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Abstract 
Nanostructured intermetallics generally exhibit high strength but limited plasticity due to the 
covalent nature of their bonding. In this study, high-pressure torsion followed by annealing was 
used to produce TiAl intermetallics with two microstructural features: (i) bimodal microstructure 
composed of nanograins and submicrometer grains; and (ii) nanotwins. An exceptional performance, 
combining ultrahigh yield strength, ~2.9 GPa, and high strain to failure, ~14%, was achieved with 
micropillar compression tests. Twinning, dislocation slip and grain boundary sliding appear to be 
active under compressive stress. 
Keywords: Nanostructure; High-pressure torsion (HPT); Severe plastic deformation (SPD), 
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Intermetallics, which are ordered chemical compounds comprising two or more metals, are 
generally hard and brittle at room temperature. These mechanical features are a consequence of 
strong atomic bondings due to rather covalent than metallic bonding, which make dislocation 
motion through the crystalline structure difficult [1]. Although a number of approaches have been 
used to improve these materials’ mechanical properties, such as grain refinement and addition of 
alloying elements, there is always a trade-off between strength and plasticity [2]. Although 
intermetallics refined to the nanometer level exhibit superior physical properties as well as high 
strength to weight ratios [3] and even superplasticity at elevated temperatures [4], their main 
weakness remains their brittleness at room temperature [1,2]. 

Previous studies have reported that the large fraction of grain boundaries acts as both 
dislocation sources and sinks so that dislocation accumulation, strain hardening and plasticity 
become limited in nanostructured materials [5,6]. In order to improve the ductility (plasticity under 
tensile stress), a number of strategies have been employed in metallic alloys, such as severe plastic 
deformation (SPD) [7–10], bimodal microstructure formation [11–13], introduction of nanotwins 
[14–16], gradient structure formation from coarse grains to nanograins [17], introduction of 
precipitates [18], introduction of nanotwins and lattice softening [19], etc. [20]. In this study, a 
combination of the two strategies mentioned above, namely bimodal microstructure and nanotwin 
formation, are applied to intermetallics and an ultrahigh strength and high malleability (plasticity 
under compressive stress) are attained in an TiAl intermetallic. 

Disc samples (10 mm diameter, 0.8 mm thickness) of TiAl intermetallics were prepared from 
Al–50 mol.% Ti micropowder mixtures by SPD followed by annealing, using an approach 
developed in a previous study for AlNi [21]. Al (99.99%) powders had particle sizes less than ~75 
µm and Ti (99.9%) powders had particle sizes less than ~150 µm. The powder mixtures were 
subjected to SPD using high-pressure torsion (HPT) [22,23] under a pressure of 6 GPa and 
concurrent rotation of 50 turns with a rotation speed of 1 rpm at 573 K. Following the HPT, Al was 
completely transformed into Al-rich intermetallics such as TiAl3, TiAl2 and TiAl, and a saturation 
of grain refinement [24,25] to the nanometer level was achieved throughout the discs. The 
HPT-processed samples were subsequently annealed at 873 K for 86.4 ks to complete the reactions 
and produce TiAl with bimodal microstructures and nanotwins. 

The samples were evaluated by means of X-ray diffraction (XRD) analysis, differential 
scanning calorimetry (DSC), Vickers microhardness measurement, compression testing using 
square-shaped micropillars [26] (side length: 0.7–11.3 µm, height: three times the the length), 
electron back-scatter diffraction (EBSD) analysis, scanning electron microscopy (SEM) and 
scanning transmission electron microscopy (STEM). 

The materials and processing parameters were selected carefully to produce several 
characteristic features as shown in Figure 1. First, the average grain size of sample reaches ~20 nm 
after SPD (Fig. 1d), whereas the grain size of severely deformed metallic materials is 
usually larger than 100 nm [27,28]. Here, the grain refinement is enhanced by using the powder 
mixtures [24], by combining the solid-state reactions and SPD [29] and by strong atomic bonding of 
Al-rich intermetallics [25]. Second, in addition to ordinary and superlattice slip deformation modes, 
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the TiAl exhibits deformation twinning [30]. Moreover, the stacking fault energy of TiAl is low, 
100 mJ m–2 [31], and the materials exhibit nanotwin formation by annealing (Fig. 1a–c). The twin 
width ranges from few nanometers to ~50 nm, with an average twin width of ~9 nm (Fig. 1e). It 
should be noted that since only the twins with twin boundaries parallel to the incident electron beam 
are visible in TEM images, the real twin density should be much higher than the one seen in Figure 
1. Third, the annealing temperature of 873 Kis selected slightly higher than the temperature peaks 
appeared during DSC analysis of the HPT-processed samples (478, 652, 810 and 844 K) to ensure 
that all reactions are completed to form the TiAl intermetallic. It should be noted that both XRD and 
selected-area electron diffraction (SAED) analyses demonstrate that the TiAl intermetallic is 
formed after the annealing. Fourth, although the solid-state reactions are completed after annealing 
for 3.6 ks, the annealing time was deliberately selected longer for 86.4 ks to produce a bimodal 
microstructure with an average grain size of ~100 nm composed of nanograins with grain sizes less 
than 100 nm, and submicrometer grains with grain sizes larger than 100 nm (Fig. 1d). The 
formation of the bimodal microstructure after the annealing was confirmed by STEM and EBSD 
analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Microstructures of TiAl intermetallic. (a) TEM bright-field image and corresponding 
SAED pattern of nanograined structure with nanotwins indicated by arrows; (b) TEM bright-field 
image of a single submicrometer grain containing several twins; (c) STEM lattice image of 
nanotwins and corresponding diffractogram; (d) grain size distribution for HPT-processed samples 

before and after annealing; and (e) twin width distribution after annealing. 
 

Despite the grain growth to ~100 nm from ~20 nm due to the annealing, the steady-state 
hardness is increased to 705 Hv above the hardness of 540 Hv before the annealing. This hardness 
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increase arises because of the formation of TiAl phase with a large fraction of twin boundaries. It is 
noted that the hardness–strain behavior of the Al/Ti powder mixtures was, as reported earlier in the 
Al/Ni powder mixtures [21], such that the hardness was about 100 Hv until a significant increase 
occurred at shear strains of 50–100 and, with a further increase in the strain, the hardness saturates 
to a steady-state level of 540 Hv. 

Two representative stress–strain curves of the samples before and after the annealing are 
delineated in Figure 2a from micropillar compression testing conducted at room temperature with a 
pillar size of ~4x4x12 µm3. Since some fractions of micropores are formed during HPT [21], the 
micropillar compression test was used in this study to minimize the effect of micropores on the 
mechanical properties. Moreover, the micropillars are appropriate to investigate the deformation 
mechanism [32]. The sample after HPT but before annealing, which consists of certain fractions of 
Ti, TiAl3, TiAl2 and TiAl, exhibits a high yield strength, ~1.7 GPa, but a limited malleability, 2%. 
The sample after subsequent annealing, which contains TiAl, exhibits a high malleability, ~23%, 
and an enhanced yield strength of ~3 GPa, which is 4–10 times higher than that for micropillars of 
TiAl single crystals [26]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Micropillar compression test for TiAl intermetallic. (a) Nominal compression stress vs. 
nominal compression strain curves of HPT-processed samples before and after annealing, (b) 
appearance of pillar before compression,  (c,d) appearance of pillar after compression, (e–g) SEM 

micrographs taken from pillar side surface and edge after compression. 
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Observations of the TiAl micropillars before and after annealing, as shown in Figure 2b and c, 
reveal that the pillar is deformed plastically with an estimated uniform malleability of e = 1-A0/A = 
~19% (A0 = 3.8x4.0 µm2, area before deformation; A = 4.2x4.5 µm2, area after deformation). The 
uniform malleability in this TiAl intermetallic is much higher than those reported in other 
nanostructured intermetallics [2]. The high uniform malleability may be due 

to several reasons: (i) the presence of bimodal microstructure and nanotwins before 
deformation; (ii) the activation of different plastic deformation mechanisms during the deformation; 
and (iii) the effect of pillar size on the strength and malleability. 

In pure metals and alloys, it is well established that a better combination of high strength and 
high plasticity is achieved with bimodal grain-size distribution when compared to nanograined 
structure. It has been demonstrated that nanograins contribute to strengthening, whereas good 
plasticity is due to the coarse grains [11–13]. Furthermore, pinning the dislocation motion and 
strengthening induced by coherent twin boundaries leads to less degradation of plasticity in 
comparison with those caused by incoherent grain boundaries because the twin boundaries have 
higher capacity for generation, accumulation and glide of the dislocations along their boundaries 
[14–16]. 

SEM micrographs taken from the side view of the pillar, shown in Figure 2d–g, indicate that 
high malleability is accompanied with significant nanoscale deformation. Moreover, Figure 2e and f 
clearly confirm that many twins and fine slip bands become active during the deformation, and 
Figure 2g indicates that the sliding between the grains may also have occurred during the 
deformation. Earlier studies showed that grain boundary sliding is facilitated in ultrafine-grained 
metallic materials even at room temperature [33–35]. 

It is known that the pillar size influences the strength and plasticity of materials [36–38]. 
Figure 3 shows that the yield stress is somewhat lower and malleability and ultimate strength are 
higher for 0.7 µm pillar size, but the size effect on the strength and plasticity is negligible and all 
mechanical properties are approximately at the steady state as long as the pillar size is larger than 
~2 µm. The size effect should be due to nonuniform distribution of stress as well as due to the effect 
of pillar surface on dislocation activities. The pillar surface acts not only as dislocation source, but 
also as a dislocation sink [38]. Dislocation pinning by pillar surface and subsequent pile-ups occur 
during micropillar compression, which results in lower local stress needed to sustain plastic flow, 
but higher strain hardening and plasticity. When the number of grains in the pillar volume (ratio of 
grain boundaries to pillar surface) increases or the dislocation pile-up becomes limited, the size 
effect is lowered. The mechanical properties become independent of the pillar size when the ratio of 
the pillar size to the grain size is higher than a critical value. 

The results of micropillar compression tests (pillar size >2 µm) are plotted in Figure 4 in 
comparison with relevant data [2], including coarse-grained and nanograined TiAl intermetallics 
with and without addition of alloying elements. A solid line represents the optimum relation 
between strength and ductility obtained by different TiAl intermetallics. There is a trade-off 
relationship between the strength and strain to failure; however, TiAl with bimodal microstructure 
and nanotwins provides important advantages over other materials. First, the strength of the 



 
6 

material is significantly enhanced to a level three times higher than that for nanograined pure TiAl. 
Second, having improved the plasticity, its strength exceeds that of TiAl intermetallics with 
alloying elements. As discussed above, the ultrahigh strength and high plasticity obtained in this 
study, which appear to be independent of the pillar size, are due to two main microstructural 
features: (i) bimodal microstructure and (ii) nanotwins. It was confirmed that different plastic 
deformation mechanisms such as twinning, dislocation slip and grain boundary sliding become 
active during the compression of this designated intermetallic. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Influence of micropillar size on (a) yield and ultimate compression strength and (b) 
compression strain to failure. 

 
In summary, a TiAl intermetallic with ultrahigh strength and high plasticity was developed by 

a combination of two strategies, namely bimodal microstructure formation and nanotwin formation. 
The strategies used in this study are applicable to the production of other nanostructured 
intermetallics with ultrahigh strength: we have produced several intermetallics in the Al–Ti–Ni 
system with yield strengths up to 3.5 GPa. However, in order to have high ductility, the stacking 
fault energy of the intermetallics should be low enough to form nanotwins by subsequent annealing. 
 



 
7 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Plots of compression yield strength vs. compression strain to failure for TiAl with bimodal 

microstructure and nanotwins. Data for coarse- and nanograined high-purity TiAl and coarse- and 
nanograined TiAl with alloying additives from Ref. [2] are also included. 
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