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Abstract:  

In this study, the habit planes of dislocations moving by glide and climb at 850°C-900°C have 

been determined in three dimensions (3D) by electron tomography, using the TiAl intermetallics 

as a model system. An almost complete digital 3D reconstruction approach has been 

implemented, based on algorithms developed in life sciences, with which the habit planes 

orientations have been obtained with ± 5° accuracy. It could thus be demonstrated, notably, that 

climbing        pure edge dislocations loops, previously identified in literature, actually 

constitute Bardeen-Herring sources. Moreover, mixed-climb in {011) planes has been properly 

evidenced, as well as coexistence of gliding and climbing dislocation segments in the same 

region of the crystal. Consequently, improving the material’s strength at 850-900°C would 

require controlling both the glide and climb mechanisms by means of suitable solutes. 
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Main text 

To widen the industrial use of TiAl-based alloys, the operation temperatures have to reach 

800°C and above [1]. However, the microscopic mechanisms controlling the mechanical 

deformation of the TiAl alloys at these temperatures are not yet fully described and interpreted, 

which is necessary to propose design guidelines aiming at improving the strength of these 

materials. For example, it has been proposed that the kinetics of glide-controlled deformation 

processes in TiAl alloys can be reduced by addition of C and Si [2, 3], whereas in the case of 

climb-controlled mechanisms, heavy elements as Nb [4] or W [5, 6] have proved their efficiency. 

In this context, it is then of primary importance to properly identify the activated deformation 

mechanisms, and preferably, the controlling one. 

For this purpose, it is necessary to obtain a key information, which is the orientation of the 

Burgers vector     of the dislocations with respect to their habit plane P (plane in which the 
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motion of the dislocation takes place). Thus,     contained in   shows glide, whereas     making 

any angle with   indicates glide and climb (glide of jogged dislocations [7]), often simply 

referred to as climb [8], since the climb contribution usually controls the kinetics of dislocation 

motion. Finally,     perpendicular to   corresponds to pure climb, and results from the creation of 

Bardeen-Herring dislocation loops [9]. Therefore, identifying the mechanisms relies on the 

determination of the orientation of the Burgers vector (obtained by the invisibility          

criterion), and of the habit planes, for which geometrical determination procedures of the 

orientation of dislocation loops using inclination of the sample holder have been developed [6]. 

However, an intrinsic limitation of these methods is that the two extremities of the loops have to 

emerge from the same side of the thin foils, which is only the case in a proportion of about one 

over two of the investigated loops. Moreover, to obtain data accurate enough (orientations 

determined within ± 5°), the projected width of loops have to be determined for a set of 

diffraction conditions, corresponding typically to 5-10 inclinations of the sample holder, by use 

of manual procedures which can be tedious. Another possibility is to determine the habit plane 

orientation by inclining the sample holder in such a way that the loop is positioned edge-on with 

respect to the observation plane [10]. However, this method is also limited to few favorable 

situations. 

Nevertheless, using these approaches, the deformation mechanisms in TiAl alloys at high 

temperatures were identified during the past decades. Most of the studies show that between 

550°C and 900°C, climb and glide coexist [6, 11-14]. Recently, in-situ TEM observations have 

shown that dislocations moving by climb and glide can exhibit similar velocities, an observation 

which gives an interpretation to the coexistence of these two mechanisms [10]. From 850°C and 

above, other mechanisms are reported: glide of ordinary dislocations in non-compact planes [15], 

increased activation of superdislocations [16], or formation of c-type        dislocations [17]. 

From the above literature analysis, it can be seen that, despite the strong technological interest of 

the TiAl alloys, proper identification of the microscopic deformation mechanisms required two 

decades, probably because of the complexity of the TEM investigations. 

In this paper, we aim to show that microscopic deformation mechanisms in the model TiAl 

system can be easily elucidated using emerging 3D reconstruction approaches. The very recent 

developments in the determination of the 3D morphology of dislocations by electron tomography 

have shown that a breakthrough in this field is now possible, inducing tremendous interest [18-

25]. Tomography, in the general case, consists in reconstructing the 3D morphology of an object 

from a tilted series of its 2D projections [24, 26]. In the particular case of studying dislocation 

structures, the specific conditions under which dislocations are visible need to be maintained for 

all the images in the tilted series. This is achieved by positioning the specimen in the sample 

holder in such a way that a diffraction vector   , for which the dislocations are visible, is parallel 

to the tilt axis. A tilted series is then acquired typically with steps of 1-2°. For a high accuracy 

3D reconstruction, each image in the tilted series has to be very accurately aligned on a common 

tilt axis by implementing shift and rotation corrections of drift occurring during acquisition 

(image registration). Most commonly, cross-correlation techniques or least-square tracking 
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methods of fiducial markers (e.g., gold beads) are used [26, 27]. Alternative methods using 

stereographic triangulation [28] and dislocation detection by deep neural network [25] have been 

developed to enable 3D reconstructions from image pairs. The methods for 3D reconstruction of 

dislocation structures were first introduced by Barnard et al. [18]. They were employed to reveal 

dislocation structures at crack tips [19], around precipitates [20] and in sub-boundaries [24]. 

Finally, a review on these approaches was proposed [24]. However, a major contribution comes 

from Mussi et al’s team, who has devoted several studies to the development of electron 

tomography for investigating various dislocation mechanisms in olivine [21], zirconium [23] and 

MgO [22]. Notably, habit planes for glide and climb mechanisms were determined [22]. 

In this work, we identified image alignment as the key parameter to result in high quality 

tomograms. Little information is given in literature concerning this important step, reference 

being made to manual procedures [21-23], or no procedure being indicated [18, 19], the only 

more precise work on this point being that of Liu et al. [20], who reports the use of nanometer-

size defects or dislocation junction, acting as fiducial markers for alignment. Here, we employed 

a robust image registration procedure based on the production of landmark chains throughout the 

tilted series [27]. This technique was first applied in life sciences but has also been successfully 

extended to study the structure and topology of nano- & mesopore networks in organic matter 

present in shale rocks [29, 30]. It is described in details in the Materials and method section of 

the Supplementary materials. The main advantage of this method is that an accurate alignment of 

curvilinear structures such as dislocations can be achieved without the use of fiducial markers 

deposited onto the sample, or already present (defects, junctions [20]) prior to recording the tilted 

series. Moreover, this is an almost complete digital procedure, in which manual adjustments are 

minimized. As a result, high-quality alignment of the tilted series is obtained, giving tomograms 

with high spatial resolution even for complex dislocation sub-structures. Supplementary Figure 1 

shows that the 3D reconstructions reproduce the images obtained by TEM without noticeable 

distortion, that the lateral accuracy of the reconstructions (  12 nm) can be as low as 2-3 times 

that of our microscope (  5 nm), and that the habit planes orientations can be determined within 

± 5°.We employed this method in the case of the ordered intermetallic L10 -TiAl phase, because 

the atomic ordering of Ti and Al results most of the time of only two dislocation families of 

Burgers vectors              and               (with  : lattice constant) [31]. Under given 

diffraction conditions, like         , only one dislocation family is in contrast and the 

mechanisms can thus be selectively determined (note also that, due to chemical order,         and 

        conventions for permutation of the indices can be used [32]). Hence, using this model 

system, typical glide and climb dislocation processes can be easily investigated. At high 

temperatures, however, dislocations of Burgers vector            also contribute to the 

deformation [17]. TiAl alloys were then deformed at 850°C to 900°C by low (1.5-2 %) and high 

(20 %) amounts, at 10
-4

 s
-1

 and 6×10
-8

 s
-1

 deformation rates. Details on sample preparation are 

given in the Materials and methods section of the Supplementary materials. 

We show hereafter the relevance of using this 3D reconstruction approach to elucidate the 

dislocation mechanisms in TiAl through precise determination of the habit planes, as was also 
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carried out in MgO using electron tomography [22]. In some cases, tomograms were analyzed 

for tilt values higher than   ± 60°, which are not accessible through the microscope. The 

tomograms of our study are given as Supplementary materials, with corresponding Movies to 

visualize them. Thus, Supplementary Movie 1 evidences that some segments move by gliding 

while others move by climbing in the dislocation family of Burgers vector              (Fig. 

1a schematically depicts these two mechanisms). Fig. 1b-d illustrate that these mechanisms can 

be readily deduced from the 3D reconstructions. 

 

Fig. 1. Examples of glide and climb mechanisms (GE TiAl alloy deformed by 2 % at 10
-4

 s
-1

 

deformation rate in compression at 900°C). (a) Schematic drawings showing the orientation of 

the habit plane of portions of dislocation loops for glide and climb mechanisms. (b) 3D 

reconstruction at tilt T = -30° of a region where gliding and climbing dislocation segments 

coexist, in the orthonormal coordinate system of the crystal(determined by diffraction analyses, 

not shown, giving the orientation of the diffracting planes with respect to the tilt axis, with 

typically ± 2° accuracy). For these dislocations, the Burgers vector     is equal to         . (c) 

Habit plane of the first loop edge-on that does not contain the Burgers vector, demonstrating a 

climb mechanism (tilt T = 10°). (d) Habit plane of the second loop edge-on that is parallel to the 

Burgers vector, evidencing a glide mechanism (tilt T = 80°). See also Supplementary Movie 1. 
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Supplementary Movie 2 shows planar dislocation loops, in a region which was investigated 

in the study of Naanani et al. [17]. In the present work, a tilted series is recorded under residual 

contrast conditions (         and               , with         ,            and    : 

dislocation line vector contained in the habit plane), which allows 3D reconstruction despite a 

low signal-to-noise ratio. In the study of Naanani et al., it was shown that the dislocation labelled 

S in Fig. 2a was constituted of edge segments of        Burgers vector moving by pure climb in 

the       plane. In the present work, 3D analyses establish that the        segments labelled 1, 

2 and 3 also move in the       plane (Figs. 2b-c). We therefore show that the dislocation 

labelled S is in fact a source, from which the segments 1, 2 and 3 are generated by the Bardeen-

Herring mechanism [9]. Consequently, a correct identification and description of a Bardeen-

Herring mechanism is only possible here through 3D reconstruction. In the case of            

dislocations, growth of Bardeen-Herring loops was observed during in-situ TEM observations 

[13], but no information regarding the habit planes was mentioned. In our study, the habit plane 

is accurately determined, allowing us to unambiguously identify the mechanism, which is here 

pure climb of        edge dislocations. 

 

Fig. 2. 3D reconstruction from TEM images recorded in residual contrast conditions (   

           ) of a Bardeen-Herring source (IRIS TiAl alloy deformed by 1.5 % at 6×10
-8

 s
-1

 

deformation rate at 850°C). Three loops, labelled 1 to 3, truncated by the TEM thin foil surfaces, 

have grown from a source, labelled as S. (a) General view at tilt T = 10°. Note that one segment 
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of the source S is out of contrast, due to fulfilment of the extinction criterion in the residual 

contrast conditions (the dislocation line vector     is in this case parallel to the diffraction vector 

  , leading to               ). (b-c) Details of the region delineated in view (a) at tilts T = 50° 

and T = 100°, showing notably in view (c) that the habit plane of the planar loops 1 and 2 is 

perpendicular to the Burgers vector    , thus highlighting pure climb of        dislocations by a 

Bardeen-Herring mechanism. See also Supplementary Movie 2. 

Finally, Supplementary Movies 3, 4 and 5 show dislocation reorganization in sub-

boundaries of complex 3D structure after high plastic deformation ( = 20 %) at 900°C. It is 

usually very difficult to perform TEM studies of samples deformed to such elevated level, due to 

the very high dislocation density, which induces very complex sub-structures. Notwithstanding, 

the accuracy of the 3D reconstruction, illustrated in Supplementary Movie 3 and Fig. 3a, allows 

resolving highly interwoven dislocation structures. Analysis of the reconstructed volume shown 

in Supplementary Movie 4 indicates that the habit planes of the long loops labeled 1, 2 and 3 in 

Fig. 3b are of        type, demonstrating climb in compact planes. A detailed 3D reconstruction 

shown in Supplementary Movie 5 reveals that the sub-boundary plane is close to      , as 

reported in Fig. 3c. Therefore, we deduce that the formation of the sub-boundary results from the 

motion of dislocations in the        planes as well as from their rearrangement in the       

planes, as schematically represented in Fig. 4d, both of which involve climb. Because the 

emergence points of the loops 1, 2 and 3 are not located on the same faces of the TEM thin foil 

(cf. Supplementary Movie 4), it would have been impossible to determine the habit plane by 

measuring the projected width of the loops, as described above. Moreover, Fig. 3b shows that 

orienting the habit plane of the loops edge-on requires tilting the volume by 67°, which is 

experimentally not possible with conventional sample holders. Therefore, the only way here to 

determine the habit plane and hence, the mechanism, is to use a 3D approach. Thus, climb in 

{011) close-packed planes, which has been occasionally observed in our previous study [6], is 

here clearly established.  

 



7 

 

 

Fig. 3. 3D morphology of a complex dislocation sub-structure (GE TiAl alloy deformed by 20 % 

at 10
-4

 s
-1

 deformation rate in compression at 900°C). (a) General view at tilt T = 33° showing 

the orientation of the investigated volume in orthonormal coordinates. See also Supplementary 

Movie 3. (b) Detailed image at tilt T = 67° showing the dislocations labelled 1, 2 and 3 in view 

(a) in edge-on position, identifying a compact        habit plane resulting from climb. See also 

Supplementary Movie 4. (c) Detailed image tilt T = 42° showing the dislocation (marked by an 

arrow) re-arranging in a sub-boundary dislocation network parallel to the compact       plane 

by climb. See also Supplementary Movie 5. (d) Schematic drawing illustrating the formation of 

the sub-boundary network by climb in the        and       compact planes. 

In summary, the habit planes of dislocations in TiAl have been determined accurately 

(within ± 5°) using an almost complete digital 3D reconstruction approach, allowing easy 

identification of the mechanisms. Electron tomography is therefore very useful to identify the 

controlling mechanisms of deformation in TiAl, as was also reported in MgO [22]. For deformed 

alloys at 850-900°C, this 3D approach has clearly and unambiguously established the formation 

of        dislocation loops by pure climb from Bardeen-Herring sources. In addition, a process 

of sub-grain formation, involving climbing in {011) close-packed planes, has been demonstrated. 
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However, pure glide is also observed. This suggests that the gliding and climbing processes 

occur at similar kinetics, meaning that both mechanisms must be controlled, using appropriate 

solutes if the material’s strength is to be improved in the 850-900°C temperature range. 
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- Materials and methods. 

- Supplementary Figure 1: Data giving quantification of the accuracy of the 3D 

reconstructions. 

- Supplementary Tomogram 1 and Supplementary Movie 1: Climbing and gliding dislocations 

in TiAl deformed at 900°C. 

- Supplementary Tomogram 2 and Supplementary Movie 2: Bardeen-Herring loops developed 

in TiAl at 850°C. 

- Supplementary Tomogram 3 and Supplementary Movie 3: Dislocations forming a sub-
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- Supplementary Tomogram 4 and Supplementary Movie 4: Dislocations forming a sub-

boundary network in TiAl deformed by 20 % at 900°C. Detail 1. 

- Supplementary Tomogram 5 and Supplementary Movie 5: Dislocations forming a sub-

boundary network in TiAl deformed by 20 % at 900°C. Detail 2. 
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