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A B S T R A C T   

The effect of strain rate on flow behaviors of three beta Ti alloys with different beta phase stability was studied. 
The alloys were subjected to compression deformation at four strain rates ranging from 7 × 10− 5 to 7 × 10− 2 s− 1 

at room temperature. Microstructure evolution was characterized using laser scanning microscopy and electron 
backscattered diffraction methods. The effect of strain rate on the yield strength was found to vary between the 
alloys increasing with increased stability. The microstructural observations showed that the alloys exhibited 
different deformation mechanisms: deformation induced martensite formation, twinning and slip band forma-
tion. The strain hardening exponent (n) depended on the deformation mechanism, i.e., the stability. In the low 
and intermediate stability alloys showing martensite formation and combination of the deformation mechanisms 
respectively, n was about 0.07 independent of strain rate. In the alloy with the highest stability it was only 0.01 
when the deformation mechanism was dislocation slip at low strain rates but increased significantly to ≈0.13 at 
high strain rates when also twinning occurred. The strain rate sensitivity factor (m) was about 0.014 and 0.017 
for the low and intermediate stability alloy respectively independent of strain, but very low ≈ 0.002 for the 
highest stability alloy though increasing to ≈ 0.011 with increasing strain. Based on the experiments, the 
stability-strain rate-mechanism diagram was introduced to predict the effect of phase stability and strain rate on 
the deformation mechanism of beta Ti alloys.   

1. Introduction 

As an important alloy system, body centered cubic (BCC) crystal 
structured beta Ti alloys are being used in different industries such as 
aerospace, chemicals and biomedical thanks to their high specific 
strength, excellent corrosion resistance and biocompatibility [1,2]. 
These alloys possess a wide range of mechanical properties due to 
different deformation mechanisms including deformation-induced 
martensite (DIM) formation, twinning and dislocation slip. Various 
factors such as chemical composition, temperature, stress state and 
strain rate may affect deformation mechanisms. 

Depending on the beta phase stability, different deformation mech-
anisms can be activated as controlling mechanism during deformation 
[3]. With increasing the beta phase stability, deformation mechanism 
changes from DIM to twinning and then to dislocation slip [4,5]. When 
the stability is low, beta Ti alloys typically exhibit a low yield strength 
(YS) but a high elongation [6,7]. In contrast, the alloys with high beta 
phase stability, generally display a high YS thanks to the solid solution 

effect, but a very low ductility [6,7]. 
Strain rate is one of the important processing parameters affecting 

deformation behavior of beta Ti alloys. Generally, the YS of metals and 
alloys with BCC crystal structure shows a positive strain rate sensitivity 
(SRS) because the thermal activation energy required to overcome on 
Peierls stress increases with increasing strain rate [8]. In contrast, strain 
hardening rate usually decreases with increasing strain rate as thermal 
softening caused by adiabatic heating opposes strain hardening effect. 
Several efforts have been devoted to evaluate the effect of strain rate on 
mechanical properties of beta Ti alloys including the stabilized beta Ti 
alloys which show dislocation slip as a sole deformation mechanism 
[9–11], the alloys with low stability exhibiting DIM formation [12–14] 
and the alloys with moderate stability which are susceptible to twinning 
[8,15,16]. However, a comparative study on the effect of strain rate on 
mechanical properties of beta Ti alloys with different levels of me-
chanical stability has rarely been done. Given that different mechanical 
stabilities lead to different deformation mechanisms, the effect of strain 
rate on plastic behavior could also be different. In addition, the strain 
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rate dependence of the YS can vary due to the chemical composition of 
the alloy. For instance, Li et al. [13] found for the Ti–10V–1Fe–3Al (wt. 
%) alloy, exposing the DIM transformation, that YS increased with 
increasing strain rate showing a linear relationship with logarithm of 
strain rate. In another work by Zhan et al. [8], it was found that in a beta 
Ti–25Nb–3Zr–3Mo–2Sn alloy, exhibiting a combination of 
transformation-induced plasticity (TRIP) and twinning-induced plas-
ticity (TWIP) effects, YS and strain hardening rate were almost inde-
pendent of strain rate. Ji et al. [15] demonstrated that in a beta 
Ti–10Mo–1Fe alloy, exhibiting the TWIP effect, YS increased but the 
strain hardening rate, tensile strength and elongation decreased with 
increasing strain rate. 

In addition, in certain alloys, the deformation mechanism can be 
different at low and high strain rates. Ahmed et al. [16] reported a 
change in deformation mechanism from DIM formation to twinning with 
increasing the strain rate during deformation of a TRIP/TWIP beta Ti 
alloy. Kapoor et al. [17] also showed for a Zr alloy that the dominant 
deformation mechanism changed from dislocation slip to mechanical 
twinning with increasing the strain rate. This means that SRS on one 
hand may depend on the type of deformation mechanism and on the 
other hand strain rate may change the deformation mechanism. In fact, 
there is a synergy between SRS and deformation mechanism. 

Though that different deformation mechanisms can be observed in 
beta Ti alloys which may result in different strain rate dependency, the 
effect of strain rate on microstructural evolution and mechanical prop-
erties of these alloys has not been clarified systematically. Therefore, the 
present study investigates the SRS of YS and the effect of strain rate on 
deformation mechanisms in three beta titanium alloys possessing 
different levels of beta phase stability. 

2. Materials and methods 

Three alloys in the alloying system of Ti–Al–Mo–V–Cr coded Ti- 
4733, Ti-3573 and Ti-3873 have recently been designed by using the 
d–electron method so that they exhibit different deformation mecha-
nisms. Details of the designing procedure has been reported in the pre-
vious papers [3,18]. The chemical compositions of the alloys, which 
were melted twice using vacuum arc process, are listed in Table 1. 

After homogenizing at 1100 ◦C for 4 h, the alloys were subjected to 
hot rolling at same temperatures. Then, secondary hot rolling was per-
formed at 750 ◦C to the final thickness of 20 mm. Finally, the strips were 
solution annealed at 1000 ◦C for 0.5 h and subsequently quenched in 
water. To investigate the effect of strain rate, cylindrical samples with 
the dimensions of 8 mm in diameter and 12 mm in height were cut using 
electrical discharge machining perpendicular to the rolling direction. 
Interrupted compression tests were performed using an Instron 8502 
machine at room temperature at different strain rates of 7 × 10− 5, 7 ×
10− 4, 7 × 10− 3 and 7 × 10− 2 s− 1 up to a constant engineering strain of 
10%, at which the microstructure of deformed samples was investigated. 
Molybdenum disulfide was used as lubricant to reduce the friction be-
tween the sample and anvils during the compression tests. 

To examine the microstructures, the deformed specimens were 
sectioned along their compression axis. Specimens were etched in a 
modified Kroll’s reagent (6% HF + 18% HNO3 + 76% H2O) after stan-
dard metallographic preparation techniques. Microstructures were 
examined with a laser scanning confocal microscope (VK-X200, Keyence 
Ltd.). Moreover, electron backscatter diffraction (EBSD) scans were 
performed using a field emission gun Zeiss Sigma scanning electron 

microscope operating at 15 kV with a step size ranging from 0.5 to 0.05 
μm. Samples for EBSD scans were first mechanically polished down to 1 
μm and then chemically polished with a 1:5 solution of H2O2 and OP-S 
(oxide polishing suspension from Struers, a colloidal silica suspension 
with a pH of 9.8 and a grain size of 0.04 μm). Phase identification was 
performed using a Rigaku SmartLab 9 kW X-ray diffraction (XRD) sys-
tem with Co-Kα radiation (λ = 0.179 nm) in the angular (2θ) range of 
40–130◦. The scan rate and step size were 7◦/min and 0.05◦, 
respectively. 

3. Results 

3.1. Stability of the alloys 

The stability of beta phase in Ti alloys is usually presented by the Mo 
equivalent (Moeq) [19] and two alloying parameters of Md and Bo, 
which are the average values of d-orbital energy level and the bond 
order respectively [20]. The higher the Moeq value, the higher the beta 
phase stability. The lower Md and the higher Bo are associated with the 
higher stability of the beta phase. According to the calculated values of 
these parameters listed in Table 2, the mechanical stability of beta phase 
in the present alloys is expected to vary in the order of 
Ti-4733<Ti-3573<Ti-3873. 

The electronic parameters of Md and Bo have been shown to be very 
useful for predicting the deformation mechanisms occurring in an alloy 
which is actually done using the Bo-Md map [21]. Fig. 1a shows the 
position of the present alloys on the Bo-Md diagram and accordingly the 
alloys are called as low stability, intermediate stability and high stability 
alloy. As seen, the low stability alloy Ti-4733 belongs to the martensitic 
transformation region while the intermediate stability alloy Ti-3573 
locates on the boundary of martensite formation/twinning, i.e. 
TRIP/TWIP, regions. The location of Ti-3873, the high stability alloy, is 
close to the boundary of TWIP/slip regions. The d–electron predictions 
have been confirmed by the previous experimental investigations [3], 
where the deformation mechanisms were found to be DIM formation, 
DIM/twinning and dislocation slip for Ti-4733, Ti-3573 and Ti-3873, 
respectively. However, the present study is focused on the effect of 
strain rate on these deformation mechanisms and microstructural evo-
lution during compressive deformation. Fig. 1 also shows the initial 
microstructures and the corresponding XRD patterns of the solution 
treated alloys. As seen, all the alloys consist of single beta phase with the 
average grain size in the range of 150–200 μm. 

3.2. Flow stress curves of the alloys 

The true stress–true strain curves of the alloys compressed up to the 
engineering strain of 10% are presented in Fig. 2. It is seen that with 
increasing the phase stability (i.e. increasing the Moeq) the strength of 
alloys increases in the order of Ti-4733<Ti-3573<Ti-3873. 

It is also noticed that the flow stress of the alloys is affected by the 
strain rate so that the sensitivity of their flow stress to the strain rate is 
Ti-4733>Ti-3573>Ti-3873 in the inverse order of their stability. Two 
variables, YS and strain hardening exponent (n) were used to evaluate 
the effect of strain rate. Given that the yield point of some beta Ti alloys 
is not well defined based on the shape of the stress-strain curve (espe-
cially compression curve), an offset yield point is usually defined. Thus, 
the YS of the present alloys was measured using the 0.2% offset method. 

Table 1 
Chemical composition of the studied alloys (wt.%).  

Alloy Al Mo V Cr Ti 

Ti-4733 4.2 7.1 3.1 2.9 Balance 
Ti-3573 2.9 4.8 7.1 2.8 Balance 
Ti-3873 2.9 7.9 7.0 3.0 Balance  

Table 2 
Stability parameters of the studied alloys.  

Alloy Moeq Md  Bo  

Ti-4733 9.617 2.369 2.774 
Ti-3573 11.137 2.356 2.778 
Ti-3873 14.490 2.348 2.782  
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The strain hardening exponent representing the balance of work hard-
ening and softening, was calculated according to Hollomon equation, 
σ = Kεn, as follows [22]: 

n=
d(ln σ)
d(ln ε) (1)  

where σ and ε are the true stress and true strain. The variation of YS and 
n with strain rate are presented in Fig. 3a and b. According to Fig. 3a, YS 
shows a linear relationship with the logarithm of strain rate for all the 
alloys. It is found that the YS of Ti-4733 increases considerably with 
strain rate and increases from 830 MPa at 7 × 10− 5 s− 1 to 923 MPa at 7 
× 10− 2 s− 1, while the YS of Ti-3873 shows a slight variation with strain 
rate and only increased from 1010 MPa at 7 × 10− 5 s− 1 to 1020 MPa at 7 
× 10− 2 s− 1. In the case of Ti-3573, YS increases with increasing strain 
rate, but the amount is intermediate between those of Ti-3873 and Ti- 

4733. Fig. 3b shows that in contrast to YS, the n value of Ti-4733 is 
almost independent of strain rate while the n value of Ti-3873 is quite 
sensitive to it during compression. 

The third parameter, the SRS of the flow stress, m value of the alloys, 
calculated according to Eq. (2), was also determined and plotted in 
Fig. 3c as a function of true strain. 

m=
∂(log σ)
∂(logε̇) (2)  

where m is SRS factor, σ is the true stress and ε̇ is strain rate. It is seen 
that with increasing the stability, the alloys exhibit lower SRS. 
Furthermore, the SRSs of Ti-4733 and Ti-3573 are almost constant over 
the strain range studied here, the very low SRS of Ti-3873 increases 
significantly with increasing the applied strain. This suggests that some 
change occurs in deformation behavior of Ti-3873 during compression. 

Fig. 1. The present alloys on the Bo-Md stability diagram along with their initial microstructures and corresponding XRD patterns after annealing at 1000 ◦C for 0.5 
h. The numbers of 1, 2 and 3 are related to Ti-4733, Ti-3573 and Ti-3873 as described in the legend box. 
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3.3. Deformation structure evolution in the lowest stability alloy Ti-4733 

Figs. 4 and 5 show examples of laser scanning and EBSD micro-
graphs, respectively, of Ti-4733 deformed at the lowest and highest 
strain rates of 7 × 10− 5 and 7 × 10− 2 s− 1. Different types of deformation 
features including some thin parallel plates and some polyline or wavy 
thin lines were observed in the samples deformed at the low strain rate 
of 7 × 10− 5 s− 1 as shown in Fig. 4a. Fig. 4b and c displays a higher 
magnification of these two deformation features which are probably 
DIM and slip lines. EBSD scans were used for a better understanding of 
the nature of these deformation features. According to Fig. 5a and b, the 
inverse pole figure (IPF) and phase maps of the deformed Ti-4733 show 
the presence of few martensite bands which naturally are not perfectly 
indexed. This has also been reported by some other researchers [23]. 
The occurrence of orthorhombic α" martensite is confirmed by an XRD 
patterns of the deformed sample as shown in Fig. 4e. In addition to DIM, 
several thin lines are observed in the image quality (IQ) map of Ti-4733 
in Fig. 5c. As these lines are invisible in the IPF map, it can be concluded 
that these lines do not represent significant misorientation or different 
crystal structures and therefore they are most probably slip lines. Based 
on these observations, the DIM transformation and dislocation slip can 
be identified as the active deformation mechanisms in Ti-4733 at the low 
strain rate, as previously reported elsewhere [14] as well. 

As the laser scanning image of the microstructure of the specimen 
deformed at the high strain rate of 7 × 10− 2 s− 1 illustrates (Fig. 4d), the 
number fraction of deformation products increases significantly, while 
according to XRD results (not shown here) and previous studies [12,13] 
the volume fraction of DIM does not change significantly (fraction less 
than 5%) with increasing the strain rate. The EBSD scans of the same 
specimen are presented in Fig. 6. According to the IPF map, most of the 
deformation products are slip lines. However, in addition to slip lines, 
there are some bands with different orientation from the matrix which 
were identified to have the same BCC crystal structure as the matrix had. 
The kernel average misorientation (KAM) map of the sample in Fig. 6c 
reveals that a high density of geometrically necessary dislocations exists 
within the bands. Fig. 6e shows the variation of misorientation angle 
along the line drawn across the band in Fig. 6d. As seen, the misorien-
tation angle is below 30◦ and also changes along the line. This indicates 
that these bands cannot be twins or martensite phase and are most 
probably local deformation bands, which usually form during defor-
mation at high strain rates [9]. 

3.4. Deformation structure evolution in the intermediate stability alloy Ti- 
3573 

Regarding Ti-3573 with the intermediate stability, several relatively 

Fig. 2. Compressive true stress-true strain curves of the alloys at different strain rates. (a) Ti-4733, (b) Ti-3573 and (c) Ti-3873.  
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wide bands with straight and parallel boundaries were also observed in 
addition to DIM and slip lines, as shown in Fig. 7a and b. Fig. 8 displays 
the EBSD map after 10% compressive strain containing some of those 
wide deformation bands in the beta matrix. The IPF map in Fig. 8b shows 
that these bands have a same crystal structure as the matrix has and they 
possess a constant misorientation angle of 50.5◦ (Fig. 8c) which is the 
characteristic of {332} <113> twinning system in beta Ti alloys [5,24]. 
Therefore, the misorientation profile in Fig. 8c evidences that the wide 
deformation bands displayed in Fig. 7 are {332} <113> twins. The 
phase map shown in Fig. 8d reveals that some martensite can also be 
identified inside the twins indicating that DIM formation is also an 
active deformation mechanism. Therefore, it can be concluded that 
deformation mechanism of Ti-3573 is a combination of dislocation slip, 
twinning and DIM formation at the low strain rate of 7 × 10− 5 s− 1. With 
increasing the strain rate, it is noticed from Fig. 7c and d that there is no 
significant change in the number fraction of twins while the number of 
slip lines increased. This is in agreement with the results of Ji et al. [15] 
who reported a very slight increase in the twinning fraction up to the 
tensile strain of 10%. The EBSD scans of the sample deformed at the high 
strain rate of 7 × 10− 2 s− 1 reveal that with increasing strain rate, some 

new martensite and deformation bands were formed in addition to 
increased number of slip lines and twins as seen in Fig. 9. This means 
that the deformation mechanism of Ti-3573 which is a combination of 
martensite formation, twinning and dislocation slip at 7 × 10− 5 s− 1 does 
not change with increasing the strain rate and only the fractions of slip 
lines and martensite increase without considerable increase in the twin 
fraction. This is in agreement with the results of Zhan et al. [8], who 
showed that in a beta Ti alloy with deformation mechanism of DIM, 
twinning and dislocation slip, the volume fraction of twins remains 
almost constant independent of strain rate. 

Since a combination of multiple mechanisms is simultaneously active 
in Ti-3573, recognizing the effect of strain rate on each mechanism is not 
easy and needs more studies. However, the overall effect of strain rate on 
mechanical behavior of this alloy is something between those of Ti-4733 
and Ti-3873. It is worth mentioning that as the amount of DIM is so low 
in this alloy, twinning can be considered as the dominant mechanism. 

3.5. Deformation structure evolution in the high stability alloy Ti-3873 

In the case of Ti-3873, the highest stability among the studied alloys, 

Fig. 3. Variation of (a) yield strength (YS) and (b) strain hardening exponent (n) as a function of strain rate and (c) variation of strain rate sensitivity factor (m) with 
true strain. 
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Fig. 10 indicates that there are no deformation bands or twins in the 
microstructure of the sample deformed to 10% strain at the low strain 
rate of 7 × 10− 5 s− 1 and the vast majority of deformation products are 
slip lines. The IPF map, displayed in Fig. 11, also confirms this obser-
vation. In addition, the XRD pattern in Fig. 11c only shows peaks cor-
responding to the beta phase but no α" martensite peaks are visible. This 
means that the martensite start temperature of Ti-3873 is well below 
room temperature. Therefore, it can be concluded that the deformation 
mechanism of Ti-3873 is dislocation slip at the low strain rate of 7 ×
10− 5 s− 1. 

With increasing the strain rate to 7 × 10− 2 s− 1 a significant increase 
in the number of slip lines occurred, as seen in Fig. 12. In addition to this, 
some thick bands were also visible in the microstructure after deforming 
at this high strain rate (Fig. 12a and b). The IPF map of the corre-
sponding microstructure, depicted in Fig. 13, revealed that those thick 
band are actually {332} <113> twins. This means that increasing strain 
rate from 7 × 10− 5 s− 1 to 7 × 10− 2 s− 1 led to a change in deformation 
mechanism from sole slip to a combination of dislocation slip and 
twinning. 

It was also noticed that in contrast to Ti-4733 where the slip lines 

Fig. 4. Laser optical micrographs of the samples after 10% strain at the strain rates of: (a), (b), (c) 7 × 10− 5 s− 1 and (d) 7 × 10− 2 s− 1. XRD pattern corresponding to 
the sample deformed at 7 × 10− 5 s− 1(e). 

Fig. 5. EBSD maps of Ti-4733 after 10% strain at the strain rate of 7 × 10− 5 s− 1. (a) Inverse pole figure (IPF), (b) phase map and (c) image quality (IQ) map.  
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were mostly in the same direction (Fig. 4d), slip lines in Ti-3873 
deformed at the high strain rate were mainly multi-directional 
(Fig. 12c) corresponding to the occurrence of cross slip. Even though 
slip lines were observed in all the alloys, Ti-3873 exhibited a higher 
number density of slip lines and a higher frequency of cross slip indi-
cating that cross slip was more extensive in Ti-3873. This can be 
attributed to the high stability of Ti-3873, resulting in a higher critical 
resolved shear stress (CRSS) for dislocation slip. The high CRSS prevents 

the formation of easy paths for dislocation slip, and as a result, multiple 
slip systems with sufficiently high Schmid factors are activated which 
leads to increased intensity of cross slip. 

4. Discussion 

Analyses of compression flow curves and microstructural observa-
tions indicated that different deformation mechanisms were activated in 

Fig. 6. EBSD maps of Ti-4733 after 10% strain at strain rate of 7 × 10− 2 s− 1. (a) Image quality (IQ), (b) inverse pole figure (IPF) and (c) kernel average misorientation 
(KAM) map. (d) High magnification IPF map of a deformation band and (e) misorientation angle variation along the black arrow shown in (d). 
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the studied three alloys and consequently effects of the strain rate on the 
YS, strain hardening and SRS also vary. The results are briefly discussed. 

4.1. Yield strength 

The difference of the atomic size of an alloying element compared 
with the Ti atom size might be a simple factor affecting the YS of 
annealed solid solution. According to Ref. [25], the atom sizes are Ti 176 
p.m., Mo 190 p.m., V 171 p.m., Cr 166 p.m., and Al 118 p.m., suggesting 
the highest influence of Al and Mo. However, the following equation has 
been suggested for estimating the solid solution strengthening (Δσ) of 
alloying elements in single beta phase Ti alloys [18]:  

Δσ = f [1.5(Fe + Mn) + 1.3(Cr) + (Al + Mo) + 0.7(V + W) + 0.5(Sn) + 0.4 
(Zr) + 0.3(Nb)]                                                                               (3) 

where f is a constant between 40 and 50 MPa and the elements are in 
weight percent (wt.%). Based on Eq. (3), YS was calculated to be in the 
range of 680–850 MPa for Ti-4733, 672–840 MPa for Ti-3573 and 
792–990 for Ti-3873, i.e. quite similar for the low and intermediate 
stability alloys, but distinctly higher for the high stability alloy. This is 
consistent with the measured results (Fig. 2). 

As seen in Fig. 3a, the YS increased with increasing strain rate, but 
the effect became smaller with increasing the stability of beta phase. 
This must be a result from the chemical composition of the alloys, for 
plastic deformation is minor yet for the 0.2% strain offset YS, and the 
deformation mechanisms appearing with further strain cannot affect it. 

The background of the SRS is in the thermal component of the flow 
stress, where the probability of dislocations to overcome obstacles on 
glide planes depends on time, and thermal activation remains less at 
high strain rates [26]. Thus, we may conclude that especially the athe-
rmal component (non-dislocation dominant) of the YS has increased by 
the alloying providing higher stability. 

In the strain rate range studied in the present work (7 × 10¡5 to 7 ×
10 ¡1 s¡1), most BCC metals including beta Ti alloys exhibit a linear 
increase in YS with logarithm of strain rate. For example, according to Li 
et al. [13] the YS of Ti–10V–2Fe–3Al alloy increased linearly this way 
from about 650 MPa at 10− 4 s− 1 to 740 MPa at 10− 1 s− 1. This SRS of YS 
is similar to that of Ti-4733 and interestingly both the alloys exhibit 
similar level of stability based on Moeq. 

4.2. Deformation mechanisms 

From microstructure evolutions it can be noticed that the strain rate 
affected the deformation mechanisms differently in the studied alloys. 
As evident from Figs. 4 and 6, no significant change in the nature and 
number density of deformation features, DIM and slip lines, occurred in 
the lowest stability Ti-4733 alloy with changing the strain rate, whereas 
in the intermediate stability Ti-3573 alloy, the number density of twins 
and DIM laths slightly increased, though the type of deformation fea-
tures remained unchanged. However, in the highest stability Ti-3873 
alloy, not only the number density of deformation features increased 
significantly at the higher strain rate, but also the nature of features 

Fig. 7. Laser scanning micrographs of Ti-3573 after 10% strain at the strain rates of: (a and b) 7 × 10− 5 s− 1 and (c and d) 7 × 10− 2 s− 1.  
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changed so that also numerous {332} <113> twins existed in the 
deformed structure. Zhou and Chew [27] reported the change in 
deformation mechanism from dislocation slip at low strain rates to 
twinning at the high strain rate for a Ti–6Al–4V alloy. The CRSS required 
for DIM and twinning is usually less than that of dislocation slip at room 
temperature in Ti alloys [28]. The CRSS of twinning is independent of 
strain rate because of non-diffusional nature of twinning [29], whereas 
for DIM it has been shown that CRSS increases with the logarithm of 
strain rate [12,14]. According to the thermo-statistical model presented 
by Calindo Nava and Rivera-Díaz-del-Castillo [30], the number of dis-
locations required for nucleation of a twin is proportional to the number 
of dislocations in dislocation forest. Therefore, it can be concluded that a 
higher number of dislocations may activate nucleation of a higher 

number of twins. Regarding the effect of strain rate on twinning, the 
increased strain rate increases dislocation density and accelerates their 
movement. Given that the critical shear stress for twinning is indepen-
dent of strain rate [29], increasing strain rate results in the nucleation of 
a higher number of twins. Therefore, it is expected that the number 
fraction of twins increases with increasing strain rate, and this is seen in 
the present qualitative results for Ti-3873. Similar results have been 
reported by Ahmed et al. [16] for a beta Ti–10V–3Fe–3Al-0.27O (wt.%) 
alloy containing alpha and omega phases which exhibited TRIP/TWIP 
effect. Also, in commercial pure alpha Ti the fraction of twins has been 
reported to increase with increasing the strain rate [31]. Ji et al. [15] 
found that, in a Ti–10Mo–1Fe alloy showing the TWIP effect, tensile 
deformation at a higher strain rate (difference of four orders of 

Fig. 8. EBSD maps of the sample after 10% strain at the strain rate of 7 × 10− 5 s− 1. (a) IQ map, (b) IPF map, (c) misorientation angle along the arrow shown in (b), 
(d) phase map and (e) corresponding XRD pattern of the sample showing some weak α" martensite peaks. 
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magnitude) resulted in higher twin fraction at strains smaller than 5%, 
but in a lower fraction at strains higher than 10%, though the difference 
was small (less than 8% at the strain of 14%). They thought the nucle-
ation and growth of twins are retarded at the higher strain rate defor-
mation, leading to a lower area fraction of twins. However, this only 
occurs when the strain exceeds a certain level and a smaller rate of 
increasing dislocation density is observed at higher strain rate. 

4.3. Strain hardening exponent, n value 

As depicted in Fig. 3b, the n value is very low when the deformation 
mechanism is solely dislocation slip as that in Ti-3873 at low strain rates. 
Usually, the n value of metals and alloys with BCC and HCP crystal 
structures is very low. For instance, the low value of 0.05 has been re-
ported for Fe [32]. Similarly, very low n values of about 0.038, 0.04 and 
0.06 have been reported for alpha-beta Ti–6Al–4V, Ti-6242 and Ti-834 
alloys [33]. Song et al. [34] presented a higher n value of 0.11 for a 

Fig. 9. EBSD maps of the Ti-3573 sample after 10% strain at the strain rate of 7 × 10− 2 s− 1. (a) IQ, (b) IPF maps, (c) higher magnification IPF map of the area shown 
with a rectangle in (a), (d) misorientation angle along the arrow shown in (b), corresponding (e) phase map and (f) KAM map of (c). 
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metastable beta Ti alloy showing DIM formation. The different defor-
mation mechanisms can lead to different strain hardening behavior and 
SRS of the flow stress. 

In the present experiments, it was observed that the variation of n 
with the strain rate was insignificant for Ti-4733 (Fig. 3b), which can be 
attributed to the same deformation mechanism at all strain rates 
applied. This value of n (≈0.07) is quite low. While in metastable 
austenitic steels, adiabatic heating created at high strain rates can affect 
the stability of austenite matrix against martensitic transformation and 
lead to a change in deformation mechanism [35,36], it has been shown 
that the temperature rise is not significant (<40 ◦C) in beta Ti alloys with 
respect to true strain up to ~10% at strain rates in a range similar to the 
present work [13,15]. 

In the case of Ti-3573 showing a combination of TRIP and TWIP 
effects, even though no change in the deformation mechanism with 
strain rate, the increased number of twins resulted in a slight increase of 
n (≈0.07 to 0.08). Zhan et al. [8] found insignificant influence of strain 
rate varying by six orders of magnitude on strain hardening of a 
Ti–25Nb–3Zr3Mo–2Sn alloy showing multiple deformation mechanisms 

including formation of two types of twins. Anyhow, n ~ 0.23 was 
distinctly higher than n values for the present alloys. 

However, in Ti-3873, the change in the dominant deformation 
mechanism from dislocation slip to mechanical twinning led to a sharp 
increase in n value from 0.01 to 0.13. The n value usually decreases with 
increasing the strain rate due to the increasing number of dislocation 
pile-ups. However, in the case that some obstacles such as threshold 
amount of dislocations or twin or phase boundaries are already present 
decreasing the mobility of dislocations, an opposite trend may be 
observed. For example, Gupta et al. [37] reported that when 10–15% 
prior cold work was applied to a Ti–6Al–4V, where sufficient number of 
dislocation pile ups was present, n value was seen to increase with the 
strain rate. Tsao et al. [38] showed that the n value of a CP-Ti sheet 
increased with increasing strain rate due to increase of dislocation 
density and dislocation multiplication rate. Regarding Ti-3873, it can be 
supposed that similar enhanced hardening can occur when twin 
boundaries are dynamically created during deformation. 

Fig. 10. Laser optical micrographs of a Ti-3873 sample after 10% strain at the strain rate of 7 × 10− 5 s− 1.  

Fig. 11. EBSD maps of a sample deformed to 10% strain at the strain rate of 7 × 10− 5 s− 1 (a) IQ and (b) IPF map. (c) XRD pattern of the corresponding sample.  
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4.4. Strain rate sensitivity, m value 

Positive and high m value is important to prevent local necking and 
thereby enhancing the ductility. Ji et al. [15] found negative m values 
for a Ti–10Mo–1Fe alloy at strains higher than 0.13. All the present al-
loys exhibited a positive m value in the studied strain range. In general, 
alloys with BCC structures including beta Ti alloys exhibit a higher m 
value compared to those with FCC structure [39]. For example, the m 
value of large-grained Cu is around 0.004 at room temperature [39]. The 
m value for the commercial beta Ti alloys of Ti-15-3, Beta C and 
TIMETAL 21S has been reported to be around 0.008 [40], which is much 
lower value than that observed for the present Ti-4733 and Ti-3573 
alloys. 

The stability of an alloy can be a factor affecting its m value. Ac-
cording to Fig. 3c, m decreased with increasing the mechanical stability 
of the present alloys from Ti-4733 to Ti-3573 and then to Ti-3873. Thus, 
the low m value of the above commercial alloys can be due to their high 
stability. A higher m value of 0.016 has been reported for Beta III [40] 
which is quite close to that of Ti-4733 and Ti-3573. Wang et al. [41] 
have demonstrated that in Ti-xAl-yMo-zV alloys, increasing Mo content 
(i.e. increasing the beta phase stability) results in a decrease of m value. 
They showed that under multiple slip deformation conditions increasing 
the Mo content promotes screw dislocation pinning by the mechanism of 
super-jog formation. It has been shown that these super-jogs act as 
strong pinning points for screw dislocations at high solute concentra-
tions [42] and may lead to a decrease in SRS. 

As illustrated in Fig. 3c, the m value of Ti-4733 and Ti-3573 was 
found to be almost constant in the ranges of 0.013–0.014 and 
0.016–0.018, respectively, while that of Ti-3873 increased from very 
small value of 0.001 up to 0.011. This is in contrast with previous results 
of Ji et al. [15], where m values decreasing with strain were found for a 
Ti–10Mo–1Fe alloy. However, it has been very recently shown [43] that 
the alpha-beta alloys of Ti-6246 and Ti-64 exhibit an increasing m value 
with strain until the saturation values of 0.007 and 0.01, respectively. It 

has been reported that the deformation mechanism of beta Ti alloys is 
related not only to the beta phase stability, but also to the extent of 
plastic deformation [44]. Though that the effect of strain on the defor-
mation mechanism was not investigated in the present study, the 
deformation mechanism might alter with increasing strain and result in 
a change in SRS (m value). It is known that in Ti alloys showing DIM 
formation, martensite is formed by stress induced [45,46], so in Ti-4733, 
no slip precedes DIM formation. However, in Ti-3873 the dislocation slip 
may occur before the onset of twinning at high strain rates, so that the 
initial low m value would be related to the higher content of alloying 
elements like Mo (i.e. the high stability) while the following increase in 
the m value might correlate with the activation of twinning with 
increasing strain. However, detailed observations are needed to under-
stand how the extent of strain affects the evolution of deformation 
mechanisms. 

4.5. Stability-strain rate-mechanism (SSM) diagram 

Fig. 14 summarizes schematically the effect of beta phase stability, 
predicted based on the Moeq parameter, and strain rate on determining 
the deformation mechanism in the studied alloys along with several beta 
Ti alloys from literature. According to this stability-strain rate-mecha-
nism (SSM) diagram, with increasing the stability the deformation 
mechanism changes from DIM formation to twinning and then to slip 
band (SB) formation at the low strain rate of 7 × 10− 5 s− 1. Furthermore, 
the SSM diagram indicates that with increasing the strain rate to 7 ×
10− 2 s− 1, the deformation mechanism changes from DIM to SB forma-
tion in Ti-4733, remains unchanged in Ti-3573 and changes from SB to 
mechanical twinning in Ti-3873. It is worth noting that the possible 
influence of the strain rate is not taken into account in the stability 
parameters listed in Table 2 (or in the Bo-Md map in Fig. 1a). However, 
the present experimental results demonstrate that the deformation 
mechanisms, i.e. the mechanical stability of the beta phase, is affected 
by the strain rate, so that the area corresponding to the TWIP effect is 

Fig. 12. Laser optical micrographs of samples after 10% strain at the strain rate of 7 × 10− 2 s− 1. (a) and (b) twins and (c) and (d) cross-slip lines.  
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Fig. 13. EBSD maps of the sample deformed at the strain rate of 7 × 10− 2 s− 1, (a) IQ map and (b) IPF map. Misorientation angle along the arrows 1 (c) and 2 (d) 
shown in (b). 

Fig. 14. Schematic diagram showing the effect of beta phase stability and strain rate on determining the active deformation mechanisms DIM, twin and slip band 
(SB) formation in various beta Ti alloys [3,8,13,15,16,23,47–51]. 
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expanded with increasing the strain rate. According to the SSM diagram, 
at high levels of stability the mechanical stability decreases with 
increasing the strain rate while it increases with increasing the strain 
rate at low levels of stability. For example, with increasing the strain rate 
the deformation mechanism of high-stability Ti-3873 changes from 
simple dislocation slip (SB) to twinning which is the mechanism of the 
alloys with a lower stability. But for a low-stability Ti-4733 alloy, the 
mechanism changes from DIM to DIM + SB, i.e. to the mechanism of 
alloys with a higher stability. It should be mentioned that the borders in 
the SSM diagram shown in Fig. 14 are drawn based on available data 
from literature and more experiments are needed to determine the exact 
positions of them. In addition, as it was mentioned before, increasing the 
strain value may affect deformation mechanisms, i.e. the beta phase 
stability, so this should also be considered in using the SSM diagram. 
However, we believe that the SSM diagram can provide a useful com-
plement to the Bo-Md diagram in predicting the deformation mechanism 
of beta Ti alloys. 

5. Summary 

The effect of strain rate in 10% compression deformation at room 
temperature on the deformation mechanisms martensite (DIM) forma-
tion, twinning and dislocation slip were investigated in three beta Ti 
alloys possessing different stability.  

1) The YS of the alloys increased and its sensitivity to strain rate 
decreased with increasing the stability.  

2) Deformation mechanisms varied depending on the stability and also 
strain rate. Deformation mechanism could also change during 
straining.  

3) The strain hardening exponent (n value) only increased slightly with 
increasing the strain rate for the alloys with the lowest and inter-
mediate stability but significantly for the highest stability alloy. This 
was attributed to the change in deformation mechanism of the 
highest stability alloy from dislocation slip to mechanical twinning 
with increasing strain rate.  

4) The strain rate sensitivity factor (m-value) decreased with increasing 
the beta phase stability. It remained almost constant over the studied 
strain range for alloys with the low and intermediate stability, but it 
was very low for the highest stability alloy although increased 
significantly with increasing the applied strain.  

5) Based on the room temperature compression tests on three beta Ti 
alloys with different levels of mechanical stability and at four strain 
rates (difference of three orders of magnitude), the stability-strain 
rate-mechanism (SSM) diagram was introduced to utilize as the 
complement of a Bo-Md diagram for predicting the deformation 
mechanisms of beta Ti alloys. 
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and slip during compressive deformation of beryllium as a function of strain rate, 
Int. J. Plast. 29 (2012) 120–135, https://doi.org/10.1016/j.ijplas.2011.08.006. 

[30] E.I. Galindo-Nava, P.E.J. Rivera-Díaz-Del-Castillo, Thermostastitical modelling of 
deformation twinning in HCP metals, Int. J. Plast. 55 (2014) 25–42, https://doi. 
org/10.1016/j.ijplas.2013.09.006. 

[31] T. Wang, B. Li, M. Li, Y. Li, Z. Wang, Z. Nie, Effects of strain rates on deformation 
twinning behavior in α-titanium, Mater. Char. 106 (2015) 218–225, https://doi. 
org/10.1016/j.matchar.2015.05.016. 

[32] R.W. Hertzberg, R.P. Vinci, J.L. Hertzberg, Deformation and Fracture Mechanics of 
Engineering Materials, fifth ed., Wiley, 2012. https://books.google.fi/books?id=8 
d8bAAAAQBAJ. 

[33] R. Rajendran, M. Venkateshwarlu, V. Petley, S. Verma, Strain hardening exponents 
and strength coefficients for aeroengine isotropic metallic materials – a reverse 
engineering approach, J. Mech. Behav. Mater. 23 (2014) 101–106, https://doi.org/ 
10.1515/jmbm-2014-0012. 

[34] W.Q. Song, S. Sun, S. Zhu, G. Wang, J. Wang, M.S. Dargusch, Compressive 
deformation behavior of a near-beta titanium alloy, Mater. Des. 34 (2012) 
739–745, https://doi.org/10.1016/j.matdes.2011.06.049. 

[35] J. Talonen, P. Nenonen, G. Pape, H. Hänninen, Effect of strain rate on the strain- 
induced γ, → α′-martensite transformation and mechanical properties of austenitic 
stainless steels, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 36 A (2005) 
421–432, https://doi.org/10.1007/s11661-005-0313-y. 

[36] F. Peng, X.H. Dong, K. Liu, H.Y. Xie, Effects of strain rate and plastic work on 
martensitic transformation kinetics of austenitic stainless steel 304, J. Iron Steel 
Res. Int. 22 (2015) 931–936, https://doi.org/10.1016/S1006-706X(15)30092-3. 

[37] R.K. Gupta, V.A. Kumar, C. Mathew, G.S. Rao, Strain hardening of titanium alloy 
Ti6Al4V sheets with prior heat treatment and cold working, Mater. Sci. Eng. 662 
(2016) 537–550, https://doi.org/10.1016/j.msea.2016.03.094. 

[38] L.C. Tsao, H.Y. Wu, J.C. Leong, C.J. Fang, Flow stress behavior of commercial pure 
titanium sheet during warm tensile deformation, Mater. Des. 34 (2012) 179–184, 
https://doi.org/10.1016/j.matdes.2011.07.060. 

[39] Q. Wei, S. Cheng, K.T. Ramesh, E. Ma, Effect of nanocrystalline and ultrafine grain 
sizes on the strain rate sensitivity and activation volume: fcc versus bcc metals, 
Mater. Sci. Eng. 381 (2004) 71–79, https://doi.org/10.1016/j.msea.2004.03.064. 

[40] R.S. Rosen, S.P. Paddon, M.E. Kassner, The variation of the yield stress of Ti alloys 
with strain rate at high temperatures, J. Mater. Eng. Perform. 8 (1999) 361–367, 
https://doi.org/10.1361/105994999770346927. 
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