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Abstract - The high temperature deformation and dislocation substructure of Ti-6Al-7Nb biomedical alloy are investigated 
under high strain rate loading conditions using a split-Hopkinson pressure bar. Impact tests are performed at strain rates 
ranging from 1x103s-1 to 3x103s-1 and temperatures of 300℃and 700℃, respectively. The experimental results show that the 
flow stress, work hardening coefficient and strain rate sensitivity all increase with increasing strain rate, but decrease with 
increasing temperature. Transmission electron microscopy observations reveal that the dislocation density increases with 
increasing strain rate, but decreases with increasing temperature. A pronounced thermal softening effect is observed in the 
specimens deformed at 700℃ due to the rapid annihilation of the dislocations. However, a work hardening effect occurs at 
higher strain rates and lower temperatures due to an enhanced degree of dislocation multiplication and tangling. Finally, a 
linear relationship is observed between the square root of the dislocation density and the flow stress. 
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I. INTRODUCTION 
 
Titanium alloys have many advantages compared to 
conventional stainless steels and cobalt-based alloys, 
including a lower elastic modulus, superior 
biocompatibility and an enhanced corrosion 
resistance [1]. Among the various titanium alloys 
available, Ti-6Al-7Nb is free from toxic vanadium 
and contains vital elements such as Nb, Ta, Zr and Fe 
[2]. Moreover, Ti-6Al-7Nb has excellent 
biocompatibility, mechanical, and physical properties 
[3]. As a result, it has found extensive use for 
biomedical applications such as surgical implants and 
dental materials. For clinical applications such as 
artificial hip joints; or screws, plates and nails for the 
internal fixation of bone fractures, the implant 
components are typically fabricated via a hot forging, 
thermo-mechanical process, and are therefore 
subjected to high stresses and strain rates. In order to 
determine the optimum formability conditions of such 
components, and to ensure the mechanical integrity of 
the finished components, it is necessary to develop a 
detailed understanding of the mechanical deformation 
behaviour of Ti-6Al-7Nb alloy over a wide range of 
temperatures and strain rates.  The literature contains 
many investigations into the mechanical properties of 
engineering metals under high strain rates. Previous 
studies have shown that the flow stress of most 
metals and alloys increases rapidly with increasing 
strain rate or decreasing temperature [4, 5]. The 
plastic deformation behaviour of such materials has 
been variously attributed to such mechanisms as 
dislocation damping, thermal activation and 
dislocation generation [6-8]. At the atomic scale, an 
increasing strain rate increases the rate of dislocation 
multiplication and therefore provides a deformation-
induced work hardening effect. However, at elevated 
temperatures, a rapid annihilation of the dislocations 
occurs as a result of thermal activation, and thus the   

 
flow stress is significantly reduced [9]. The quasi-
static mechanical response of Ti-6Al-7Nb alloy is 
relatively well understood [10]. However, the 
corresponding response under high strain rates and 
elevated temperatures is less clear. Accordingly, the 
present study utilises a compressive split-Hopkinson 
pressure bar (SHPB) to determine the mechanical 
properties and dislocation characteristics of Ti-6Al-
7Nb alloy at strain rates ranging from 1x103s-1 to 
3x103s-1 and elevated temperatures of 300℃ and 
700℃. 

 
II. DETAILS EXPERIMENTAL  
 
The Ti-6Al-7Nb alloy used in the present study was 
purchased from Zhongrui Material Technology Corp. 
(Taiwan, R.O.C) in the form of hot-rolled bar with a 
diameter of 8.25 mm. According to the 
manufacturer’s specification, the wt% composition of 
the as-received Ti-6Al-7Nb alloy was as follows: 
6.0% Al, 7.2% Nb, 0.46% Ta, 0.22% Fe, 0.005% Mo, 
and a balance of Ti. The bar was machined into 
cylindrical specimens with dimensions of 7 mm 
(diameter) by 7 mm (height). Figure 1(a) presents an 
optical micrograph of the as-received Ti-6Al-7Nb 
alloy. As shown, the microstructure consists of 
globular and acicular α grains within a β-transformed 
matrix with equiaxed grains.  

 
(a) 
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(b) 

Fig.1. (a) Optical micrograph; and (b) TEM micrograph of 
undeformed Ti-6Al-7Nb alloy at room temperature. 

 
Figure 1(b) presents a transmission electron 
microscope (TEM) micrograph of the dislocation 
structure of the as-received alloy. It is seen that the 
microstructure contains a relatively low number of 
dislocations. The specimens were impacted at strain 
rates of 1x103s-1, 2x103s-1 and 3x103s-1 under 
temperatures of 300℃ and 700℃, respectively. The 
details of the SHPB test procedure are described in 
[11], and are therefore omitted here. The elevated test 
temperatures were obtained by enclosing the 
specimens in a clamshell radiant-heating furnace with 
an internal diameter of 25 mm and a heating element 
of length 300 mm. The temperature was monitored to 
within ±2℃ by means of a thermocouple attached 
directly to the specimen surface. In performing the 
impact tests, the specimens were lubricated using 
commercial molybdenum disulfide (Molykote) mixed 
with a glass paste consisting of 80% PbO, 20% B2O3 
and alcohol. To compensate for the effects of the 
temperature gradient induced within the pressure bars 
of the SHPB system on the pulse reflections and 
elastic modulus, the original equations for the strain, 
strain rate and stress within the deformed specimens 
were modified to the forms shown in [12].  TEM thin 
foils were prepared by means of a twinjet thinning 
technique with a room-temperature electro-polishing 
solution of 5% perchloric acid / 95% methyl alcohol 
and an agitation voltage of 15 V. The specimens were 
observed using a JEOL TEM-3010 transmission 
electron microscope with an operating voltage of 300 
kV. For each specimen, the dislocation density was 
calculated as   [13], when N is the average number of 
intersections between a dislocation and a random set 
of lines of length L, and t is the foil thickness. 
 
III. RESULTS AND DISCUSSION 
 
3.1. Flow stress-strain response.  
Figures 2(a) and 2(b) show the stress-strain curves of 
the Ti-6Al-7Nb specimens deformed at strain rates of 
1x103s-1, 2x103s-1 and 3x103s-1 under temperatures of 
300℃ and 700℃, respectively. It is seen that the 
flow stress is strongly dependent on the strain, strain 
rate and temperature. For a given temperature, the 
flow stress increases with increasing strain and strain 

rate, while for a given strain and strain rate, the flow 
stress decreases with increasing temperature. 
Comparing the variations of the flow stress with the 
strain rate and temperature, respectively, it is found 
that the temperature has a greater effect on the flow 
stress than the strain rate. Specifically, a pronounced 
softening effect occurs at higher deformation 
temperatures.  

 
     (a) 

 
     (b) 

Fig.2 True stress-strain curves of Ti-6Al-7Nb alloy deformed 
at: (a) 300℃; and (b) 700℃ under different strain rates. 

The results presented in Fig. 2 show that the strain 
rate and temperature have an effect not only on the 
flow stress, but also on the fracture strain. For 
example, given a temperature of 300℃, none of the 
specimens fracture when deformed at a strain rate of 
1x103s-1 (see Fig. 2(a)). However, for strain rates of 
2x103s-1 and 3x103s-1, the specimens facture at true 
strains of 0.25 and 0.3, respectively. Given a higher 
deformation temperature of 700℃, only the specimen 
impacted at a strain rate of 3x103s-1 fractures. 
Moreover, the fracture strain has a high value of 0.52 
(see Fig. 2(b)). In other words, the hot workability of 
Ti-6Al-7Nb alloy is significantly improved under 
high (700℃) deformation temperatures. 
 
3.2. Effects of strain rate and temperature. 
To clarify the effects of the strain rate and 
temperature on the dynamic response of the T1-6Al-
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7Nb specimens, Fig. 3(a) plots the true stress versus 
the logarithmic strain rate at true strains of 0.1 and 
0.2, respectively. For both test temperatures and true 
strains, the flow stress increases with increasing strain 
rate. The increase in the flow stress is less 
pronounced at a deformation temperature of 700oC. 
Thus, it is inferred that a greater degree of dislocation 
annihilation and mobility occurs at higher values of 
the deformation temperature. Note that this inference 
is consistent with the findings of previous studies 
which showed that a higher deformation temperature 
increases the energy of the mobile dislocations and 
therefore improves their ability to overcome short-
range barriers to motion during the deformation 
process.  For a given test temperature, the variation of 
the flow stress with the strain rate can be quantified 
via the following strain rate sensitivity parameter: 

2 1

2 1

( / ln )
ln( / )
 

     
 


 

                             (1) 

where the flow stresses σ2 and σ1 are obtained in 
impact tests conducted at average strain rates of 1 ε 
and 2, respectively, and are calculated at the same 
value of the true strain. Figure 3(b) shows the 
variation of the strain rate sensitivity with the true 
strain as a function of the strain rate and temperature, 
respectively. It is seen that for a given temperature, 
the strain rate sensitivity increases with increasing 
strain rate. However, for a given strain rate range, the 
strain rate sensitivity decreases with increasing 
temperature. Consequently, the highest strain rate 
sensitivity (171.8 MPa) is observed in the specimens 
deformed at a higher strain rate (2x103s-1~3x103s-1) 
and a lower temperature (300oC). The difference in 
the strain rate sensitivity of the present Ti-6Al-7Nb 
samples under different strain rates and temperatures 
implies that the flow stress response observed in Figs. 
2(a) and 2(b) reflects the competing effects of the 
dislocation multiplication rate and the dislocation 
annihilation rate, respectively.  For a constant true 
strain and strain rate, the effect of the deformation 
temperature on the dynamic response of the Ti-6Al-
7Nb specimens can be quantified via the following 
temperature sensitivity parameter: 
 

2 1 2 1( / ) ( ) / ( )an T T T                                 (2) 
where the flow stresses σ2 and σ1 are obtained in 
impact tests performed at temperatures of T2 and T1, 
respectively, under a constant strain rate. Figure 3(c) 
shows the results obtained for the temperature 
sensitivity of the Ti-6Al-7Nb specimens by 
substituting the experimental data shown in Fig. 2 
into Eq. (2). It is seen that for a given strain rate, the 
temperature sensitivity increases linearly with 
increasing true strain. Moreover, for a constant true 
strain, the temperature sensitivity increases with 
increasing strain rate. Comparing the changes in the 
temperature sensitivity caused by increasing strain 
and increasing strain rate, respectively, it is found that 

the strain rate has a more pronounced effect than the 
strain. 

 
    (a) 

 
    (b) 

 
    (c) 

Fig.3. (a) Variation of true stress with logarithmic strain rate 
as function of temperature and true strain; (b) Variation of 

strain rate sensitivity with true strain as function of 
temperature and strain rate; (c) Variation of temperature 

sensitivity with true strain as function of strain rate. 
 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-9, Sep.-2018, http://iraj.in 

Impact Deformation and Dislocation Substructure of Ti-6al-7nb Biomedical Alloy 
 

51 

3.3. Dislocation substructure. 
Figures 4(a)~4(c) present TEM images showing the 
dislocation substructures of the specimens deformed 
at 300℃ and strain rates of 1×103s-1, 2×103s-1 and 
3×103s-1, respectively. It is seen that the strain rate 
has a significant effect on both the characteristics of 
the dislocations and their density. For example, the 
microstructure of the specimen deformed at a 
temperature of 300℃ and strain rate of 1×103s-1 
consists of a randomly-tangled dislocation network 
(see Fig. 4(a)). In other words, the dislocation cell 
structure is not well formed. However, the dislocation 
density is higher than that of the original undeformed 
specimen (see Fig. 1(b)). Figure 4(b) shows the 
microstructure of the specimen deformed at 300℃ 
and 2×103s-1. Comparing Figs. 4(a) and 4(b), it is 
noted that the dislocation density and the degree of 
dislocation tangling both increase with an increasing 
strain rate. However, the dislocation cell structure is 
still not well formed. That is, the dislocation cells are 
large and have thin walls composed of tangled 
dislocations. Figure 4(c) presents a TEM micrograph 
of the specimen deformed at 300℃ and 3×103s-1.  
 
It is observed that the higher strain rate prompts an 
increase in the number of dislocations and a reduction 
in the dislocation cell size. Moreover, the cell walls 
are seen to comprise a high density of tangled 
dislocations. The higher dislocation density and 
reduced cell size constrain the mobility of the 
dislocations and therefore enhance the work 
hardening effect and resistance of the Ti-6Al-7Nb 
alloy to plastic deformation. (Note that this inference 
is consistent with the strain rate effect observed in the 
stress-strain curves presented in Fig. 2(a).)  
 
A similar strain rate dependency is observed in the 
specimens deformed at 700℃, as shown in Figs. 
5(a)~5(c). However, during high temperature 
deformation, a thermal softening effect occurs as a 
result of dislocation annihilation and rearrangement. 
Thus, as shown in Fig. 2(b), the strength of the Ti-
6Al-7Ni alloy specimens reduces as the deformation 
temperature is increased. 
 
To further explore the correlation between the 
microstructural evolution of the Ti-6Al-7Nb alloy 
specimens and their macroscopic behaviour, Fig. 6(a) 
shows the variation of the square root of the 
dislocation density with the strain rate as a function 
of the temperature given a true strain of 0.2. Note that 
the corresponding variation in the true stress is also 
shown. It is seen that the square root of the 
dislocation density increases with increasing strain 
rate, but decreases with increasing temperature. 
Moreover, the rate of increase of the square root of 
the dislocation density with an increasing strain rate 
is greater at 300℃ than at 700℃. In other words, the 
work hardening rate of the Ti-6Al-7Nb specimens 
increases as the deformation temperature reduces. 

 
Fig.4 TEM micrographs showing dislocation microstructures 

of Ti-6Al-7Nb specimens deformed at temperature of 300℃and 
strain rates of: (a) 1x103s-1; (b) 2x103s-1; and (c) 3x103s-1. 

 

 
Fig.5 TEM micrographs showing dislocation microstructures 
of Ti-6Al-7Nb specimens deformed at temperature of 700℃ 
and strain rates of: (a) 1x103s-1; (b) 2x103s-1; and (c) 3x103s-1. 

 
The correlation between the square root of the 
dislocation density and the flow stress can be 
expressed as  

0σ=σ +αGb ρ                                              (3) 
where σ0 is the initial yield stress of the material, α is 
a material constant, G is the shear modulus, b is the 
Burgers vector, and ρ is the dislocation density. 
Substituting values of G = 114GPa [14], b = 
2.935×10-10m [15] and σ0 = 800MPa [16] into Eq. (3), 
the value of α for Ti-6Al-7Nb alloy is found to be 0.5 
from the slope of a fitted line shown in Fig. 6(b). 
Figure 6(b) compares the experimental results for the 
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variation of the true stress with the square root of the 
dislocation density with the predicted results obtained 
from Eq. (3). A good agreement is observed between 
the two sets of results for both deformation 
temperatures. 
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Fig.6 (a) Variation of square root of dislocation density and 
true stress with strain rate as function of temperature; and (b) 
Variation of flow stress with square root of dislocation density 

given constant true strain of 0.2. 
 

CONCLUSIONS 
 
The mechanical properties and dislocation 
substructure of Ti-6Al-7Nb biomedical alloy have 
been investigated at strain rates ranging from 1x103s-1 
to 3x103s-1 and temperatures of 300℃and 700℃ 
using a split-Hopkinson pressure bar system. The 
results have shown that the flow stress, work 
hardening coefficient and strain rate sensitivity all 
increase with increasing strain rate, but decrease with 
increasing temperature. The temperature sensitivity 
increases with both increasing true strain and 
increasing strain rate. However, the strain rate has a 
greater effect on the temperature sensitivity than the 
true strain. The fracture strain increases with 
increasing strain rate and temperature. For both 
deformation temperatures, the dislocation density 

increases with increasing strain rate. However, a 
rapid annihilation of the dislocations occurs at the 
higher temperature of 700℃, leading to a softening 
effect. Finally, the flow stress is linearly related to the 
square root of the dislocation density. 
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