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Abstract. Titanium aluminides based on the L10 ordered γ-phase are promising structural light-
weight materials for applications in aircraft engines. Typical compositions for γ-TiAl alloys lie in 
the range Ti-(44-48)Al (at.-%). For high creep resistance, a two-phase microstructure based on 
lamellar (α2+γ)-colonies is desirable that may be tuned towards better ductility by introducing pure 
γ-grains (near lamellar or duplex microstructure). 
γ-TiAl alloys are often alloyed with niobium for increased oxidation resistance and improved 
mechanical properties. HEXRD and TEM studies of the alloy Ti-42Al-8.5Nb revealed that the 
orthorhombic O-phase forms during annealing at 500-650°C. This orthorhombic phase has been 
known in Nb-rich, Al-lean, α2-based Ti-aluminides since the late 1980ies (Nb> 12.5 at.-%, Al< 31 
at.-%) but the finding in γ-based alloys is new. 
TEM imaging showed that the O-phase is located within α2 lamellae of lamellar (α2+γ)-colonies. O-
phase domains and α2 phase form small columnar crystallites based in the α2/γ interface. The 
columnar crystallites grow parallel to the [0001] direction of the α2 phase and appear as facets when 
observed along this direction. The evolution of domains and facets with annealing time and the 
chemical homogeneity of the phases are investigated.  
The results of STEM imaging show that O-phase domains form during annealing at 550 °C for 
8hours or 168 hours. After 168 hours of annealing Nb segregations are observed by EDX mapping 
within O-phase domains. In comparison, no segregation of niobium is detected after 8 hours of 
annealing. 

Introduction 
Third generation γ-TiAl-alloys are often alloyed with niobium for improved creep strength and 

oxidation resistance [1]. The addition of Nb introduces an additional, orthorhombic phase to the 
alloys’ microstructure that was initially considered to be B19, but is now accepted to be O-phase [2-
5]. Using in-situ heating HEXRD we demonstrated that the O-phase forms from the α2-phase and 
by TEM we described its location within lamellar (α2+γ) colonies in Ti-42Al-8.5b for the first time 
[4, 6]. It should be mentioned that the finding of O-phase in TiAlNb alloys is not new [7]. However 
it is new to find O-phase at the current composition and at this small, nm size scale within α2 
lamellae. 

A point of discussion in the formation of O-Phase is the role of niobium diffusion. In our 
opinion, the O-phase forms initially by small shifts of atom positions in the α2-(0001) plane and 
diffusion only takes place after the first O-phase has formed. Alternatively, one may argue that 
niobium diffusion is a requirement for O-phase formation [5]. 

To shed some light on this question, we compare the microstructure after annealing at 550 °C for 
different times. The annealed specimens are investigated in the Transmission Electron Microscope 
(TEM) by STEM-HAADF imaging and by elemental mapping with energy dispersive X-ray 
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diffraction (EDX.) HAADF images and elemental EDX maps show that niobium segregation is 
hardly detected after 8 hours of annealing at 550 °C while a clear pattern of elemental segregation 
evolves after 1 week of annealing at 550 °C. 

Experimental 
The alloy Ti-42Al-8.5Nb was produced by powder metallurgy starting from pure elements 

following the method described in [8]. After compacting by hot-isostatic pressing (200 MPa,  
1250 °C, 2 h, Ar atmosphere) the alloy was annealed at 550 °C for for either 8 hours or 168 hours to 
form the orthorhombic phase. Specimens for TEM investigations were prepared by standard 
methods, see [6]. HAADF imaging was performed at the Helmholtz Zentrum Geesthacht with the 
FEI-Titan 80-300kV instrument operated at 300kV. Atomic resolution HAADF-STEM imaging 
was conducted at the Center for Nanophase Materials Sciences, a DOE Office of Science User 
Facility at Oakridge National Laboratory using the Nion UltraSTEM 100 (U100) dedicated 
aberration-corrected STEM operated at 100 kV. Elemental EDX mapping was performed at the 
BEEM facility of the Technical University Hamburg, using a SuperX detector system attached to an 
FEI-Talos F200XTEM operated at 200kV with a probe current of 1 nA.  

Results and Discussion 
Previous results. Details of the alloy’s microstructure have been reported in [6] and are briefly 
summarized here to describe the region of interest for the new experiments. The alloy’s 
microstructure consists of lamellar (α2+γ) colonies that form when γ lamellae precipitate in α2 
grains during cooling below the α-transus temperature. Fig. 1a shows an example of the 
microstructure together with an illustration of the orientation-relationship between the two phases in 
Fig. 1b. The low magnification, bright field TEM-image in Fig. 1c shows a section of an (α2+γ) 
colony pictured in the viewing direction α2-[0001]. This orientation allows observation of the 
hexagonal basal plane, where atomic displacements during the hexagonal to orthorhombic 
transformation take place. The HAADF images and elemental maps below show nm-sized regions 
within an α2/O-phase-lamella in this zone axis orientation.  
 

 
a.) 

 
b.) 

 
c.) 

Fig. 1: Overview of the alloy’s microstructure [6]. a.) SEM BSE image of lamellar colonies. b.) 
Orientation relationship between the phases α2 and γ in lamellar colonies. c.) Plan-view of lamellar 
colony in viewing direction α2-[0001]. The bright phase is γ, the darker lamellae are a mixture of α2 
and O-phase.  

A striking detail in Fig. 1c is the appearance of facets within α2/O-phase lamellae. These facets 
are small crystalline regions tilted with respect to each other, which gives rise to the observed 
contrast behaviour. This is confirmed in Fig. 2a by HAADF imaging using a long camera length 
(600 mm). Under this condition, diffraction contrast contributes predominantly to the image 
formation and the facets are visible. In HAADF STEM imaging at a short camera length (195 mm) 
in Fig. 2b z-contrast (bright regions = higher z) overweighs and an irregular pattern of bright 
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regions surrounded by darker lines appears within the former facets. The contrast behaviour in 
Fig. 2b suggests that heavier elements are located within the brighter regions and lighter elements 
concentrate along the dark lines.  

 

  
a.) b.) 

Fig. 2: HAADF STEM images of the same specimen region. a.) At the camera length of 600 mm 
diffraction contrast prevails and facets are visible. b.) At the shorter camera length of 195 mm the 
image is mostly formed by z-contrast. The facets are no longer visible, instead a pattern of dark 
lines appears. (Specimen annealed at 550°C for 1 week). 

 

New results. In Fig. 3a an HAADF image of a small section of an α2/O-phase region is shown 
together with EDX maps of the same region for the elements Ti, Al, and Nb (Figs. 3b-d). 
Comparing the HAADF image to the EDX maps it can be seen that the pattern of bright regions 
surrounded by dark lines is independent of the slightly tilted facets. The elemental maps in Figs. 3b-
d demonstrate that the dark lines in the z-contrast STEM image (Fig. 2b) correspond to increased Ti 
and Al content whereas the brighter regions have a higher niobium concentration.  

More detail becomes visible as the magnification is increased. Fig. 4a shows a STEM image of 
the same specimen (550 °C, 1 week) at atomic resolution. Bright patches surrounded by darker lines 
can be seen, comparable to those in Figs. 2 and 3. At close inspection of the enlarged section in 
Fig. 4b the orthorhombic distortion of the lattice is recognized within the brighter patches whereas 
in the darker regions in between less distortion is present. Fig. 4b is also an example for two 
neighboring domains where the lattice is distorted along two different <11-20> directions of the 
hexagonal lattice of the parent phase α2 (indicated by arrows). 
Combining the information from EDX maps and atomic resolution STEM we find that O-phase 
regions coincide with increased Nb concentrations. In between O-phase domains regions of 
enhanced Al and Ti content are found and the lattice is less distorted. The direction of lattice 
distortion changes between different O-phase domains, which indicates that high elastic strain acts 
within the α2/O-phase lamellae. 
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a.) 

 
b.) 

 
c.) 

 
d.) 

Fig. 3: a.) HAADF image of α2/O-phase region in specimen annealed at 550°C for 1 week.  
b.)-d.) EDX maps of the same region using the signals Al-K, Nb-L, Ti-K.  
 

 
a.) 

 
b.) 

Fig. 4: a.) Atomic resolution STEM image showing bright and dark regions within α2/O-phase 
lamella  (size on specimen: 16 nm x 16 nm). The contrast variations resemble those on the 
elemental maps. b.) Enlarged section marked by square in a : at higher magnification Ti-hex rings 
appear more distorted within the bright regions than in the darker regions.  
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a.) 

 
b.) 

 
c.) 

 
d.) 

Fig. 5: a.) HAADF image of specimen annealed at 550 °C for 8 h. b.)-d.) EDX maps of the same 
region using the signals Al-K, Nb-L, Ti-K. 
 

In Fig. 5 the EDX maps obtained after annealing for 8h at 550 °C are shown for comparison. In 
this annealing state a substantial part of α2 has already transformed to O-phase (see Fig. 5 in 
reference [4]). Even though a high amount of O-phase is present in the microstructure the elemental 
map in Fig. 5c shows no Nb agglomeration. On the other hand, the Al map in Fig. 5b shows a small 
change in intensity. A very weak change in intensity is also observed in the Ti-map in Fig. 5d. 
Atomic resolution HAADF-STEM imaging (not shown here) is in agreement with these 
observations: Even though the orthorhombic distortion is present in the lattice the bright patches 
observed in Fig. 4 are not detected.  

Summary 
We followed the elemental distribution of Al, Ti and Nb in specimens annealed for 8 h and 168 h 

at 550 °C. In both annealing states substantial amounts of O-phase are present within the alloy’s 
microstructure. Elemental mapping shows that only after the longer annealing time (168 h) 
elemental segregation is observed. Here we find that Nb agglomerates in patchy regions that are 
surrounded by broad bands of increased Al and Ti content. For comparison, only very little 
segregation of Al is detected after 8 h of annealing time, while no changes are seen in the Nb map. 
These findings indicate that Nb diffusion only sets in after O-phase has formed. 
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