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Abstract 
 
Titanium alloys such as Ti-6Al-4V and Ti-6Al-7Nb are widely used in the biomedical industry 
as structural implant materials. The strain-rate sensitivity of tensile strength is now assessed 
using a modified Kocks-Mecking formulation for hardening. The operative scale of the 
microstructural strengthening is designated by the coefficieint cb that can be determined from 
measurements of plastic strain, yield and ultimate strength. It is found that although that strength 
varies slightly with strain rate, the scale of the microstructure cb remains nearly constant for each 
material. A low cb-value of 14 is computed for Ti-6Al-4V that is consistent with the refined two-
phase microstructure needed to enhance both ductility beyond yielding and its ultimate strength.  
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Introduction 
 
Titanium (Ti) alloys are widely used in the aerospace, marine, chemical, biological and sporting 
goods industries [Poondla, et al. (2009)]. Ti and its alloys are used for bone and tooth 
replacement since the quasi static mechanical properties are similar to those of bone and Ti 
alloys have excellent osseo integration, i.e. the ability to bond with bone over time [Le 
Guehennec, et al. (2007)] is favorable due to the crystalline structure and oxide layer that provide 
the ability to self-repair by re oxidation when damaged [Leventhal (1951); Breme (1998); 
Browne and Gregson (2000)]. In addition, Ti causes fewer allergic reactions than other implant 
materials [Evrard, et al. (2010); Gawkrodger (2005)] in the form of swelling or toxicity on 
macrophages and fibroblasts in patients. Some two-phase (α-β) Ti alloys are better suited for 
implantation since the properties of pure Ti don’t exactly match the mechanical properties of 
bone. The stabilization of two-phase Ti alloys is accomplished by solute additions such as 
aluminum (Al) an α-stabilizer, and vanadium (V) a β-stabilizer. The most common Ti-based 
alloy, grade 5 Ti-6Al-4V, consists of 6 wt.% Al, 4 wt.% V, and 90 wt.% Ti. Even though grade 5 
Ti-6Al-4V has excellent compatibility with human bone, the low wear resistance coupled with 
motion of implants relative to the implant site means [Guo, et al. (2001)] that these implants do 
not have lifetimes near the length-scale of an average human life. For example, the most 
common failure mode for total hip arthroplasty (THA) implants [Grupp, et al. (2010)] is surface 
micro motions such as scratching, or high loading. While oxide and nitride coatings can increase 
both surface hardness and improve corrosion resistance, Ti implants remain at risk for tensile 
failure or being rejected by the body during the period of time after implantation (i.e. during 
osseo integration) when the bone grows around the implant. The use of niobium (Nb) as a solute 
addition is reported [Matsuno, et al. (2001); Eisenbarth, et al. (2004)] to make a more 
biocompatible alloy than Ti-6Al-4V. The alloy Ti-6Al-7Nb alloy consists of 6 wt.% Al and 7 
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wt.% Nb and is found [Semlitsch, et al. (1975)] to decrease allergic reactions such as swelling 
and implant rejection due to decreased toxicity and increased biocompatibility.  
 
The mechanical properties of metals are traditionally measured using near-static conditions. The 
ASTM E8-01 standard strain rate is 0.5 mm·mm-1·min-1, i.e. 8.3·10-3 s-1, for the tensile testing 
[ASTM (2001)] of metallic materials. Quasi-static tensile test results [Salem, et al. (2003)] 
indicate that Ti-6Al-7Nb has an elastic modulus of 105 GPa, grade 4 commercially pure Ti has a 
modulus of 104 GPa, and Ti-6Al-4V has a modulus of 114 GPa. However, the strain-rate 
sensitivity of strength for Ti and its alloys have received [Chichili, et al. (1998)] relatively little 
attention. Real-world loading conditions for implants and bone inside the human body can vary 
widely from the ASTM standard strain rate for metals. Impact loading such as running or 
jumping can produce [Wright and Hayes (1976)] a strain rate of 102 s-1 or more. The assessment 
of strain-rate dependent strength for these biocompatible Ti alloys is of practical interest for 
better reliability and longer life of orthopedic and dental implants [Strietzel, et al. (1998)].  
 
The assessment of Ti alloy strength-structure behavior as a function of strain rate is now pursued 
further to enable advancements in biomedical applications such as hard implant coatings. The 
strengthening model used in the assessment of strain rate is based on the Kocks-Mecking model 
as modified [Morris, Jr. (2007)] to identify the operative scale of microstructure in two-phase 
metal alloys, as originally developed for refining second-phase particulates below the micron 
scale to assess the practicality of producing high-strength and ductile “nanosteels. The use of 
tensile testing is pursued across four-orders of magnitude in strain rate – where the yield 
strength, plastic strain and ultimate strength are used to determine a softening factor cb, i.e. a 
characteristic scale of the nano-, micro- structure. The strain rate sensitivity dependence of cb 
will be evaluated for the first time in the strain-rate dependent tensile testing of Ti and alloy 
wires.  
 
 
Strengthening and structure model 
 
The focus of the application is to determine the operative scale of the microstructure that is 
responsible for the measured changes in strengthening with variable strain rate as based on the 
modified [Morris, Jr. (2007)] Kocks-Mecking model for the work-hardening function as applied 
to the case of two-phase microstructures. The representative value is the softening coefficient cb 
as computed using the yield strength sy, and the true plastic strain 𝛆u as measured from the yield 
point to the ultimate tensile strength su of the wires according to the expression 
 
  𝛆u = (cb)-1·{ln[1 + cb·(1-s*)}       (1) 
 
The reduced stress s* equals the ratio of the yield to ultimate strength, i.e. (sy/su). The 
expression is derived [Morris, Jr. (2007)] using the Considère criteria. That is, the stress-strain 
construct that uses the tangent method to determine yield point. Analysis of eqn. (1) shows that 
𝛆u is maximized as s* goes to zero. This infers that use of the second phase is optimized to 
increase the ultimate strength of the alloy well beyond the initial yield point as effectively 
determined by the matrix phase. For the case of “nanosteels”, this could be represented [Morris, 
Jr. (2007)] by a fine distribution of a martensitic-phase particles that are incoherent with the 



parent ferritic matrix. Similarly, for the present case, a maximum amount of plastic strain can be 
obtained for a fine distribution of second-phase Ti alloy particles in a ductile matrix phase. The 
contributing structural parameter of eqn. (1) is the softening coefficient cb where its effect on 
maximizing plastic strain is found for decreasing values. In general, it’s anticipated that 
nanostructured alloys will have cb values less than 10. The determination of cb across a wide 
strain-rate range of testing will provide information as to whether or not the underlying structure 
changes its effect on strengthening as, e.g., through processes as dynamic recrystallization. 
 
 
Characterization of structure 
 
The microstructural features and composition of the as-received nominally (0.994 pure) Ti, 
(grade 5) Ti-6Al-4V, and Ti-6Al-7Nb alloy welding wires are examined using a scanning 
electron microscope (SEM). 250 mm segments of the 1.0-1.2 mm diameter wire are used in 
tensile experiments. The pure Ti and Ti-6Al-4V wires are reportedly hot drawn, whereas the Ti-
6Al-7Nb wire was cold drawn. The specific structure and composition of each alloy wire is 
relevant only within the context to the interpretation of the softening factor (cb) value, i.e. in 
what manner cb changes with the strain-rate analysis of strength for the tensile tests. A detailed 
determination of the process-structure history is not needed here. The low-angle (below-the-lens) 
secondary-electron detector, imaging mode (LEI) enhances surface relief from the polished 
samples that were treated using a low-contrast, Kroll’s etchant. A dilute acid solution of 6% 
nitric and 2% hydrofluoric was swabbed onto each sample surface for 10-15 s. Before etching 
the polished surfaces, x-ray diffraction (XRD) scans are conducted in the q/2q mode using Cu 
Ka radiation over a 30°-90° range of 2q. The XRD scans reveal the crystalline Bragg reflections 
of the constituent alloys, the presence of texturing in the wire, and the presence of multiple alloy 
phases. The analyses are conducted in directions along (axial) and transverse (radial) to the wire 
axis. 
 
X-ray diffraction analysis 
 
The Ti wire is a polycrystalline hexagonal close-packed (hcp) structure, i.e. the a-phase. Basal 
plane (00.2) texturing along the axial direction is evident in the XRD scan of Fig. 1. The 
additional reflections observed in Fig. 1 for the pure Ti wire match those reported [Sandim, et al 
(2005); Jafari, et al (2010)] for the a-phase, where the peak positions (as labeled and indicated 
with dashed lines) for pure Ti are computed using lattice parameters a = 0.2952 nm and c = 
0.4681 nm. The radial direction shows (10.0) texturing, complimentary to the (00.2) texturing 
found for the radial section.  
 
The addition of alloying elements as Al, V, and Nb to the a-phase of Ti can produce alloys with 
multiple phases. The lattice parameters of the a-phase in the alloy can change [Gallegos, et al 
(2012); Rangaswamy, et al. (1999); Shan, et al. (2007); Yang, et al (2016); Zhu and Li (2009)] to 
values of a = 0.292-0.293 nm and c = 0.466-0.472 nm. The possible increase in c and slight 
decrease in a for the a-phase Ti alloy wires will tend to shift the (00.2) peak to a lower 2q 
position, and increase the 2q position of the (20.1) peak, both of which are seen in Fig. 1 when 
comparing the Ti alloy to the pure Ti wire scans. In addition, the presence of the fcc Ti(Al) phase 
is reported [Chen, et al. (2004); Jankowski and Wall (1994, 1996); Zhang and Ying (2002); Yu, 



et al. (2017)] for nanocrystalline structures as well as (severely plastically-deformed) ball-milled 
Al-Ti powders. The presence of Al and/or a face-centered-cubic (fcc) Ti(Al) alloy phase is 
possible (in Fig. 1) as indicated by the g-phase labeling of peak positions for the (111) and (200) 
reflections as computed [Chen, et al. (2004); Yu, et al. (2017)] using a lattice parameter a = 
0.409 nm. Alternatively, a 0.440 nm lattice parameter will produce a (111) reflection at a 2q 
position of 44.2°.  

 

 
Figure 1.  X-ray diffraction scans q/2q mode of the Ti, Ti-6Al-4V, and Ti-6Al-7Nb alloy 

wires as examined in the axial (blue curve) and radial (black curve) sections, 
respectively. 

 
The presence of a body-centered-cubic (bcc) b-phase for the Ti-6Al-4V [Zhu and Li (2009)] and 
Ti-6Al-7Nb [Gallegos, et al (2012)] alloy wires would appear in the XRD scans where peak 
positions are computed using the lattice parameter a = 0.329 nm. Possible evidence of the b-
phase in the alloy wires may be found for the diffuse 2q peak of the (110) reflection that is found 
between the (00.2) and (10.1) a-phase reflections. The addition of bcc stabilizing elements as V 
and Nb lowers the a-to-b phase transformation temperature producing a-b-phase alloy wires. 
The strong peak intensities of the characteristic a-phase in the Ti alloy wires would suggest a 
minor b-phase component to a possible bimodal a-b phase distribution. 
 
Electron micrographs 
 
The SEM micrographs of Fig. 2 are obtained in the LEI imaging mode at a 8mm working 
distance using a 5 keV incident electron beam. The LEI mode enhances definition of the grain 
structure and appearance of secondary phase(s). Each sample is viewed in both the axial (as 
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oriented left-to-right in the top row) and radial sections (in the bottom row). The pure Ti wire has 
an elongated grain structure as seen in the axial view of Fig. 2a, and the appearance of a refined 
grain structure in the Fig. 2d radial section view. Secondary phases may appear as particles 
[Gammon, et al. (2004); Shan, et al. (2007)] that can be attributed to impurity-stabilized b-phase 
and/or a Ti-hydride phase.  
 

 
Figure 2.  Scanning electron micrographs of the Ti, Ti-6Al-4V, and Ti-6Al-7Nb alloy wires 

as imaged in the LEI mode along the (a-c) axial and (d-f) radial sections, 
respectively. Bar = 10 µm. 

 
The presence of a distinct Widmanstätten a-phase structure in the Ti alloy wire samples is not 
clearly resolvable in the Fig. 2 images. An equiaxed, i.e. a globular or primary, a-phase structure 
is routinely found [Chávez-Díaz, et al. (2017); Collins, et al. (2009)] as seen in Figs. 2b,e for Ti-
6Al-4V and Figs. c,f for Ti-6Al-7Nb. A mean linear intercept calculation is often used common 
to determine the average size of the constituent structure. The typical formulation includes a 
shape factor since the grains are assumed to be a geometric variant of spheres-to-cubes. An 
estimate is made for the matrix phase of each Ti wire material without the shape factor since the 
true shape geometry is unknown. The axial section images of Figs. 2a-c provide mean linear 
intercept values of 1.1±0.1 µm for the width to the banded structure of pure Ti, 3.1±0.3 µm for 
near equiaxed structure of Ti-6Al-4V, and 1.9±0.2 µm for the width to the slightly elongated 
structure of Ti-6Al-7Nb. 
 
A bimodal structure is seen in the Figs. 2b,e images that is representative of a dual phase Ti-6Al-
4V alloy. Similar microstructures are found in specimens that have been forged [Gammon, et al. 
(2004); Shan, et al. (2007)] or in this case, cold-drawn. Surface relief is seen with a second 
particulate phase at, or near, the grain boundaries. The Fig. 2 structures such as that seen in Fig. 
2e can be encountered for a-particles in a b-matrix; or particles in a martensitic a´-matrix where 
in the later case would require a rapid quench from temperatures above the b-to-a phase transus. 
In addition, b-precipitates are seen [Pederson (2002)] at grain boundaries in a primary (90%) a-

Ti Ti-6Al-7NbTi-6Al-4V

axial

radial

a b c

d e f



phase matrix for Ti-6Al-4V heated to 550 °C, held at temperature, and then slow cooled.  Similar 
images, but with a more-refined grain structure, are seen in the Fig. 2c,2f images of the Ti-6Al-
7Nb alloy wire. However, in the radial views, there is the distinct appearance of a second, 
perhaps a b-fleck, alloy phase that appears throughout the predominately matrix structure. 
 
Composition analysis 
 
Composition analysis will tie together the results of the XRD and SEM images that appear to 
indicate a minor presence of a particulate b-phase in a a-phase matrix. Energy dispersive 
spectrometry (EDS) is used to probe the elemental composition of the Ti, Ti-6Al-4V, and Ti-
6Al-7Nb wires. The characteristic x-ray peaks up to a 10 keV energy were collected as emitted 
from the matrix, and particle phases that appear in the Figs. 2e-f images. The x-ray peaks of 
interest that are used in this analysis are the 1.49 keV Al Ka1, 2.17 keV Nb La1, V Ka1, and 4.51 
keV Ti Ka1. The weight percent values computed using the intensities of these characteristic x-
rays are listed in Table 1. A ±0.5 wt.% error is the measured value for precision in this EDS 
analysis. 
 

Table 1. Weight % composition of the Ti-alloy wires from characteristic x-rays 

X-ray line Ti-6Al-4V Ti-6Al-7Nb 
matrix particle matrix particle 

Ti Ka1 92.9 82.5 86.4 74.1 
Al Ka 3.4 2.6 6.2 4.7 

V 3.7 14.1 - - 
Nb La1 - - 7.4 18.2 
Fe Ka - 0.8 - 3.0 

 
X-ray maps of the Ti-6Al-4V and Ti-6Al-7Nb surfaces indicate a (diffuse) enhancement of V 
and Nb, respectively, in the second phase particulates that appear in Figs. 2e-f. In addition to the 
Al, Nb, V and Ti x-rays, the presence of characteristic 0.62 keV L111l, 0.71 keV L111ab, 0.72 keV 
L11ab, 6.40 keV Ka, and 7.06 keV Kb1 peaks for Fe are found in the particle spectra of the Ti-
6Al-4V and Ti-6Al-7Nb wires. The lower Al content and much higher-base content of the b-
stabilizing elements V (14 wt.% versus 7 wt.%) and Nb (18 wt.% versus 7 wt.%) in the smaller 
particulates versus matrix phases may be evidence for b-segregation [Gammon, et al. (2004)]. 
The wt.% composition values are found to be consistent with microprobe measurements [Elmer, 
et al (2005)] of the a- and b-phases in a (grade 5) Ti-6Al-4V alloy where the matrix is found to 
be 6.7wt.%Al-1.4wt.%V and the particle is 2.9wt.%Al-15.4wt.%V-1.3wt.%Fe. 
 
 
Mechanical testing 
 
Tensile testing is used to measure the plastic strain, yield stress, and ultimate strength. The wire 
samples are mounted according to ASTM standards using a wire spool grip, a gage length of 92-
122 mm, and loading at varying rates from 10-5 to 10-1 s-1. The diameters of the Ti, Ti-6A-4V, 
and Ti-6Al-7Nb wires are measured where the nominal values are 1.19 mm, 0.88 mm, and 1.02 
mm, respectively. To achieve this strain-rate range, a nominal 24 mm displacement of the wire is 



applied over time intervals that range from 5-to-4000 sec. These rates are consistent with limits 
for the minimum and maximum velocities of the tensile test instrument. The results of a single 
wire tensile test contain three regions that include: an initial nonlinear pre-loading region where 
the wrapped ends of the wire are brought under tension removing slack in the wire; a linear 
elastic loading section; and a deformation section after yielding where the wire strain hardens 
and plastically deforms until failure. The logarithmic variation of change in yield strength sy 
with increasing strain rate έ is used to determine the strain-rate sensitivity coefficient m using the 
Dorn equation. Although sy can vary due to grain size variation (i.e. the Hall-Petch effect) and 
surface finish, the stock wire material is assumed to be invariant in these attributes. The values of 
engineering stress se and strain 𝛆e are determines using the measured load P, the initial wire 
diameter d, the gage length l, and the displacement of the wire ∆l during loading. A linear 
regression analysis is used to isolate the elastic loading regime. Once the non-linear behavior 
begins, i.e. the wire begins to yield at the proportional limit, the measure of plastic strain to 
failure is recorded. In addition, the offset method is used to determine the yield point as well. A 
typical tensile load P versus displacement z curve is shown in Figure 3. The P-z curve is shown 
as plotted beyond the initial pre-loading region for a 1.19 mm dia. pure Ti wire as tested at a 
strain rate έ of 1.19·10-2 s-1. The dashed red curves are used to determine the proportional limit 
and origin (i.e. zero elastic displacement), the proportional limit, and the ultimate strength, as 
well as the deformation range of plastic strain. 

 

 
Figure 3.  A load P-displacement z curve for the tensile testing of a pure Ti wire using a 

strain rate of 1.19·10-2 s-1. 
 
Several tensile tests of the pure Ti and alloy wires are displayed in stress-strain plots of Figure 4 
as tested across a range of strain rates (that are indicated in the figure). The top three curves are 
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for Ti-6Al-7Nb, the middle three curves are for Ti-6Al-4V, and the bottom three curves are for 
pure Ti. The yield point is determined using the proportional limit since there can be 
considerable work-hardening effects to the hcp based-matrix in each wire during the tensile test.  

 

 
Figure 4.  Stress-strain curves for the tensile testing of Ti-6Al-7Nb, Ti-6Al-4V, and pure Ti 

wires where the strain rate are indicated in the figure legend. 
 
The proportional limits for the tensile tests, across the range of strain rates used, show that 
commercially pure Ti exhibits the lowest yield strengths of 570-680 MPa, the Ti-6Al-4V yield 
strength have values of 710-830 MPa, and the Ti-6Al-7Nb wires have yield strengths of 850-
1070 MPa. The amount of plastic strain is reduced from greater than 0.10 for the Ti and Ti-6Al-
4V wires to less than 0.04 for the Ti-6Al-7Nb wires. 
 
In general, it is seen in Figure 4 that the yield strength sy increases with strain rate έ. This strain-
rate effect on strengthening is quantified using the ln-ln scale relationship of the Dorn equation, 
i.e. sy = έm, as plotted in Figure 5. The slope of each linear curve in Figure 5 is the exponent m 
of the strain-rate sensitivity relationship, m = (ln sy)/(ln έ). The Ti-6Al-7Nb has the least strain-
rate sensitivity with an exponent mTi6Al7Nb of -0.008 ± 0.007 whereas pure Ti and the Ti-6Al-4V 
wires behave similarly with exponents of mTi = 0.014 ± 0.006, and mTi6Al4V = 0.014 ± 0.008, 
respectively. 
 
From the yield strength and strain rate data, the activation volume u* for the onset of plastic 
deformation can be computed [Cahn and Nabarro (2001)] using the relationship 
 
  u* = (kB·T)·[¶(ln έ)/¶(s)]       (2) 
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At room temperature, the product of Boltzmann’s constant kB and temperature T, i.e. kB·T, 
equals 4.142×10-21 J or 4.142 MPa·nm3. The corresponding activation volume u* is therefore the 
product of kB·T with the slope of linear curves plotted in Figure 6 for the ln strain rate versus 
yield strength data.  
 

 
Figure 5.  The strain-rate sensitivity of strength exponent m is the slope of the linear-curve fit 

to the ln-ln variation of tensile yield stress with strain rate for the Ti-6Al-7Nb (blue 
top curve), Ti-6Al-4V (red middle curve), and pure Ti (green bottom curve) wires. 

 
The values of u* computed from Figure 6 for the pure Ti, and Ti-6Al-4V wires are 0.207 ± 0.117 
nm3, and 0.230 ± 0.090 nm3, respectively. Assuming a typical magnitude of the Burger’s vector   
êb ê that is equal to approximately 0.2 nm, these u* values correspond to activation volumes of 
26-29 b3 dislocations. A u* value for the Ti-6Al-7Nb wires was not calculated since the strain-
rate sensitivity exponent mTi6Al7Nb from Figure 5 was approximately zero producing an 
indeterminate slope for the Figure 6 data. 
 
The Kocks-Mecking relationship is now used to provide the scale of the underlying 
microstructure through the softening coefficient cb that is responsible for the hardening of the 
wire during tensile testing. The cb value is fitted in Equation (1) to produce the measured plastic 
strain the using the values measured for the yield and ultimate strength from tensile test curves as 
shown in Figure 4. The variation of cb across the range of strain rates used during tensile testing 
is plotted in Figure 7. It is seen that the values remain approximately constant across the full 
range of strain rates used in these wire tensile tests. The cb values for pure Ti, Ti-6Al-4V, and the 
Ti-6Al-7Nb wires are 19, 14, and 135, respectively. 
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Figure 6.  The activation volume u* that corresponds with strain-rate sensitivity of strength is 

computed as a product of kB·T with the slope of the linear-curve fit to the ln strain 
rate variation with strength for Ti-6Al-4V (red curve), and pure Ti (green curve). 

 

 
Figure 7.  The softening coefficient cb is plotted as function of the strain rate during tensile 

testing of the Ti-6Al-7Nb (green data), Ti-6Al-4V (red data), and pure Ti (blue 
data) wires. 
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Discussion 
 
The microstructure of the wires used in this study is consistent with an a-phase matrix, and a 
dispersion of b-phase particulates decorating the grain boundaries. The orthonormal diffraction 
scans show texturing consistent with material that has been wire drawn. A refined microstructure 
for all of the wires is seen with a characteristic grain size on the order of a few microns, with a 
submicron size for the secondary b-phase. The enrichment of V and Nb is found in the b-phase 
particles using EDS measurements similar to microprobe measurements [Elmer, et al. (2005)] of 
Ti-6Al-4V alloys.    
 
The variation in strength between the tensile test samples, as for the sample lot of Ti-6Al-7Nb 
wire, is consistent [Collins, et al. (2009)] with a microstructure of an equiaxed a-phase (that is 
~70% by volume fraction) which can cause a concurrent variation in tensile strength between 
910-980 MPa. The limited ductility of the Ti-6Al-7Nb wire is consistent with its cold-drawn 
processing versus greater plasticity found for the hot-drawn pure Ti and Ti-6Al-4V wires. The 
greater ductility and variance between yield and ultimate strength for the Ti-6Al-4V wires should 
correspond [Morris Jr, (2007)] to a smaller softening coefficient cb as modeled using the 
modified Kocks-Mecking expression of Equation (1). The measured values for the Ti-alloy wires 
are consistent with this behavior where cb-values of 14 and 135 are computed for Ti-6Al-4V and 
Ti-6Al-7Nb, respectively. Although the SEM images of the microstructure show similar scales of 
structure consistent with the enhanced strength of the Ti-6Al-7Nb alloy versus the Ti-6Al-4V 
wire, only the cb-values reveal the clear difference that is seen in the plasticity and reduce stress 
ratio s* between the yield and ultimate strengths. 
 
The strain rate sensitivity coefficients m for the Ti-alloy system are low at less than 0.015 for all 
samples. These low m values and the near constant cb-values for each Ti-alloy would indicate 
the strength is nearly invariant from slow through fast strain rates, i.e. 10-5-10-1 s-1, that are 
associated with standard-to-impact loading conditions for biomedical applications. The low cb-
value of 14 for the Ti-6Al-4V wires and corresponding small activation volume of ~29b3 is 
consistent with the micron-scale matrix and submicron-scale particle phase as proposed [Morris, 
Jr. (2007)] to optimize the ultimate strength and plasticity of nano steel alloys, or in general, two-
phase nanostructured materials. 
 
 
Summary 
 
The predictable behavior of Ti-alloy wires into the impact loading regime is key for successful 
application in the biomedical industry as structural implant materials. The tensile testing of Ti-
alloy wires is pursued to evaluate the variance in microstructure that contributes to changes in 
strength as a function of strain rate from 10-5-10-1 s-1. The structure of the wires is characterized 
using x-ray diffraction and scanning electron microscopy imaging and composition analysis. The 
strain-rate sensitivity of tensile strength is assessed using the Dorn relationship to determine the 
strain rate sensitivity coefficient m, the Cahn-Nabarro formulation of activation volume u* for 
the onset of plasticity, and through a Morris, Jr. modified formulation of the Kocks-Mecking 



relationship where the operative scale of the microstructure for plasticity from yield to ultimate 
strength is designated by the softening coefficient cb. The plasticity of the hot-drawn pure Ti and 
Ti-6Al-4V wires exceeds 10%, whereas the cold drawn Ti-6Al-7Nb wires is less than 4%. The 
Ti-6Al-4V yield strength ranges from 710-830 MPa, and the Ti-6Al-7Nb wires have yield 
strengths of 850-1070 MPa. A high cb-value of 135 is computed for the softening coefficient of 
Ti-6Al-7Nb as indicated by its limited plasticity. It is found that although that wire strength 
increases slightly with strain rate as seen in a low m-value of 0.015, the scale of the 
microstructure cb remains nearly constant for each alloy. A low cb-value of 14 is found for Ti-
6Al-4V that is consistent with a small u*-value of 29 b3 the refined two-phase microstructure 
needed to enhance both ductility and ultimate strength. 
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