phase already
appears in its disordered form, an increase of the
stored internal energy by a loss of long range order in
the crystalline structure, as, for instance, observed in
MA of CsCl-type [14] or NijAl [15] intermetallic
compounds, can be presently neglected. The kinetic
constrains together with the negligible difference in
the heat of formation may incline the reaction path
towards the amorphous state, meanwhile the MA
does not raise the free energy of the TiAl intermetal-
lic phase to the necessary amount, of about
10 ~ 15kITmol~* [16], which allows stabilization of
the amorphous state.

4.3. Metastable f.c.c. phase

The appearance, for Ti;sAly5 and TiseAlgoe composi-
tions under prolonged milling (27 h), of reflection
peaks which can be ascribed to an fc.c. crystalline
structure (see Fig. 1b and d) suggests that MA may
promote the formation of a metastable solid solution
of Ti-Al over a wide range of compositions. Taking
into account that in the nucleation by MA stable
ordered phases are inhibited, it is plausible to suppose
that the atoms of Ti and Al are randomly distributed
within the supposed f.c.c. lattice. From the data re-
ported in the literature it can be seen that the stable
TiAl intermetallic phase has a face centered tetragonal
structure (a = 0.3984, ¢ = 0.4065, c/a = 1.02, Al 52%)
very close to an fc.c. one, whose c/a ratio slightly
changes with the Al content. The existence of this
phase could suggest a transformation induced by mill-
ing towards this kind of geometry, and, at the mean
time, that the structure of the metastable phase might
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Figure 5 Lattice parameter of the f.c.c. metastable phase plotted as
a function of Al content (A) for [6], (x) for [17] and (®) for present
work. The points are connected with an interpolating line for
clarity.

be considered only approximately as an f.c.c. one. In
any case, the different amounts of the smaller Al atoms
forming the solid solution would alter the volume of
the unit cell and, as a consequence, the value of the
lattice constant as determined by the f.c.c. indexing of
the reflections.

In Fig. 5, the values of the lattice constant are
plotted together with the ones measured by Cocco et
al. [6] as a function of the Al content. On the same
plot the lattice parameter of a metastable f.c.c. Al;Ti
phase formed by ion beam mixing and thermal an-
nealing in codeposited AlTi multilayer [17] is also
reported. The dependence of the a lattice parameter,
hence of the volume of the unit cell is linear with the Al
concentration, and the shrinkage of the volume agrees
with different atomic radii of Ti and Al. The evidence
that SSR induced by ball milling does not always end
in an amorphous state, is nowadays well documented
in the literature [4, 18, 19]. The almost linear depend-
ence of the lattice parameter is indicating the occur-
rence of a polymorphous nucleation of the simple f.c.c.
structured metastable phase. In the present investiga-
tion we do not obtain the crystallization of TisgAls,
composition, which lies between the proposed range
of formability of the fcc metastable phase. We believe
that this effect, as well as the very weak intensities
observed in the case of the TiyoAlgy composition, is
probably due to insufficient applied milling times.
Further work is in progress to characterize in more
detail the compositional and temperature range of this
metastable phase.

5. Conclusion

(a) Ti Al; _, alloys have been successfully amorphized
by MA in the composition range 50% < X
< 80%. On the Ti rich side, the value experi-
mentally determined exactly hits the theoretical
prediction, whereas on the Al rich side the limiting
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factor is represented in the present milling condi-
tions by the nucleation of TiAl intermetallic com-
pound.

(b) Depending on the starting composition the SSR

induced by MA follows two different paths: the Ti
rich mixtures form firstly a hcp solid solution,
which, in turn, collapses into the amorphous state.
Ball milling the Al rich composition (TisoAlso and
TisoAlgo) leads to formation of intermetallic com-
pounds, as an intermediate state of the reaction
path. Due to the low temperature at which the
SSR takes place the Ti;Al and TiAl phases present
a disordered structure characterized by the ab-
sence of superlattice reflections.

Prolonged milling causes the polymorphous nu-
cleation of a fc.c. metastable phase for the
Ti,;sAlys and TigeAlgo.
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