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Abstract. Titanium alloys are widely used in many industrial applications such as in aeronautics 

due to their combination of good mechanical properties, excellent corrosion resistance and low 

density. The mechanical behaviour of titanium alloys is known to exhibit a peculiar dependence on 

both deformation temperature and strain rate. Titanium alloys show significant room temperature 

creep and they are very sensitive to dwell fatigue and sustained load cracking. This behaviour is 

related to the viscosity of plastic deformation in titanium alloys, which can be represented by a 

strain rate sensitivity (SRS) parameter. The present study aims to compare the tensile behavior of 

two different titanium alloys, Ti-6Al-4V and β21S, which exhibit dissimilar microstructures. 

Results of tensile tests, performed under constant strain rate and including strain rate changes, are 

reported in terms of flow stress, ductility and SRS over a wide range of temperatures. 

Introduction 

Titanium alloys are currently used in the aerospace industry due to their good mechanical 

properties, excellent corrosion resistance and low density. Ti-6Al-4V is the titanium alloy most 

commonly used in the structural parts of airplanes and low temperature parts of turbine aircraft 

engines [1]. It is known to be a α + β alloy and has various microstructures depending on the 

thermo-mechanical treatment applied. Ti-β21S is a more recent alloy, developed by Timet USA in 

1989 [2] to be used as a matrix in composite materials. It has a better creep resistance than Ti-6Al-

4V [3] and it is a β metastable titanium alloy.  

The mechanical behaviour of Ti-6Al-4V has been investigated by many authors [4]. The flow stress 

of this alloy is sensitive to the imposed strain rate [5] and as noticed for zirconium alloys [6, 7] this 

sensitivity depends on the temperature. The mechanical properties of the Ti-β21S versus 

temperature and strain rate has been less studied [8, 9]. The aim of this study is to compare the 

mechanical behaviour of these two alloys with different microstructures against temperature and 

strain rate. The mechanical properties are characterized starting from room temperature up to 700°C 

by means of imposed strain rate tensile testing. The strain rate sensitivity is studied by strain rate 

jumps during the imposed strain rate tensile tests. 

Material and experimental procedure 

The Ti-6Al-4V alloy is part of a hot-forged billet, with the chemical composition as given in Table 

1, obtained through a three-step thermo-mechanical treatment. The first step consisted of die 

forging in the α + β temperature domain, just below the β-transus temperature. The last two steps 

consisted of heat treatments in the α + β domain. These two steps lead to the α precipitates 

coarsening and to the releasing the internal stresses. The final microstructure obtained is a duplex 

microstructure with primary α grains and α/β lamellar grains, see Fig. 1a. Both types of grains 

show an equiaxed shape and are roughly the same size, about 25 µm. In the lamellar grains, 2 µm 

wide α lamellae are separated by very thin β layers.  
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Table 1: Chemical composition of the Ti-6Al-4V and Ti-β21S alloys (in wt %). 

Element Mo Al Nb V O Fe C N Others Ti 

Ti-6Al-4V - 6.44 - 3.87 0.187 0.109 0.003 0.004 < 0.4 Balance 

Ti-β21S 15 3 2.7 - 0.1 0.4 0.05 0.05 - Balance

The composition of the Ti-β21S alloy, prepared in 1.0 mm thick rolled sheets, is also given in Table 

1. The sheets were provided in a solution-state and underwent a precipitation heat treatment at

538°C for 8h under vacuum. The final microstructure shows α precipitates at the grain boundaries

and within β grains as presented in Fig. 1b. The size of the α precipitates is heterogeneous,

exhibiting bands of coarse precipitates along the grain boundaries and a fine and homogenous

α precipitation in the centre of the grains.

Figure 1: General microstructure of (a) Ti-6Al-4V and (b) Ti-β21S alloys. 

An MTS 810 servo-hydraulic machine, equipped with a radiation furnace and a 100kN load cell 

was used for tensile testing at the imposed displacement rate. Two kinds of specimens were used for 

the tensile tests: cylindrical specimens with threaded heads, a gage diameter of 5 mm and a gage 

length of 32 mm were used for the Ti-6Al-4V alloy, while flat specimens with a gage length of 30 

mm and a cross section of (7 x 1) mm
2 

were used for the Ti-β21S alloy. In both cases, three

thermocouples were used to control the specimen temperature. They were spread over the gage 

length of the specimen and the temperature difference was always found to be lower than 5°C 

between the three thermocouples. Tensile tests were performed from 20°C to 700°C and an imposed 

strain rate of 1.6x10
-4

 s
-1

 for Ti-6Al-4V and 4.4x10
-4

 s
-1

 for Ti-β21S was applied. The evolution of

mechanical behaviour of these alloys versus the temperature was recorded in terms of yield stress 

and ultimate tensile stress, expressed as true stress and the ductility of the alloy was followed by the 

evolution of the amount of plastic strain to rupture. In order to study the SRS of the flow stress for 

both alloys, another series of tensile tests were performed which included strain rate jumps during 

plastic deformation. The strain rate was changed from the monotonous strain rate previously 

mentioned to a strain rate ten times as high (approximately from about 10
-4

 s
-1

 up to 10
-3

 s
-1

). The

SRS parameter was calculated for each strain rate change with the equation: 

ln /ln	 ,

where the subscript 1 (resp. 2) refers to stress and strain rate values before (resp. after) the strain 

rate jump.  

(a) 
(b) 



Results and discussion 

The evolution of the tensile properties for the two alloys, the 0.2% offset plastic strain flow stress 

σ0.2, the ultimate tensile stress σm and the plastic strain up to rupture are plotted against the 

deformation temperature in Fig. 2. The mechanical properties of the two alloys are clearly different 

at temperatures below 600°C. On the one hand, the strength of Ti-β21S is much higher than that of 

Ti-6Al-4V, e.g. at room temperature the ultimate tensile strength of the Ti-β21S alloy is close to 

1600 MPa while that of Ti-6Al-4V is about 1150 MPa. On the other hand Ti-6Al-4V exhibits a 

plastic elongation that is at least twice that of the Ti-β21S alloy up to 400°C. The difference 

between the properties of the two alloys vanishes when the temperature increases; at 600°C the 

mechanical properties are quite similar for both alloys. It is also important to note that the tensile 

properties evolve as a function of the increasing temperature in a similar and non-monotonous 

manner for both alloys. In both cases three temperature domains are defined as indicated in the 

graphs of Fig. 2 and previously described in e.g. [4].  
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Figure 2: Evolution of the 0.2% offset plastic strain flow stress σ0.2, the ultimate tensile stress σm 

and the rupture strain versus the temperature of the Ti-6Al-4V (a) and the Ti-β21S (b). 

The SRS of the flow stress was measured for both alloys by means of strain rate jumps. The SRS 

parameter is plotted against temperature (T) in Fig. 3. As noted for the temperature dependence of 

the flow stress, the SRS evolution seems to be quite similar for both alloys. The variation of the m 

parameter versus temperature of the Ti-6Al-4V alloy confirms the existence of three temperature 

domains. This is less clear for the Ti-β21S alloy. However, this apparent difference must be related 

to the way the SRS parameter was measured. Indeed for both alloys and for T < 450°C the strain 

rate jumps result in a transient behaviour followed by a stabilized curve, forming a yield in stress-

strain curve. For the Ti-6Al-4V the complete curve was recorded and m values were calculated 

from the σ2 stabilized level, leading to zero or even negative m values for 250 < T < 450°C. By 

contrast, due to their limited ductility, the flat Ti-β21S specimens broke very rapidly upon strain 

rate changes and only the transient stress could be recorded. The recorded values of m thus remain 

positive, while the stabilized values would be close to zero, similar to what is measured for Ti-6Al-

4V specimens. 

By comparing the tensile properties of Ti-6Al-4V and Ti-β21S alloys, very different values for flow 

stress and ductility can be noticed. However, common trends for the evolution of flow stress versus 

strain rate and temperature are also present. For both alloys, it seems that three temperature domains 

can be defined corresponding to low (T < 250°C), intermediate (250 < T < 450°C) and high (T > 

450°C) temperatures, as delineated by vertical dash lines in Figs. 2 and 3. The existence of such 

temperature domains has already been reported for the Ti-6Al-4V alloy [9, 10] as well as for other 



alloys with hcp structure such as zirconium alloys [6, 7, 11]. These domains together with the 

values of SRS parameters indicate that deformation mechanisms involve dynamic strain aging 

(DSA) phenomenon, resulting from the interaction of the hexagonal structure dislocations with 

interstitial atoms such as oxygen [6, 11]. The present results thus indicate that the deformation 

mechanisms in the hexagonal α phase have a predominant influence on the mechanical properties 

of both Ti-6Al-4V and Ti-β21S alloys. Consistently, the higher strength of Ti-β21S than that of Ti-

6Al-4V may be related to a much smaller size of α phase precipitates in the Ti-β21S compared to 

the relatively wide α laths in Ti-6Al-4V.  

Figure 3: Evolution of the strain rate sensitivity parameter versus temperature of the Ti-6Al-4V and 

the Ti-β21S alloys. 

Summary 

The evolution of the tensile properties of the Ti-6Al-4V and the Ti-β21S alloys was investigated 

across a wide range of temperatures. While the tensile properties, such as flow stress and ductility, 

are quite different for both alloys, the effect of temperature on the evolution of these properties 

presents common features. The evolution of tensile properties and SRS in relation to temperature 

leads to the definition of three temperature domains for the plastic deformation in both alloys, 

which are related to DSA phenomenon. These observations suggest that microscopic mechanisms 

controlling the plastic deformation of Ti-6Al-4V and Ti-β21S alloys present strong similarities 

despite their different microstructures.  
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