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Atom probe study of phase transformations in a Ti–48 at.% Al

alloy

W. Lefebvre a,*, A. Menand a, A. Loiseau b, D. Blavette a

a Groupe de Physique des Materiaux, UMR CNRS 6634, Faculté des Sciences, Uni�ersité de Rouen, Place Emile Blondel,
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A Ti–48 at.% Al alloy has been investigated by means of atom probe field ion microscopy (APFIM) and transmission electron 
microscopy (TEM). Atom probe (AP) techniques have been used to determine the composition of the massive � -phase (�m). The 
ultrafine lamellar structure, which consists of � 2- a n d �-lamellae, has been also characterised. The � 2 plates in � m have been 
analysed with one-dimensional AP microscopy and observed in TEM. Their formation in �m seems to be induced by the presence of 
oxygen, which is rejected from the � m phase during the massive transformation. The influence of chemical order on the field 
evaporation process has also been studied for the L10-ordered structure of the �m phase. 
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1. Introduction

Because of their good high temperature properties,

coupled with a low density, dual-phase (�2+�) tita-

nium aluminides are one of the most promising materi-

als for applications in the aerospace industry [1,2].

Since it is well known that macroscopic properties of a

material are strongly related to its microstructure, many

studies are aimed at controlling the microstructure by

using additional elements associated with specific heat

treatments [3,4]. However, the phase transformations

involved in these alloys are still unclear. Moreover, the

microstructure itself depends on the different possible

transformation paths according to the thermal history

of the alloy [5].

In this study, the results of some investigations per-

formed on a binary Ti52Al48 model alloy are presented.

One important feature of this alloy is that it well

reproduces the behaviour of multicomponent alloys,

such as GE type alloys [22], with respect to phase

transformations. This alloy has been investigated by

using two complementary techniques, atom probe field

ion microscopy (APFIM) and transmission electron

microscopy (TEM). The use of APFIM associated with

TEM observations has made it possible to determine

the phase composition as well as crystallographic struc-

tures at a near-atomic scale.

2. Experimental

The material studied is a Ti–48 at.% Al alloy (per-

centages are in at.% unless otherwise mentioned). The

ingots were made by arc melting. Samples of these

ingots were solution heat treated in a vertical furnace,

under 1.2×105 Pa of argon, for 1, 16 or 48 h at 1683

K and then oil quenched. In order to perform APFIM

analyses, heat treated samples were cut into 0.5×0.5×

20 mm3 using electro-erosion. For tip preparation, as

well as for TEM observations, each sample was electro-

polished in a 60% methanol, 34% butanol, 6% perchlo-

ric acid solution, at an average temperature of 233 K.

The imaging gas for FIM observations was neon under

a pressure of 3×10−3 Pa. Atom probe (AP) analyses

were performed under a pressure of 10−8 Pa, with a tip

temperature of 60 K, a pulse fraction of 19% and a
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pulse repetition rate of 1.7 kHz. Three-dimensional AP

microscopy analyses were performed with the tomo-

graphic AP developed at the University of Rouen [6].

TEM observations were performed in a Philips CM20.

3. ��� Massive transformation

The central part of the binary phase diagram of the

Ti–Al system used for this study is the one given by

McCullough et al. [7]. For a slow cooling rate from the

� single-phase field (� is a hexagonal compact disor-

dered phase) the first phase transformation that occurs

is ���+�. The �-phase is a L10-ordered structure.

This last transformation produces a lamellar structure

in the former �-grains. At lower temperature, ordering

takes place within � which transforms into �2 (DO19).

Thus, the near-equilibrium state of the Ti52Al48 alloy at

a low temperature consists in a dual-phase (�2+�)

lamellar structure, with a small volume fraction of �2

(less than 10%).

If the cooling rate from the �-phase field is suffi-

ciently high (e.g. an oil-quench), the ��� massive

transformation occurs [5,9]. During this transforma-

tion, the primary �-phase rapidly transforms into a

massive �-structure, containing a large amount of linear

and planar defects. This transformation is assumed to

occur at the average temperature of 1270–1370 K,

depending on the cooling rate and on the composition

[5,9,10]. Nevertheless, this transformation is usually not

complete and the untransformed � regions later trans-

form into an ultrafine lamellar structure [12,13,15],

consisting of �2 and �-lamellae. The optical micrograph

obtained after the ��� massive transformation of the

material (Fig. 1) reveals the presence of an ultrafine

lamellar structure surrounded by the massive �m-phase.

3.1. Massi�e �-structure

The FIM image shown in Fig. 2 is related to the

�m-phase. Two regions with different contrasts are sep-

arated by an orientation domain boundary (ODB).

From one region to the other, there is only a change in

the orientation of the [001] axis of the L10-ordered

structure. This contrast is a consequence of the an-

isotropy of the L10-ordered structure, which can be

described as a stacking of pure alternating planes along

the [001] direction. As a result, the [001] substructure

direction of the �-phase appears in bright contrast,

because of the difference of evaporation field that exists

between Ti and Al layers along the [001] direction.

Moreover, the alternating of bright and dim rings of

the [001] pole is clearly visible.

A �m region was analysed using one-dimensional AP

microscopy. The composition profiles shown in Fig. 3

reveals an oxygen-rich region, corresponding to a local

enrichment in Ti. The composition of �m was found in

a good agreement with previous AP analyses [11], i.e. a

near equiatomic composition with a small amount of

oxygen (Table 1). The oxygen-rich region is thought to

be an �2 plate [11]. In order to corroborate this result,

a TEM observation was performed. The bright field

Fig. 1. Optical micrograph of a Ti52Al48 sample heat treated 16 h at

1410 °C and oil-quenched. The typical contrast of the �m-phase is

clearly visible. The ultrafine lamellar structure is surrounded by the

�m-phase.

Fig. 2. FIM image of a sample heat treated 16 h at 1410 °C and

oil-quenched. Two orientation domains of the �m-phase are evident.

Fig. 3. Composition profiles in a Ti52Al48 alloy heat treated 1 h at

1410 °C and oil-quenched. The first part of the composition profiles

corresponds to the �m-phase. The oxygen-rich region may be an �2

plate.
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Table 1

Compositions of the �m- and �2-phases analysed by 1DAP

Ti (at.%) Al (at.%) O (at.)

�m 51.3�1.7 48.7�1.7 450�400 ppm

30.1�3.263.9�3.4 6.0�1.7%�2

3.2. Ultrafine lamellar structure

As shown in Fig. 1, the massive transformation is not

complete. Some regions of the former �-phase trans-

form into an ultrafine lamellar structure consisting of �2

and �-lamellae [12,13,15]. A FIM image of the ultrafine

lamellar structure shown in Fig. 5 exhibits the presence

of two �-lamellae with the same orientation. Two thin

lamellae appearing in bright contrast are evident and

are thought to be �2 lamellae. A 3DAP analysis of the

ultrafine lamellar structure has been performed (Fig. 6).

Oxygen enrichment is related to the presence of a

5-nm-thick �2 lamellae. Composition profiles across the

lamellae (Fig. 7) indicate that the oxygen concentration

in the �2 lamellae reaches 4.1 at.%.

3.3. Saturation �alues of oxygen concentration in �, �2

and �

The main assumption for the estimation of the maxi-

mum oxygen concentration in each phase is that only

Ti6 octahedral cavities can be occupied by oxygen [11].

As a result, the maximum concentration of oxygen in

each phase can be deduced from the amount of Ti6
octahedral cavities.

image of a �m region shown in Fig. 4a reveals several

plates appearing in dark contrast along two distinct

directions. The identification of these plates as the

�2-phase was performed with use of dark field images

(Fig. 4b and c). The vectors of the reciprocal lattice of

the �m structure indicate that the �2 plates have precip-

itated along two {111} closed-packed planes of the

�m-phase. The crystallographic relationships between

the �2 plates and the �m-phase are the same as that in

the lamellar structure [8]. As a result, these �2 plates

cannot be the product of the former �-phase. It has

been proved that no simple orientation relationship

exists between �m-phase and the former � grain where

the massive transformation occurred [9,16]. The �2

plates observed by 1DAP and TEM are thought to

appear during or just after the massive transformation,

but not before.

Fig. 4. TEM images of a Ti52Al48 sample heat treated 16 h at 1410 °C and oil-quenched. (a) Bright field image of a �m region performed with

z� =�202]. (b) [2� 201] Dark field of �2 plates in the same region, performed with z� =�1120]
�2//�202�

�
and (0001)

�2//(111)
�
. (c) [2� 201] Dark field of

�2 plates in the same region, performed with z� =�1120]
�2//�202�

�
and (0001)

�2//(111� )
�
.
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Fig. 5. FIM image of the ultrafine lamellar structure realised in a

Ti52Al48 sample heat treated 48 h at 1410 °C and oil-quenched.

�-Lamellae are visible on both sides of the image. Thin �2 lamellae

are visible in the centre of the image.

3.3.1. Oxygen in the �-phase

One octahedral cavity exists per atom in the �-phase.

Since this phase is disordered, substitutional sites are

equivalent. Thus, the probability for an atom to occupy

a substitutional site is equal to its concentration. The

probability for an octahedral cavity to be a Ti6 cavity is

equal to the Ti concentration (C(Ti)) on substitutional

sites to the power six. Therefore, the saturation value

X(�) for the oxygen concentration in � is:

X(�)=
C(Ti)6

1+C(Ti)6

3.3.2. Oxygen in the �2-phase

Because of the chemical order of the �2-phase, all

substitutional sites are not equivalent but can be sepa-

rated into Ti sites and Al sites. As a result, there exists

one possible Ti6 cavity for four atoms in this phase. The

probability P(�2) for one of these cavities to be sur-

rounded by six Ti atoms is:

P(�2)=
�4

3
C(Ti)

n6

As a result, the number of Ti6 octahedral cavities for

one atom on substitutional site is:

N=0.25×P(�2)

N only depends on the concentration of Ti on substitu-

tional sites (C(Ti)), which is not exactly the same value

than the concentration measured after an AP analysis.

The saturation value X(�2) for the oxygen concentra-

tion in �2 is given by:

X(�2)=
0.25×P(�2)

1+0.25×P(�2)

3.3.3. Oxygen in the �-phase

For an equiatomic composition, no Ti6 octahedral

cavity exists in the �-phase. But for a Ti50+�Al50−�

composition in the �-phase (if only substitutional sites

are considered), i.e. a weak excess in Ti, a few Ti6
cavities should exist. Assuming that excess Ti atoms are

randomly distributed within the aluminium sublattice,

octahedral Ti6 therefore form in the (002) Ti pure

planes of the L10-ordered structure. In such a case, the

Ti concentration in the aluminium sublattice should be

equal to 2�. Since one possible Ti6 cavity exists for two

atoms in �, the saturation value X(�) for the oxygen

concentration in � is given by:

X(�)=
0.25(2�)2

1+0.25(2�)2

Estimated saturation values for the oxygen concen-

tration in �, �2 and � are summarised in Tables 2 and

3.

Fig. 6. 3DAP reconstruction of the ultrafine lamellar structure of a

Ti52Al48 sample heat treated 16 h at 1410 °C and oil-quenched. Only

oxygen atoms are drawn. (a) Front view. (b) Side view.

Fig. 7. Composition profiles drawn perpendicularly to the lamellar

interface of the lamellae visible on Fig. 6.

Table 2

Estimated values of the maximum oxygen concentration in � and �2,

as a function of the concentration in Ti on substitutional sites

52Ti (at.%) 55 60 65 70 75

15.1X(�) (at.%) 2.0 2.7 4.5 7.0 10.5

X(�2) (at.%) 20.02.8 3.8 6.2 9.6 14.2
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Table 3

Estimated values of the maximum oxygen concentration in �, with a

Ti50+�Al50−� composition on substitutional sites

Ti (at.%) 5150 52

200 ppm 800 ppmX(�) (at.) 0

From the composition profiles drawn across the �2

lamellae analysed using 3DAP, we find an average

concentration of 59 at.% Ti and 4.1 at.% O inside �2.

From these values, one can deduce N=7.6% and N �=

4.3%. Accounting for statistical errors, these values can

also correspond to an occupation of one Ti6 octahedral

cavity in two.

4. Influence of the chemical order of the �-phase on the

field evaporation

As shown in Section 1.1, the chemical order in the

�-phase gives rise to a contrast in FIM images. This is

a consequence of two effects. One is the anisotropy of

the L10-ordered structure. The other is the difference

between the evaporation fields of Ti and Al atoms. The

{100) planes of the �-structure have an equiatomic

composition contrary to the (002) planes which are

pure planes of either Ti or Al. Thus, the two �100]

directions are not equivalent to the [001] direction with

respect to the evaporation process.

A FIM image taken along the [001] direction of the

�m structure (Fig. 8a) reveals bright rings, assumed to

be Ti pure planes, which are cut by a dark plate. The

3DAP analysis performed at the centre of this region is

shown in Fig. 8b. This analysis clearly shows a small

region, which has a higher density. This observation is

in good agreement with the contrast observed in Fig.

8a. The dark contrast in FIM is related to a lower

evaporation field compared with the bright planes of

the �-structure. This local difference in the evaporation

field induces local magnification [17,18].

The curves of Fig. 9 have been drawn across the

interface between the two regions, as shown by the

arrow of Fig. 8b. The composition profile of Fig. 9 can

be separated into three regions. The first one, because

3.4. Oxygen’s beha�iour during the massi�e

transformation

Oxygen is an interstitial impurity present in the �-

phase before the massive transformation, with an aver-

age concentration of about 2000 at. ppm in industrial

alloys [11]. It is now well known that the �-phase

cannot contain more than a few hundred at. ppm of

oxygen [11]. This value is in good agreement with the

estimations shown in Table 3. Oxygen will therefore be

rejected from the �m-phase, during the massive transfor-

mation. The oxygen behaviour during the massive

transformation remains unclear. This interstitial ele-

ment was assumed to segregate on some defects of the

�-phase [19]. As oxygen of the former �-phase is re-

jected from the �m-phase during the massive transfor-

mation, this is likely to induce the precipitation of �2

plates inside the �m-phase.

The number N of Ti6 octahedral cavities per atom on

substitutional site have been compared with the number

N � of oxygen atoms per atom on substitutional sites.

According to the results shown in Table 1, the concen-

trations on substitutional sites are 68 at.% Ti and 32

at.% Al. For such concentrations, the value of N is

13.9%, that means 13.9% of Ti6 octahedral cavities for

one atom on substitutional site. According to the

1DAP analysis (Fig. 3 and Table 1), N � is equal to

6.3%. Therefore, Ti6 cavities are thought to be half-oc-

cupied by oxygen atoms inside the �2 plate observed in

�m. This may influence the volume fraction of �2 in �m.

Fig. 8. (a) FIM image realised in a Ti52Al48 sample heat treated 16 h at 1410 °C and oil-quenched. Bright rings corresponding to the [001] axis

of the �-phase are clearly visible. Those rings are cut by a dark plate shown by arrows. (b) 3DAP reconstruction of the same sample performed

along the [001] axis within the dotted square drawn in (a).
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Fig. 9. (a) Composition profiles across the interface between the low

and high evaporation field region as shown by the arrow of Figure

10b. (b) Corresponding fluctuations in the local density of atoms in

the same region. The ratio between the experimental density of atoms

and the theoretical density is plotted upon the distance.

microstructure. This contrast was found to be due to in

situ micro-twinning of �, inside the field ion microscope.

However, the �m-phase contains much more defects than

the �-phase of the near-lamellar microstructure [9,16]. As

a consequence, the dark contrast of Fig. 8a could

correspond to another kind of defects. Using HRTEM,

Abe et al. have shown that, between two antiphase

domains of �m, there can exist a thin region (a few

nanometer thick) where the [001] axis is perpendicular to

the [001] axis of the two adjacent antiphase domains. The

FIM image (Fig. 8a) could not be used to determine

whether the two bright regions have an antiphase domain

relationship. Nevertheless, the assumption suggested by

Abe et al. seems to better correspond to our observation.

Thus, the difference in the evaporation field at the

surface of the analysed sample can be attributed to a

difference in the orientation of the [001] axis of the

�-structure, which induces a change in the composition

measured after the evaporation of the surface of the tip.

As a result, the high concentration of Ti in the low

evaporation field region could be due to a selective loss

of Al. Indeed a significant amount of Al+ and AlH+ ions

were detected in this region. That means that the

evaporation field in this region was low enough to

prevent a significant number of Al+ ions to be post-

ionised [21]. That also means that the evaporation field

was low enough to allow hydrogen to associate with Al

atoms before their evaporation. This association between

Al and H atoms is assumed to be the main reason for

the selective loss of Al, since it permits preferential

evaporation of Al atoms.

5. Conclusion

APFIM analyses, as well as TEM observations, of a

massively transformed Ti–48 at.% Al alloy have been

successfully performed. The results presented in this

study have provided a better understanding of the oxygen

behaviour during the ��� massive transformation. It

has indeed been shown that �2 plates can precipitate

during or just after the massive transformation, within

the �m-phase. This precipitation is thought to be induced

by the presence of oxygen, which is rejected from the

�m-phase during massive transformation. The effect of

chemical order on the field evaporation in 3DAP has

been also shown. Chemical order induces fluctuations in

the evaporation field and may lead to biased composi-

tions.
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of its high density (Fig. 9b), is a low evaporation field

region. In region II, the density of atoms is in good

agreement with the density expected for this material. In

addition, the near equiatomic composition of �m is

obtained. The density in region III is lower. This is due

to a local depletion close to the [001] pole. Because of

this depletion, significant fluctuations in the concentra-

tions are observed.

Region I has a significantly higher concentration in Ti,

associated with a small amount of oxygen, which is

detected as TiO2+ ions. Therefore, it might be tempted

to conclude that this region is the �2-phase. However, the

oxygen detected in this region (8600 at. ppm) may also

be a consequence of the low evaporation field. Indeed,

a few TiO2+ ions are detected for such analyses condi-

tions in the �-phase. That is not the case when the optimal

evaporation field is reached. Moreover, the �2-phase is

known to have a higher evaporation field than the

�-phase. As a consequence, the dark region cannot

correspond to the �2-phase, otherwise the contrast of the

FIM image, as well as the density of atoms in the 3DAP

volume (Fig. 9b), would have been opposite to those

observed.

According to Larson et al. [14] and Abe et al. [20], this

darkly imaged region could also be the �-phase with

another orientation. FIM images of the �-phase, with a

similar contrast, have been obtained by Larson and

Miller [14] in a TiAl-based alloy with a near-lamellar
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