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Abstract: 

 
A novel biomaterial Ti-17Mo (mass %) was designed for orthopedic implant applications. Hot working behavior and 

deformation characteristics were studied in the β-single structure by hot compression tests in the strain rate range 

0.01–10 s-1 and temperature range 1123–1273 °C using a Thermec Master-Z simulator. The microstructural 

evolutions of the deformed alloy are studied by a scanning electron microscope (SEM) equipped with an electron 

backscattered diffraction (EBSD) detector. The microstructures of the hot deformed alloy displayed that dynamic 

recovery was more active than dynamic recrystallization (DRX). However, partial discontinuous DRX by grain 

boundary bulging is activated at high temperatures and low strain rates, e.g., 1273 k and 0.01 s-1. Due to the high 

stacking fault energy of the β phase with a bcc structure, the Ti-17Mo alloy possessed comparatively low activation 

energy of hot deformation (283 kJ/mol) compared with the conventional Ti alloys bearing multiple alloying elements.  
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1.  Introduction 

Titanium alloys are incorporated in various structural applications, such as biomedical, sports, aerospace, 

and automotive industries [1, 2]. It is well established that beta titanium alloys with a body-centered cubic 

(bcc) structure exhibit high specific strength, acceptable cold workability, moderate ductility and show 

excellent fatigue performance by increasing the Oxygen content [3]. Furthermore, β-Ti alloys show 

comparable mechanical properties to α-Ti alloys with a hexagonal close-packed (hcp) structure and α+β 

alloys, clarifying their high work hardening capacity [4]. The β-Ti alloys are heat-treatable alloys and 

uniform hard dispersion can be introduced using solution treatment in the beta field preceding subsequent 

aging at lower temperatures where the α and/or ω phases are stable. Furthermore, cold working is employed 

to alter the precipitation morphology in the metastable state to produce a high-level density of fine 

precipitates. Consequently, the mechanical and physical properties could be enhanced with deformation 

[5]. 

It is reported that Molybdenum (Mo) stabilizes the β phase in titanium alloys, hence adding the alloying 

element Mo to the Ti-based alloys promotes β-type structure [6]. Furthermore, Mo has low toxicity 

compared to V and Al. The Ti-15Mo alloy is a commercial Ti-Mo alloy and was evaluated for applications 

in orthopedic implants [7]. Last decade, Niinomi and his team at Tohoku University in Japan have 

developed a novel Ti-17Mo alloy with high biocompatibility and variable Young’s modulus through cold 

working to induce ω phase to be implemented in spinal fixation equipment [8]. 

Understanding the metal deformation process at high temperatures is important because hot working is an 

important manufacturing process. Thermomechanical processing used for titanium alloys includes 

relatively complex forging steps. Generally, these alloys show a single bcc-β phase domain at high 

temperatures, while below a certain temperature nominated as transus temperature Tβ, the material consists 

of hcp-α and bcc-β phase. The hot deformation of titanium alloys, specifically β and near-β Ti alloys, was 

reported in many previous publications, e.g., Refs. [8–10]. Several studies have reported that the dynamic 

recrystallization (DRX) mechanism is operated in β-Ti alloys in addition to the dynamic recovery (DRV) 

mechanism depending on the hot deformation parameters [11,12]. Particularly, DRV is generally preferred 

in β-Ti alloys because of their high stacking fault energy (SFE) [13,14]. 

In contrast, the DRX mechanism is complex and caused debates [8,15–17]. Some scientists suggested that 

discontinuous dynamic recrystallization (DDRX), which is ascribed to the nucleation process followed by 

the growth of new grains, work in these alloys over a bulging mechanism of the original grains [18]. In 

addition, continuous dynamic recrystallization (CDRX) occurs via a change process from low-angle grain 

boundaries (LAGBs) to high-angle grain boundaries (HAGBs) [19]. Recently, the continuous dynamic 

recrystallization (CDRX) mechanism has been proved to cause microstructure refinement and high hot 

formability in β-Ti alloys [20]. 

On the other hand, deformation bands (DBs) have been detected in some beta /Titanium alloys. Fan et al. 

[21] observed deformation bands (DBs) during the hot deformation of the Ti-5Al-5Mo-5V-3Cr-1Zr within 

the beta phase area. Kuhlmann et al. [22] reported that DB formation is mostly related to the selection 
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method of the effective slip structures to reduce the consumption of energy during the deformation process, 

especially for coarse-grained material. Also, if the applied strain is distributed non-uniformly inside the 

deformed specimen the generation process of DB can be promoted [23]. The boundaries of the deformation 

bands are sharp, which are like the HAGBs. These sharp boundaries will hinder the recrystallization 

process. 

Recently, Li et al. [24] studied enhancing the mechanical strength of Ti-Nb based alloy by adding Mo 

element at different atomic percent. They found that Mo addition stabilizes the alloys’ β phase in addition 

to enhancing the strength without scarifying ductility. Moreover, the addition of Mo to Ti-Nb alloys 

induced anti-wear capacity, i.e., long shelf life as biomedical materials. Xu et al. [25] studied the Mo 

addition effect on corrosion and tribocorrosion behaviors of Ti-Mo alloys. They reported that with 

increasing Mo amount in the range of 8 - 20 (wt) %, the corrosion resistance of the studied Ti-Mo alloys 

is significantly increased. Fellah et al. [26] investigated the effect of Mo content on mechanical and wear 

resistance characteristics of binary Ti-Mo alloy. He reported that by increasing the Mo amount, both the 

mechanical properties and wear resistance increased. 

It is noteworthy that one of the metallurgical bases for enhancing corrosion resistance and mechanical 

properties is grain refinement [27]. Also, there was not any reported study about hot deformation performed 

on Ti-Mo alloy with coarse structure till this research was conducted. In the present work, the deformation 

mechanisms in addition to the microstructural evolution throughout the hot deformation of Ti-17Mo alloy 

were investigated. Furthermore, the impact of the primary coarse structure on the hot deformation 

mechanism was studied. 

It is very interesting to highlight that through this study of the new Ti-17Mo alloy, it would be 

possible to enhance the grain structure during the manufacturing of Ti-Mo alloys and thereby help 

to enhance mechanical properties concerning the strength and toughness compared with the 

conventional Ti alloys. 

 

2.  Experimental work 
 

Ti-17 wt. % Mo alloy was produced by melting high purity Ti sponge and Mo in an electric arc furnace in 

an argon environment (ARCAST 200, USA) and cast into 100 gm ingots. Homogenization was done for 

the ingots at 1273 K for 28.8 ks under protective argon surrounding using quartz tube and muffle furnace. 

Then the ingots were hot deformed by rolling at 1123 K to 8.5 mm thick strips using a laboratory rolling 

mill. These strips were sealed in a quartz tube under an argon atmosphere and solution heat-treated at 1173 

K for 1.8 ks min in a muffle furnace, followed by quenching in ice water by breaking the quartz tube 

immediately to obtain a complete β-phase structure at ambient conditions. Electrical discharge machining 

(EDM) was used to cut bars of 7.5 mm in diameter from the rolled strips. Subsequently, specimens in the 

cylindrical shapes of 6 mm in diameter and 9 mm in length were cut for hot compression testing so the 

compression axis is parallel to the rolling direction. 

https://link.springer.com/article/10.1007/s11665-019-04348-w#auth-1
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The hot deformation behavior of the β Ti-17Mo alloy was investigated via isothermal constant true strain 

rate compression tests using hot deformation simulator (Thermic Master-Z). Tested specimens were heated 

in a vacuum atmosphere (<1.0 Pa) at the rate of 10 K/s to the deformation temperature ranging from 1123 

K to 1273 K with an interval of 50 K. Temperature was then held for 120 seconds to obtain a homogeneous 

temperature distribution through the sample. To lower the friction and increase the deformation 

homogeneity, a carbon sheet was put between the sample’s surfaces and anvils. To reduce the heat 

dissipation, a mics sheet was put between the sample’s surfaces and anvils. Then, the specimens were 

compressed to a true strain of 0.6 with a strain rate range of 0.01-10 s-1. At end of the hot deformation 

straining, the deformed specimens were fast cooling by blowing a gaseous mixture of Ar and He to freeze 

the high-temperature deformation microstructure. The microstructure observation was carried out using 

electron backscatter diffraction (EBSD) on an FE-SEM (FEI, XL30S-FEG) at an operating voltage of 15 

kV with a step size of 1 µm. The phase constituent of the solution treated Ti-17Mo was investigated via 

X-ray diffraction (XRD) analysis. 

 

3. Results and discussions 

3.1. Original microstructure 

A fully -bcc structure is promoted in the studied Ti-17Mo alloy after solution treatment at 1173 K, as 

shown in the inverse pole figure (IPF) map in  

Fig. 1(a). However, the microstructure was relatively inhomogeneous, representing a bimodal grain size 

distribution an average grain size of 401 μm, as measured by EBSD. The X-ray profile of the solution-

treated Ti-17Mo alloy, shown in  

Fig. 1(b), confirms the fully -bcc structure of the solution-treated alloy. Since all Bragg peaks in the XRD 

pattern were indexed for the -bcc structure. It is worth mentioning here that the 17 wt.% Mo is sufficient 

to preserve fully -phase structure at ambient conditions [28]. 
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Fig. 1: (a) EBSD-IPF (inverse pole figure) map, and (b) XRD pattern of the Ti-17Mo alloy solution-treated 

at 1173 K for 1.8 ks. 

3.2 Hot deformation behavior 

The flow stress curves of the Ti-17Mo alloy acquired by compression tests at elevated 

temperatures are illustrated in Fig. 2.  It is observed that the flow stress gradually decreases with 

moving the deformation strain to 0.6 at all temperatures and various strain rates. Hence, broad 

peak stress is apparent within the flow curves, denoting that dynamic recrystallization (DRX) 

operates at strain rates less than 1 s-1 and a high temperature of 1273 K. The peak stresses at 1273 

K are diverse being 55 and 95 MPa, at the strains of 0.06 and 0.1 and strain rates 0.01 and 0.1 s-1, 

respectively. However, the peak stress can barely be distinguished at 1 s-1 strain rate and high-

temperatures. The flow softening at the higher strain rate of 10 s-1, especially at the lowest 

temperature 1123 K, can be a sign of an adiabatic temperature increase during the deformation. 

However, the flow stress of the studied alloy is not high. This softening behavior at the high strain 

rate of 10 s-1 is attributed to the adiabatic heating generated at the high strain rate. This softening 

at the high strain rate was observed during the hot deformation of steel by Hamada et al [29]. 

It is well recognized that DRV is the principal restoration mechanism during the hot deformation of bcc 

structure materials due to the high diffusivity and fast dislocation annihilation arrangement. For instance, 

in our previous work concerning the hot deformation of β-bcc Ti-10 wt% Mn [13], we observed that 

dynamic recovery (DRV) works simultaneously with continuous dynamic recrystallization (CDRX). In 

previous studies, DRV was the main restoration mechanism on the hot deformation process of titanium 

alloys within the β field, due to the high SFE and the high diffusivity in the β phase-field [30, 31]. However, 

DRX, which is generally detected in low SFE alloys, also has been proved to occur under specific 

deformation conditions [32, 33]. Abbasi reported that DRV is the dominant softening mechanism for 

titanium Alloy (Ti-13V-11Cr-3Al β) at low strain rates with a small contribution of DRX [12]. Fan et al. 

[34] reported the occurrence of both DRV and DRX during hot deformation of Ti-7333 near beta titanium 

alloy. They found that the dynamic recrystallization degree is considerately reliant on strain rate as well as 

deformation temperature. 
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Fig. 2: Typical compressive true stress−true strain curves of Ti-17Mo alloy obtained under various strain 

rates in the range 0.01−10 s-1 and temperatures range 1123 – 1273 K. 

 

3.3 Constitutive analysis 

It is well established that, during the hot deformation the steady-state flow stress is related to temperature 

and strain rate throughout an Arrhenius-type of rate equation [35]. Consistent with the collected data of 

the hot deformation, three forms of constitutive equations (i.e., power, exponential, and hyperbolic) can be 

used to describe the interaction between the strain rate and temperature as follows: 

The exponent-type equation for low-stress levels ( <0.8): 

ε̇ = 𝐴𝜎𝑛exp (−
𝑄𝐻𝐷

𝑅𝑇
)                          (1) 

The power exponent-type equation for high-stress levels ( >1.2): 

𝜀̇ = 𝐴. exp() . 𝑒𝑥𝑝 (−
𝑄𝐻𝐷

𝑅𝑇
)                                       (2) 

Hyperbolic sine law for all stress level: 

ε̇ = 𝐴 [𝑠𝑖𝑛ℎ(𝛼𝜎)]𝑛  exp (−
𝑄𝐻𝐷

𝑅𝑇
)                (3) 

 

wherever 𝜎 presents the steady-state flow stress, ε̇  presents the strain-rate, T stands for the absolute 

temperature; QHD represents the apparent activation energy of hot deformation; while n is stress exponent, 

whilst  is the stress multiplier, and R is the general gas constant (8.314 J/K mol) also A, n and  are 

material factors.  

For the hyperbolic sine law equation, Sellars and McTegar showed that this equation can precisely describe 

the constitutive behaviors of the hot deformed materials in a broad range of stress levels [36]. 

Material constants  and n can be determined by obtaining the natural logarithm on the two sections of 

Eqns. (1) and (2).  These equations can then be re-written as Eqns. (4) and (5), respectively: 

𝑙𝑛(𝜀̇) =  ln(𝐴)  +  𝑛 𝑙𝑛(𝜎) −
𝑄𝐻𝐷

𝑅𝑇
                                                                (4) 

𝑙𝑛(𝜀̇) = 𝛽𝜎 + 𝑙𝑛𝐴 −
𝑄𝐻𝐷

𝑅𝑇
                          (5) 

From Eq. (4), the material constant n can be determined from the graphs of ln (ε̇) ̇versus ln (𝜎) at constant 
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temperature, Eq. (6): 

 𝑛 =
𝜕 𝑙𝑛(𝜀̇ )

𝜕 𝑙𝑛(𝜎)
|

𝑇
                                      (6) 

Likewise, From Eq. (5), the material constant  can be estimated by plotting the relation between ln (ε̇) 

and (𝜎) at a constant temperature, Eq. (7): 

 =
𝜕 ln(ε̇ )

𝜕()
|

𝑇
                (7) 

The stress multiplier parameter () can be calculated approximately according to the relation between   

and n given in Eq. (8)[36]: 

𝛼 ≈ 𝛽 𝑛′⁄                                                            (8) 

Thus, the n constant value of the present Ti-17Mo alloy is obtained from ln (𝜎) against ln (ε̇) plot slope 

and  is found from the slope of the (𝜎) against ln (ε̇) plot, as shown in Fig. 3(a) and Fig. 3(b). 

The linear fits show good quality fitting with the data points with an average value n = 10.2 and the 

correlation coefficient is found to be ~0.97. In the same way, the β constant of the Ti-17Mo alloy is 

calculated from Fig. 3(b) with an average value of 0.104. Therefore, the stress multiplier (α) is anticipated 

to be α = β/ n = 0.01052 for the hot deformation process of the present Ti-17Mo alloy.  

   

   

Fig. 3: The linear relationships utilized to estimate n′ and β parameters at various strain rates and 

deformation temperatures. (a) 𝑙𝑛𝜎  vs 𝑙𝑛𝜀̇ , and (b) σ vs 𝑙𝑛𝜀̇  . Linear regressions: (c) strain rate 
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dependence of ln[sinh(ασ)] to calculate the stress exponent n, and (d) temperature dependence of 

ln[sinh(ασ)] to calculate the activation energy of hot deformation. 
 

 

The stress exponent value, n, in addition to the activation energy of hot deformation, QHD, are determined 

based on the hyperbolic sine law after getting the natural logarithm of both sections of Eq. 3, as illustrated 

in Eq. 9. 

𝑙𝑛(𝜀̇) = 𝑛𝑙𝑛[𝑠𝑖𝑛ℎ(𝛼𝜎)] + 𝑙𝑛𝐴 −
𝑄𝐻𝐷

𝑅
(

1

𝑇
)          (9) 

The stress exponent n value is calculated from the slope of the drawing between 𝑙𝑛[ 𝑠𝑖𝑛ℎ(𝜎)] and 𝑙𝑛 (𝜀̇ ) 

at various temperatures, as shown in Fig. 3(d). 

 

   𝑛 =
𝜕 𝑙𝑛(𝜀̇ )

𝜕 𝑙𝑛[𝑠𝑖𝑛ℎ(𝜎)]
|

𝑇
                          (10)  

The average result determined for the stress exponent, n of the present Ti-17Mo alloy is 8.04. It is well 

established that in the hot deformation process at a constant strain rate, the deformation temperature has a 

significant effect on the flow stress, as illustrated in Fig. 3(c). The  apparent activation energy of the hot 

deformation can be estimated from Eq. (11): 

 

𝑄𝐻𝐷 = 𝑅 [ 
𝜕 ln ε̇ 

𝜕 ln[ sinh(𝛼𝜎)]
]

𝑇
[

𝜕 ln[ sinh(𝛼𝜎)]

𝜕(1 𝑇⁄ )
]

 ε̇ 
                  (11) 

Fig. 3(c) shows the plot between ln (sinh (𝛼σ) and both ln (ε̇) for various temperatures while Fig. 3(d) 

shows the plot relating ln(sinh (𝛼σ) and 1/T for different strain rates. Therefore, the predictive value of 

the average activation energy (Q) of the Ti-17Mo alloy is calculated to be approximately 283.7 kJ/mol 

which is a high value compared to the other known -titanium alloys [13]. The activation energy of the 

hot deformation process is a substantial physical property that gives an indication of the level of difficulty 

during hot plastic deformation. It is well established that Mo has low diffusivity in -titanium which 

elucidates the high magnitude activation energy (283.7 kJ/mol) of the hot deformation for the present 

alloy [37]. The average hot deformation activation energy of Ti-17Mo alloy is high compared to pure 

Titanium, i.e.,  self-diffusion activation energy, and many β-type Ti-alloys with various compositions 

[38-40]. This confirms that the basic restoration mechanism of β Ti-17Mo alloy is governed by DRV and 

CDRX at higher temperatures. 

For a simple illustration, the steady state flow stress, σ, can similarly be represented by the power law 

function of the Zener–Hollomon parameter, Z [41, 42]. 

𝑍 = 𝐴𝑠𝑖𝑛ℎ[(𝛼𝜎)]𝑛                                                                                                       (12)     

Since α and A are the material factors while n presents the stress exponent.  It is well established that the 

Z parameter, Z = ε̇ exp (QHD /RT), combines not only the sequel of deformation temperature, but also the 
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strain rate effect on the hot deformation performance of the material. The aforementioned values of 

activation energy, strain rates, and flow stresses were used in calculating the temperature compensated 

strain rate factor or Zener– Hollomon parameter. The logarithmic style of which is expressed as: 

ln(𝑍) = ln 𝐴 + n ln [sinh(𝛼𝜎)]        (13) 

Where ln A is the intersection of ln [sin h(ασ)]-ln (Z) line with Y-axis. Via applying the least square 

method, ln (Z) is plotted versus ln [sinh(ασ)]. The plot in Fig. 4 gives acceptable linear correlations 

involving the flow stress and Z value. Furthermore, the regression coefficient R2 was 0.98  as shown in Fig. 

4. The n value is calculated from the slope of the linear relation in Fig. 4. The n value of Ti-17Mo alloy 

was calculated again here and found to be 7.95. This value is almost the same as the calculated value from 

Fig. 3(c), which means that the application of kinetic assessment of Ti-17Mo alloy in the hot deformation 

process has been recognized.  

 

 

Fig. 4: Linear dependence of ln(sinh(ασ)) on ln (Z)  

 

The material constant, A, can be computed for the present Ti-17Mo alloy from Fig. 4 and was equal to 

3.4 ∗ 109. Moreover, the function representing steady-state flow stress, 𝜎, and Zener-Hollomon parameter, 

Z, of Ti-17Mo alloy is to be presented with correlation coefficient reaches 0.98 as follow: 

𝑍 = 3.4 ∗ 109𝑠𝑖𝑛ℎ[(0.01052𝜎)]8                                                                   (14) 

 

Also, the flow stress for the Ti-17Mo titanium alloy in relation to the strain rate can be represented by a 

hyperbolic-sine-type equation stated as follow: 

ε̇ = 3.4 ∗ 109[𝑠𝑖𝑛ℎ(0.01052𝜎)]8exp (
283000

𝑅𝑇
)                                        (15) 

For Ti-17Mo alloy, the flow stress (𝜎) dependence on the strain rate (ε̇) can be anticipated utilizing the 

constitutive Eq. (15). 

"The experimental peak stresses and the corresponding predicted peak stresses calculated using 

the deduced constitutive relation in Eq. (15) are compared. Fig. 5 shows an accurate 

prediction of the flow stress at hot deformation of the Ti-17Mo alloy." 
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Fig. 5. Comparisons of experimental peak stresses and predicted peak stresses using the 

constitutive relation in Eq. (15) of the studied Ti-17Mo alloy. 
 

 

3.4  Microstructural evolution of hot deformed samples    

Fig. 6 shows common microstructures of β Ti-17Mo alloy after hot deformation at a temperature of 1173 

K and strain rate of 0.01 s–1 to a true strain of about 0.6. The deformed grains are elongated perpendicular 

to the compression axis. At this low strain rate, the grain boundaries developed serrations 

at 0.6 true strain as illustrated in Fig. 6(a). The wavelength of the serrations is similar to the subgrain size. 

New fine recrystallized grains emerge at the serrated grain boundaries, as pointed out by the black arrows 

in Fig. 6(a). The EBSD-IPF map displays small fine equiaxed subgrains besides the original grain 

boundaries, as shown in Fig. 6(b). Few new recrystallized grains were formed, as indicated by red arrows 

in Fig. 6(a). Fig. 6(c) shows the relative occurrences of low-angle (green; 2–15°) and high-angle boundaries 

(black; >15°) seen in the microstructure in Fig. 6(b) are plotted in Fig. 6(c). The fraction of low-angle 

boundaries is high (about 0.7), indicating few fully recrystallized grains are formed with HAGBs, which 

indicates that dynamic recovery (DRV) is the dominant softening mechanism at a low strain rate of 0.01s-

1.  However, there is a peak at a misorientation angle of less than 30° which can be related to the new small 

recrystallized grains, resulting from the DDRX process [12]. In agreement with Fan et al. [21], the hot 

deformation behavior of the β-Ti alloys is mainly dominated by the softening mechanism DRV at elevated 

temperatures and low strain rates (e.g., 0.01 s−1). They claimed that the DRV activated at high temperature 

deformation with low strain rates is directly connected to the lattice diffusion. 



11 

 

   

 

Fig. 6:  Microstructure of Ti-17Mo alloy hot worked to 0.6 true strain at 1173 K/ 0.01 s−1. (a) EBSD-

boundary map (b) Misorientation map (low-angle boundaries shown in red color) (c) Relative fraction 

of LAGBs and HAGBs corresponding to (b). 

However, with the deformation temperature being raised to 1273 K at a similar strain rate of 0.01s−1, the 

DDRX process is activated further, and the microstructure undergoes large equiaxed grains along the grains 

boundaries and specifically at the triple points, as shown in Fig. 7(a).  

Along with this, some un-recrystallized elongated grains are still observed. The recrystallized grains 

become coarser compared to a lower temperature (i.e., 1173 K), as shown in Fig. 6(b). The coarsening 

process of the recrystallized grain can be linked with the increase in the deformation temperature that 

supports the diffusion process for new grains growth [43]. Sub-structures are still detected in the initial 
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large, pancaked grains, as shown in Fig. 7(c). The low-misorientation boundaries ratio, i.e., sub-grains 

boundaries, of the hot-deformed structure of Fig. 7(a), is nearly 0.57, as represented in Fig. 7(d). Again, 

the many sub-grain boundaries apparent, indicate active DRV through the hot deformation process of β Ti-

17Mo alloy at a low strain rate of 0.01 s−1 and 1273 K, yet with less amount compared to 1173 K. In 

contrast, the formation of new grains by DDRX was induced in the deformed structure, as indicated in Fig. 

7(b). 

The microstructure of Ti-17Mo alloy hot-deformed at 1173 K and strain rate of 10 s−1 is displayed in Fig. 

8(a). By increasing the strain rate, the grain boundaries converted to be straight boundaries. A new 

morphology of the deformed grain appears in the form of fine ribbon grains indicated by the black arrows 

in Fig. 8(b). 

Furthermore, few HAGBs are initiated in the original deformed grain interior as pointed out by white 

arrows in Fig. 8(b). These HAGBs look like deformation banding induced boundaries promoted at such a 

high strain rate. Also, the grain rotation and distortion, as indicated by the color gradient in Fig. 8(b), are 

clearly observed in some coarse grains at such high strain rates. This retained grains distortion after 

deformation at 1173 K is most probably related to the applied high strain rate that did not allow full-grain 

recovery or recrystallization.   
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Fig. 7:  Microstructure of Ti-17Mo alloy hot worked to 0.6 true strain at 1273 K/ 0.01 s−1: 

(a) EBSD-Boundary map, (b) quick colored map, and (c)Misorientation map. (d)) Relative 

fraction of LAGBs and HAGBs corresponding to (c). 

Kuhlmann et al. [22] reported that the development of DBs (deformation bands) is usually related to the 

selection process of the effective slip systems in the grain interior to reduce the energy consumption during 

the deformation process, especially for coarse-grained material. If the applied strain is distributed non-

uniformly inside the deformed specimen the generation of DB can be promoted [44, 45]. The boundaries 

of the deformation bands are sharp, which are like the HAGBs. These sharp boundaries will hinder the 

recrystallization process.  

The relative fractions of the low-angle boundaries (green and red lines; 2–15°), as well as the high-angle 

boundaries (black lines; >15°) appearing in the microstructure (Fig. 8(a)), are plotted in Fig. 8(c). At such 

conditions, low angle grain boundaries presence is rather high. This proves that the predominant softening 

mechanism during the hot deformation of the studied alloy at1173 K and 10 s-1 is DRV. 
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Fig. 8: EBSD maps of the microstructure of Ti-17Mo alloy hot worked to 0.6 true strain at 1173 K/ 10 s−1: 

(a) EBSD-boundary map, (b) EBSD +IPF map, (c) Relative fraction of LAGBs and HAGBs corresponding 

to (a). 

However, with increasing the deformation temperature to 1273 K at the high strain rate 10 s−1, new fine 

recrystallized grains are formed alongside the grain boundaries and within the parent grains due to CDRX, 

as shown in colored coded map Fig. 9(b). Fig. 9(d) shows the relative fractions of the low-angle (green and 

red lines; 2–15°) and the high-angle boundaries (black lines >15°) seen in the microstructure (Fig. 9(a)). 

Furthermore, the fraction of the low-angle (<15°) boundaries is almost the same as at 1173 K /10 s–1, see 

Fig. 8(d). 

Intensive observations of the microstructural features in the current work demonstrated the hot deformation 

process of Ti-17Mo alloy displays a propensity to DDRX with increasing the deformation temperature and 
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lowering strain rate. At the high temperature 1273 K and a low strain rate of 0.01 s-1 both the DRV and 

DDRX were active restoration mechanisms. This can also be observed in the flow curve at 1273 K/ 0.01 

s-1, which shows softening behavior as a result of the DDRX process. 

 

However, at the high strain rate DRV was the predominant deformation mechanism with a small amount 

of CDRX behavior which can be linked also with the flow curve in both conditions because the flow curves 

at high strain rate 10 s-1 and temperatures 1173-1273 K show almost plateau up to 0.3 strain and then very 

small softening which can be related to the slight effect of the adiabatic heating at high strain rate not to 

the DRX process. 

 

     

 



16 

 

Fig. 9:  EBSD maps of Ti-17Mo alloy microstructure hot worked to 0.6 true strain at 1273 K /10 s−1. (a) 

EBSD-boundary map (b) Quick colored map (c) Misorientation map, (d) Relative fractions of LAGBs 

and HAGBs corresponding to (b). 

 

On the other hand, at the high strain rate of 10 s-1 deformation banding is enhanced. Moreover, the 

microstructural observations revealed that the hot deformation of the Ti-17Mo alloy at high strain rates (10 

s−1) is more sensitive to temperature. This finding is in agreement with the work of Balasubrahmanyam 

and Prasad [46] who observed that the hot deformation behavior of the Ti–10V–4.5Fe–1.5Al beta alloy 

depends on the deformation temperature at a high strain rate. 

 

Conclusions: 

 

In this study, the microstructural development and the flow behavior of β-type Ti-17Mo alloy were 

investigated through hot compressions tests at temperatures in the range of 1123 K – 1273 K at a strain 

rate range of 0.01 – 10 s-1. The major results can be summed up as follows: 

 

1. The hot deformation parameters have a substantial effect on microstructure development. Elevating the 

deformation temperature and reducing the strain rate support the DRX process. In the present 

deformation conditions, the dominant working mechanism is concurrent DRV and DRX at a 

deformation temperature of 1273 K. 

2. The microstructural examination showed that DRV was more prevalent than DRX as a softening 

mechanism at every deformation temperature and especially at lower strain rates. 

3. The initial coarse structure induces DBs as an additional deformation mechanism, which suppresses the 

DRX process, at a high strain rate. 

4. The activation energy of hot working for Ti-17Mo alloy in the - field is 283 kJ/mol according to 

calculations, which is a relatively high value compared to most known β-type Ti-alloys. 

5 .Based on the hot deformation study of the Ti-17Mo alloy, a correlation amongst strain rate, temperature, 

and flow stress were deduced as: 

ε̇ =3.4*109 [sinh (0.01052σ)] 8 exp (283,000/RT)  
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