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Abstract 

Deformation mechanism of a new Ti-16.6Nb-6Co-5.1Cu-6.5Al (at.%) alloy is studied 

using scanning and transmission electron microscopy. The alloy consists of micrometer-sized β-

Ti dendrites and an ultrafine-eutectic composed of β-Ti and TiCo phases. The yield strength of 

the alloy (1.1 GPa) is comparable to that of the metallic glass composites and is coupled with 

large tensile ductility of about 11 %. Transmission electron microscopy analysis reveals that slip 

lines formed during deformation in the dendrites penetrates the eutectic resulting in formation 

of a stepped interface and an extra area serving to accommodate shear strains. The β-Ti 

eutectic component can deform plastically to a high degree supporting deformation of TiCo. 

The results suggest that microstructural design of the eutectic is important for controlling 

tensile ductility of dendritic-ultrafine eutectic alloys. 

Keywords: titanium alloy; TiCo intermetallic; ultrafine eutectic; fracture behavior; deformation mechanism; 
plasticity. 

Introduction 

As the grain size of a metallic material drops to a nano- or ultrafine size it becomes 

several times stronger compared to its coarse-grained state [1–10]. This exciting phenomenon 
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goes along a significant plasticity reduction for nano/ultrafine-grained materials [1,5,7]. One 

promising strategy to combine both high strength and reasonable plasticity in a metallic 

material is to create a bi-modal microstructure combining the high strength of a nano/ultrafine-

grained structure with the good plasticity of a coarse-grained structure [11]. Examples 

demonstrating the effectiveness of this strategy are single-phase bi-modal copper [12] and in-

situ formed dendrite phase-reinforced nano/ultrafine-grained eutectic alloys [13–24]. In 

particular, the dendritic-eutectic alloys exhibit typically plastic strains larger than 15 % and 

fracture stresses higher than 2 GPa [20,25–28]. The enhanced plastic deformability of the 

dendritic-eutectic alloys is due to the dendritic crystals which control the plastic instability of 

shear localization in the nano/ultrafine-grained eutectic [25,29–31]. The dendrites serve as 

obstacles for shear bands preventing the shearing-off through the whole sample. A similar 

phenomenon is also observed in metallic glass composites [32–34], where a crystalline phase 

controls the formation of shear band patterns and, therefore, enhances the plasticity. 

There are a number of published studies investigating the compressive 

microdeformation mechanism of the Ti-based dendritic-eutectic alloys using transmission 

electron microscopy (TEM) [25,29,30,35,36]. In particular, some effort was focused on shear 

band formation upon compressive deformation. For example, it has been revealed that primary 

shear bands initiate from the interfaces between the dendrites and nano/ultrafine-grained 

eutectic [30]. These shear bands penetrate the interfaces mainly contributing to the overall 

ductility of the dendritic-eutectic alloys. Due to the typical tensile-compressive strength 

asymmetry [17,37] the development of Ti-based dendritic-eutectic alloys exhibiting tensile 

ductility [13,15,16,18,38] was postponed by several years since their discovery [31]. The tensile 
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strain achievable for the recently developed Ti-based dendrite-eutectic alloys reaches 12 %, e.g. 

for Ti-13.6Nb-6Co-5.1Cu-6.5Al (at %) [15]. The in-situ analysis of the microstructural evolution 

upon tensile loading of Ti-13.6Nb-6Co-5.1Cu-6.5Al revealed a transfer of slip bands from the 

dendrites into the eutectic structure [15]. It has been suggested that his slip band transfer is 

partially responsible for the significant tensile ductility of the Ti-13.6Nb-6Co-5.1Cu-6.5Al alloy. 

However, no previous studies have investigated the tensile deformation mechanism of the Ti-

based dendritic-eutectic alloys using TEM. 

This paper attempts to reveal the microscopic tensile deformation mechanism of the Ti-

based dendritic-eutectic alloys using scanning and transmission electron microscopy. The focus 

is on the deformation of the ultrafine-grained eutectic and its role in enhancing the ductility of 

the dendritic-eutectic alloys. For this purpose, a new Ti-16.6Nb-6Co-5.1Cu-6.5Al (at %) alloy 

exhibiting significant tensile ductility was developed using the principles of microstructural 

adjustment that have been developed to improve the tensile ductility of Ti-based dendritic-

eutectic alloys [13,15–18,20].  
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Materials and methods 

The detailed experimental procedure used for casting of the samples was described in 

previous reports [14,15]. Structural investigation of the samples was performed by X-ray 

diffractometry (XRD) (STOE STADIP) with Cu-Kα1 radiation. The X'Pert High Score Plus software 

was used to determine the lattice parameters from the measured patterns. Scanning electron 

microscopy (SEM) (Zeiss Leo Gemini 1530) coupled with energy-dispersive X-ray analysis (EDX) 

(Bruker Xflash 4010) was used to investigate the microstructure before and after tensile 

deformation. The volume fractions of the phases were analyzed by the ImageJ image analysis 

program. Detailed microstructural investigation of deformed samples was performed by TEM 

(FEI TECNAI 20, operated at 200 kV) coupled with EDX (Oxford Instruments). The TEM 

specimens were cut and thinned by the focused ion beam lift-out technique in a FEI HELIOS 

NanoLab 600i. Flat tensile test samples with 8 mm gauge length and 1 mm thickness were 

tested at room temperature using an Instron 8562 testing machine at an initial strain rate of 10-

4 s-1. The strain was measured by a laser extensometer (Fiedler Optoelektronik). The hardness 

of the individual phases was measured using an “Asmec UNAT” nano-indentor (ASMEC GmbH, 

Radeberg, Germany) with a cube corner tip. In order to have the indentations within the sub-

micron sized single phase, a maximum load of 1 mN was selected. More than 170 indentations 

with a spatial distance of 4 micron were performed on a highly polished surface. The indents 

which were placed on a single phase were chosen based on SEM observation and 

corresponding load-displacement curves were treated to extract the harness values. 
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Results and discussions 

Microstructure 

XRD analysis (Fig. 1 a) reveals two phases, i.e. β-Ti (space group: Im-3m) and B2 TiCo (space 

group: Pm-3m), comprising the microstructure of Ti-16.6Nb-6Co-5.1Cu-6.5Al. The same phases 

were also reported for the parent Ti-13.6Nb-6Co-5.1Cu-6.5Al alloy [15]. The lattice parameter 

of β-Ti is a0 = 0.3240 ± 0.0001 nm and of TiCo a0 = 0.3051 ± 0.0001 nm. These values are slightly 

higher compared to the parent alloy what is probably due to a higher concentration of Nb in Ti-

16.6Nb-6Co-5.1Cu-6.5Al. Nb exhibits a larger atomic size compared to Ti and forms a 

substitutional solid solution with Ti. 

Figures 1 b and c shows the microstructure of the as-cast Ti-16.6Nb-6Co-5.1Cu-6.5Al alloy.  

Bright micrometer-sized dendrites are surrounded by an ultrafine-grained eutectic. The fraction 

of the dendrites was estimated to be 90-95 vol. %. According to EDX-mappings (not shown 

here), which reveal a very similar elemental distributions in the parent alloy [15], the dendrites 

are enriched in Nb and Al whereas the ultrafine-grained eutectic is enriched in Co and Cu. The 

SEM and XRD analyses indicate that the dendritic phase is a single β-Ti phase and the ultrafine-

grained eutectic is composed of B2 TiCo and β-Ti phases. The eutectic phases, i.e. B2 TiCo and 

β-Ti, are arranged in lamellae with a spacing of 200 ± 50 nm, which is slightly coarser compared 

to the parent alloy [15]. Thus, the increase of the Nb content by 3 at% in the studied alloy has 

only a minor effect on the microstructure compared to the parent Ti-13.6Nb-6Co-5.1Cu-6.5Al 

alloy. 
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Fig. 1 XRD pattern and SEM backscattered electron images (BSE) of the Ti-16.6Nb-6Co-5.1Cu-
6.5Al (at%) alloy. 
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Mechanical properties and application perspectives 

A typical tensile stress-strain curve of Ti-16.6Nb-6Co-5.1Cu-6.5Al up to failure is presented in 

Fig. 2 a. The mechanical properties are as follows: Young’s modulus E = 90.0 ± 0.5 GPa, yield 

strength σ0.2 = 1120 ± 50 MPa, ultimate strength σUTS = 1230 ± 50 MPa, and fracture strain 

εf= 11 ± 1 % with a pronounced strain-hardening behavior. These strength characteristics of Ti-

16.6Nb-6Co-5.1Cu-6.5Al are comparable with some of the recently developed Ti- and Zr-based 

metallic glass composites [32,39]. It is noteworthy that the fracture strain of Ti-16.6Nb-6Co-

5.1Cu-6.5Al exceeds the values of many Ti-based metallic glass composites [15,39,40]. 

The representative nanoidentation load-displacement (P–h) curves shown in Fig. 2 a indicate 

that the ultrafine-grained eutectic is stronger compared to the dendritic phase. The hardness 

values are 5.4 GPa and 12.0 GPa for the dendrites and eutectic, respectively. Therefore, the 

eutectic has a larger contribution to the strength of the Ti-16.6Nb-6Co-5.1Cu-6.5Al alloy. A 

higher hardness of the eutectic compared to the dendrites was also reported for other Ti-based 

dendritic-eutectic alloys [16,17]. 

Combination of relatively low Young’s modulus, high yield strength and large tensile ductility of 

the studied alloy implies its attractive application perspectives. Figs. 3 c and d presents the 

comparison of the studied alloy with special titanium alloys, i.e. biomedical and spring ones. 

Since the health of repaired bone depends on applied loads, low Young’s modulus of implant 

metallic materials should be close to that of bone to avoid stress shielding effect [41]. On the 

other hand, strength of the implant material should be high enough to avoid catastrophic 

failure of the implant. Therefore, the metallic biomaterials can be selected based on their ratio 
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of yield strength-to-Young’s modulus also known as mechanical bioperformance [41–43]. Fig. 3 

c shows that bioperformance of the studied alloy is among the largest for bioapplicable 

titanium alloys. Another possible application example of the studied alloy is depicted in Fig. 3 d 

summarizing the data of the commercial Ti-based alloys currently used as spring materials [44–

46]. High modulus of resilience is essential to consider material for spring application. The 

developed alloy exhibits on of the largest modulus of resilience among the selected titanium 

alloys (Fig. 3 d). Thus, the Ti-16.6Nb-6Co-5.1Cu-6.5Al alloy exhibits a high application potential 

as biomedical and spring material.  
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Fig. 2 (a) True tensile stress-strain curve of the Ti-16.6Nb-6Co-5.1Cu-6.5Al (at%) alloy at room 
temperature (inset: sample surface after tensile fracture revealing necking); (b) Load-
displacement (P-h) nanoindentation curves; (c) Yield strength plotted against Young's modulus for 
commercial biomedical titanium alloys [47] and the studied alloy of this work (Note: the dashed 

contours show the bioperformance σ0.2/E; AN – annealed, AG – aged, ST – solution treated); (d) Yield 
strength plotted against Young's modulus for commercial biomedical titanium alloysused as spring 
materials and studied alloys (Note: the dashed contours show the resilience (σ0.2)

2/E; AG – aged, ST – 
solution treated, WQ – water quenched). 
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Micro-to-nano-scale deformation mechanism 

The inset in figure 2 a shows a SEM secondary electron image from the surface of the tested 

sample. Pronounced necking close to the fracture surface is visible and indicates that fracture 

occurred due to strain localization. Figures 3 a-c reveal a high density of deformation bands 

within the dendrites. There is no preferred orientation of these bands indicating an overall 

homogeneous deformation. Since strain-hardening of the studied alloy is apparent from the 

stress-strain curve (Fig. 2 a), these bands are slip bands formed due to dislocation movement in 

the dendrites. In addition, some deformation or shear bands penetrating the dendrite/eutectic 

interface are observed, as marked by arrows in Fig. 3 b. The transfer of the deformation bands 

through the dendrite/eutectic interface upon tensile loading was also observed for the Ti-

13.6Nb-6Co-5.1Cu-6.5Al alloy [15] and was correlated with the cube-on-cube orientation 

relationship between the dendrites and the adjacent ultrafine-grained eutectic colonies. It 

seems that the formation of these interfacial deformation bands (or shear bands) helps to 

release the accumulated local strains and prevent intensive cracking of the ultrafine-grained 

eutectic. However, since the ultrafine-grained eutectic is intrinsically brittle, cracking of some 

eutectic colonies indeed takes place (Fig. 3 c). The cracks form along the dendrite/eutectic 

interface as well as within the ultrafine-grained eutectic. In conformity with the high plastic 

deformation of the studied alloy, the fracture surface reveals a ductile character (Figs. 3 f). This 

consists of fine micrometer-sized dimples and a few cracks. The numerous dimples result from 

ductile rupture of the dendrites whereas the cracks are probably due to brittle rupture of the 

eutectic component.  
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Fig. 3 SEM micrographs of the Ti-16.6Nb-6Co-5.1Cu-6.5Al (at%) alloy after tensile fracture. (a) 
Morphology of the sample surface; (b) details of the ultrafine-grained eutectic region revealing 
the deformation band transmission through the dendrite/eutectic interface (shear bands are 
marked by arrows); (c) details of the ultrafine-grained eutectic region revealing the crack 
formation into the ultrafine-grained eutectic; and (d) details of the fracture surface revealing 
dimple fracture. 
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Figure 4 presents TEM images of the Ti-16.6Nb-6Co-5.1Cu-6.5Al alloy deformed in tension to 

11 %. A bcc dendrite adjacent to an ultrafine-grained eutectic zone is shown in Figure 4 a.  

 

Fig. 4 (a) Bright-field (BF) TEM image of a dendrite and the surrounding eutectic bearing signs of 

plastic deformation. Besides numerous dislocations (some of them are indicated by arrows) a 

slip line can be seen. The slip line present in the upper left corner (marked by black arrows of 

opposite directions) extends into the eutectic in the upper right corner. The step at the 

dendrite/eutectic interface is indicated by two parallel black solid lines. (b) Selected area 

electron diffraction pattern of the eutectic and (c) its schematic representation demonstrating 

the cube-on-cube orientation relationship of the eutectic components. (d) BF-TEM image of the 

deformed eutectic. The slip line is marked by two parallel white arrows of opposite directions. 

The bcc regions in the zone ahead of the slip line contain a large number of glide steps (some of 

them are indicated by arrows). (e) BF-TEM close-up image of the eutectic region marked in (d) 

showing dislocations in the B2 component. (f) BF-TEM image of heavily deformed bcc lamellae 

between intact B2 lamellae. 
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The bcc and B2 phases in the ultrafine-grained eutectic exhibit a cube-on-cube orientation 

relationship, i.e. 〈100〉β//〈100〉B2, as demonstrated by the selected area electron diffraction 

pattern and its schematic representation in Fig. 4 b and Fig. 4 c, respectively. The same 

crystallographic orientation relationship for the eutectic was found in the previous study for the 

Ti-13.6Nb-6Co-5.1Cu-6.5Al alloy [15]. The dendrite and the ultrafine-grained eutectic appearing 

in Fig. 4 a did not display a particular orientation relationship but a random relative orientation. 

Tensile deformation to 11 % causes the dendritic matrix to accumulate dislocations which are 

also visible in the dendrite shown in Fig. 4 a. The SEM investigations presented above 

(Figs. 3 a and b) demonstrated that plastic deformation in the present alloy occurs by glide and 

the formation of slip lines. The softer β-Ti dendrites yield first relative to the harder ultrafine-

grained eutectic, yet at high enough stresses the slip lines are able to penetrate into the 

eutectic (Fig. 3 b). Such a scenario is encountered in the sample shown in Fig. 4. The dendrite 

(Fig. 4 a) contains a slip line which caused shearing of the ultrafine-grained eutectic. The 

resulting step on the interface between the ultrafine-grained eutectic and the dendrite is about 

500 nm long. The formation of the stepped interface between the dendrites and the eutectic 

was also reported for compressively deformed Ti-8Cu-4.8Ni-7.2Sn-13.9Nb (at%)[35] and Ti-

14Cu-12Ni-4Sn-10Nb (at%) [29] alloys. It was suggested that the extra area forming due to the 

stepped interface serves to accommodate the shear strains.  

In Fig. 4 d a higher magnification image of the deformed ultrafine-grained eutectic is presented. 

Many defects are found along the slip line as well as close to it, in particular, inside both the B2 

and bcc eutectic components. The bcc eutectic component in front of the slip line contains a 
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large amount of defects and glide steps, whereas the largest part of the B2 eutectic component 

remains intact and bears much fewer signs of plastic deformation. However, also in the B2 

eutectic component dislocations and defects along and in front of the slip line were found, an 

example is shown in Fig. 4 e. The B2 region seen in Fig. 4 e is embedded in the highly faulted 

bcc regions along the extension of the slip line into the ultrafine-grained eutectic. While in the 

bcc eutectic component glide steps are observed that evidence plastic deformation (Fig. 4 d) no 

such steps were found in the B2 phase. Another example for this behavior is presented in 

Fig. 4 f, which shows intact B2 lamellae between bcc lamellae containing a high number of glide 

steps. From these observations we can conclude that the largest part of the plastic strain in the 

ultrafine-grained eutectic is accommodated by the bcc eutectic component while the B2 

eutectic component deforms much less. Surprisingly though, the B2 phase may deform to 

relatively high degrees without fracturing as evidenced by the step at the dendrite/eutectic 

interface in Fig. 4 a. The reason for the observed ductility of the B2 phase may be the good 

plasticity of the surrounding bcc phase. The bcc phase is much softer than B2 thus it may easily 

adapt to changes in the shape of the B2 phase preventing the formation of voids at the B2/bcc 

interface. But at the same time the bcc eutectic component exerts a back pressure on the B2 

phase thereby redistributing its load which results in a more homogeneous stress distribution in 

the ultrafine-grained eutectic that prevents strong strain localization. Indeed, Kim et al have 

shown that the sandwiched hcp α-Ti and bct Ti2Cu structure of the eutectic in the Ti-8Cu-4.8Ni-

7.2Sn-13.9Nb (at%) alloy is effective in releasing the shear strains [30]. In the current Ti-13.6Nb-

6Co-5.1Cu-6.5Al alloy the higher crystallographic symmetry of the phases in the eutectic – 
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namely bcc β-Ti and B2 TiCo – might be more effective in releasing the shear strains compared 

to the latter example.  

Conclusions 

In summary, a new Ti-16.6Nb-6Co-5.1Cu-6.5Al (at%) dendritic-eutectic alloy exhibiting  a large 

tensile ductility of 11 ± 1 % together with high strength of 1230 ± 50 MPa was designed and its 

deformation mechanism was studied. The fraction of the micrometer-sized dendrites 

composed of β-Ti is about 90-95 vol%. The ultrafine-grained eutectic consists of alternating β-Ti 

and B2 TiCo lamellae with a spacing of 200 ± 50 nm. The large volume fraction of β-Ti resulted 

in a relatively low Young’s modulus of about 90 ± 0.5 GPa while the fine eutectic effectively 

strengthens the alloy. Comparison of the developed alloy with some special titanium alloys 

using Ashby plots suggests the new alloy exhibit a high application potential as biomedical and 

spring material. SEM and TEM of deformed tensile samples revealed that the β-Ti phase both in 

the dendrites and the eutectic deforms plastically to a high degree by dislocation movement 

and bears the major plastic deformation. The B2 eutectic component may deform to relatively 

high degrees without fracturing due to the support of the surrounding β-Ti eutectic and 

dendritic components. 
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