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Ti-6Al-4V alloy is a two-phase alloy that has excellent mechanical properties and good 

corrosion resistance. This alloy is widely used in the manufacture of aircraft engine 

components such as fan blade frames and fan discs. In the present study, the non-isothermal 

deformation behavior of Ti-6Al-4V alloy and the effect of strain on its microstructural 

evolution were investigated. For this purpose, samples were compressed at a constant strain 

rate of 0.01 s⁻¹ under non-isothermal conditions with a cooling rate of about 0.6 °C/s, starting 

from 950 °C. The effect of increasing strain on the volume fraction of secondary alpha 

lamellae, their aspect ratio, and their thickness was examined by interrupting the test at strain 

levels of 0.2, 0.4, and 0.8. The results showed that during non-isothermal deformation, the 

volume fraction of the secondary alpha lamellae increases significantly with increasing 

applied strain. Regardless of the temperature drop, deformation promotes the formation of 

numerous fine needle-shaped secondary alpha lamellae. The microstructural observations 

showed that the volume fraction of alpha lamellae increased by about 10.5%, in the sample 

deformed to a strain of 0.8. As the strain increases, the aspect ratio of the secondary alpha 

lamellae decreases. At a strain of 0.8, 54% of the alpha lamellae exhibit an aspect ratio of 

less than 2.5. At low applied strains (up to 0.4), the dominant effect of strain is the increase 

in the volume fraction of secondary alpha, and the prevailing mechanism of alpha-lamella 

spheroidization is the fragmentation of the lamellae through buckling. However, at higher 

strains (0.4-0.8), the dominant deformation mechanism shifts, and spheroidization of the 

alpha lamellae mainly occurs through the formation of thermal grooves and boundary 

splitting. In addition, at low strains (0.2-0.4), both the formation rate of secondary alpha 

lamellae and their spheroidization rate are higher than those observed at larger strains (0.4-

0.8).   
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1. Introduction 

The combination of high specific strength, low density, 

excellent corrosion resistance, and good toughness has 
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made Ti alloys highly attractive materials for the 

aerospace industry [1, 2, 6, 7]. They account for 

approximately  30-50  percent  of  the  total  weight  of 
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advanced aircraft, including turbine components. Hot 

forging is the most common forming route for titanium 

alloy components in industry [1, 2]. Dual-phase Ti 

alloys, which consist of  with HCP and  with BCC 

crystal structures, have shown excellent performance in 

aerospace applications. Fine equiaxed  grains in a 

transformed  matrix can offer an excellent combination 

of ductility, toughness, fatigue and creep resistance in 

dual-phase Ti alloys [8, 18]. Ti-6Al-4V alloy is a two-

phase alloy that exhibits excellent mechanical properties 

and good corrosion resistance. This alloy is widely used 

in the manufacture of aircraft engine components such 

as fan blade frames and fan discs [30].  To achieve the 

desired duplex structure, isothermal hot deformation is 

often conducted in the two-phase region to break the  

layers and transform them into equiaxed grains. 

However, under industrial production conditions, strictly 

isothermal deformation is often difficult to maintain and 

the products are therefore frequently fabricated under 

non-isothermal conditions. The temperature drop during 

deformation leads to complex phase transformations, 

which significantly affect the morphology and phase 

fraction of the final microstructure [19]. The final 

microstructure obtained under non-isothermal 

deformation condition depends strongly on the 

processing parameters, including deformation 

temperature, strain and strain rate. To date, limited 

studies have been devoted to the microstructural 

evolutions of Ti alloys under non-isothermal 

deformation conditions.  Fan et al. [12] investigated the 

effect of strain and cooling rate on the evolution of 

primary and secondary alpha phases during non-

isothermal deformation. Their results showed that the 

growth of the primary  is delayed, while the 

precipitation of secondary  is enhanced during 

deformation under low cooling rates. Li et al.  [13] 

investigated the effect of non-isothermal deformation on 

the microstructure of Ti-6Al-2.5V-1.5Cr-0.5Fe-0.3Si 

alloy under different cooling rates. The results showed 

that the secondary  phase significantly precipitates 

during cooling below a certain temperature. In another 

study, Li et al. [20] investigated the evolution of 

secondary  in TC6 alloy with different strains and 

cooling conditions under non-isothermal deformation. 

Their results indicated that under non-isothermal 

deformation, the volume fraction of s increases 

significantly.  Furthermore, when the material is cooled 

without deformation, the Burgers orientation 

relationship between secondary  and  is maintained. 

However, by applying non-isothermal deformation, the 

Burgers orientation relationship between secondary  

with  is lost, helping the secondary  precipitates to 

become equiaxed.  Chen et al. [9] investigated the 

microstructure and texture evolution of Ti-7333 alloy 

and showed that hot deformation under non-isothermal 

condition has a negative effect on the precipitation of 

secondary .  Meng et al. [39] showed that there is a 

competition between the precipitation of secondary  

and the growth of primary one in two-phase Ti alloys. 

Their results for TA15 titanium alloy with an initial 

equiaxed microstructure, showed that the secondary  

nucleates at the interface between the equiaxed primary 

 and the  matrix, during continuous cooling. 

Due to the wide applications of Ti-6Al-4V alloy in 

aerospace applications [44, 46], its microstructural 

evolution through thermomechanical processes [5, 39, 

44] have been sufficiently studied. In these studies, the 

effects of deformation variables, under isothermal 

conditions, on the evolutions  of microstructural 

components including transformed  and , have been 

investigated. Despite the available literature on this 

topic, the effect of deformation parameters, i.e. strain, 

strain rate, and cooling rate on the microstructural 

evolution, particularly the formation of equiaxed  

during non-isothermal hot deformation of + duplex 

structures in Ti alloys, has not been sufficiently 

characterized. Hence, the aim of the present study was to 

investigate the effect of strain during non-isothermal hot 

compression on the deformation behavior and the related 

microstructural evolution in Ti-6Al-4V alloy. It is 

expected that the results of this study will provide a 

better understanding of the relationship between flow 

behavior and microstructure evolution and assist 

industry in the design of non-isothermal hot working 

processes for Ti-6Al-4V alloy. 
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2. Materials and Methods 

The chemical composition of Ti-6Al-4V alloy, used in 

this investigation is presented in Table 1. The material 

was supplied as extruded rod and then cut into 

cylindrical samples with the dimensions of 10×15 mm 

using electrical discharge machining (EDM) equipment. 

The  transformation temperature of the Ti-6Al-4V 

alloy was to be approximately 980 °C using differential 

thermal analysis (DTA), corresponding DTA curve is 

presented in in Fig. 1.  

A preliminary heat treatment, known as  annealing, 

was performed on the samples at 1030 °C for 5 minutes 

to ensure complete  transformation and microstructural 

homogenization. Following homogenization, the 

samples were rapidly quenched in water to obtain a fine 

fully lamellar microstructure containing  layers. For the 

non-isothermal hot compression tests, the quenched 

samples were heated again to 950 °C (within the α+β 

two-phase region) at a heating rate of 10 °C/s and held 

for 5 minutes to obtain a duplex microstructure. 

The samples were then subjected to non-isothermally 

hot compressed at a strain rate of 0.01 s-¹ to true strains 

of 0.2, 0.4, and 0.8, corresponding to the instant 

temperatures of 936, 925, and 905 °C, respectively. After 

reaching the required strain values, the deformed 

samples were rapidly quenched to ambient temperature.  

To characterize the microstructure immediately before 

the  compression  tests,  a  witness  sample  was  directly 

 

 

 

 

 

 

 

 

 

 

 

 

quenched after holding at 950 °C for 5 minutes. Fig. 2 

shows the schematic diagram of the thermomechanical 

schedule applied to the samples. A Zwick/Roell 

thermomechanical simulator was used to perform the hot 

compression tests under continuous cooling according to 

the cooling schedule shown in Fig. 3. Based on Fig. 3, 

the average cooling rate was approximately 0.6 °C/s. 

In order to separate the effects of deformation and 

cooling on microstructural evolution during non-

isothermal deformation, witness specimens were 

subjected only to the same cooling regime, as shown in 

Fig. 2, without applying deformation.    

The deformed and witness samples were then cut 

along their vertical axis and prepared by the standard 

metallographic techniques. After mechanical polishing 

with a suspension composed of 3 g Al2O3, 2 ml HNO3, 

100 ml H2O, and 0.3 ml HF, the samples were etched 

using Kroll’s etchant. Microstructural characterizations 

were performed using an optical microscope (Olympus 

GX51) and a scanning electron microscope (TESCAN- 

 

 

 

Al V Fe C N O H Ti 

6.2 4.1 0.2 0.01 0.01 0.15 0.001 Balance 

Table 1. Chemical composition of Ti-6Al-4V alloy (wt.%) 

 

Al V Fe C N O H Ti 

6.2 4.1 0.2 0.01 0.01 0.15 0.001 Balance 

 Table 1. Chemical composition of Ti-6Al-4V alloy (wt.%) 

Fig. 1. DTA curve of Ti-6Al-4V alloy. 

 

 
Fig. 1. DTA curve of Ti-6Al-4V alloy. 

 

Fig. 2. Schematic of the thermomechanical regime 

applied to the samples in this research. 

Fig. 3. Cooling curve applied to the samples through 

the non-isothermal compression tests. 

 

A B 
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XMU). For quantitative microstructural analyses, 

including the evaluation of phase fractions, aspect ratio, 

and grain size, ImageJ software was used. For each 

condition, the measurements were repeated three times 

and the average results was reported. For the witness 

samples the changes in the volume fraction of the  and 

 phases during cooling were determined using JMat Pro 

software.  

 

3. Results and Discussion 

3.1. Microstructural characterization 

The microstructure of the material after  annealing is 

shown in Fig. 4. It is evident that annealing at high 

temperature causes considerable grain coarsening, such 

that the average prior  grain size increased to 

approximately 950 m. This microstructure, which 

consists of  layers and transformed  within the large 

prior  grains [27], provides the conditions for the 

globularization of the  phase and the formation of an 

equiaxed microstructure during non-isothermal 

deformation in the two-phase region. The optical 

micrograph of the witness sample after holding for 5 

minutes at 950 C and quenching, together with the 

continuous cooling-transformation (CCT) curves of the 

alloy is shown in Fig. 5.  

As shown in Fig. 5(a), after holding the -annealed 

microstructure (Fig. 4) at 950 °C for 5 minutes, a two-

phase + microstructure containing three different 

morphologies of primary  (p) is formed within the  

matrix. As observed, the primary α phase exhibits 

different   morphologies,   including   equiaxed,   lamellar  

 

 

 

 

 

and newly formed needle-like . As highlighted by the 

rectangle in Fig. 5(a), the acicular α phases is clearly 

distinguished from the dark retained  phase. It is 

evident that the acicular  needles nucleate 

predominantly at the prior  grain boundaries and grow 

into the  matrix with a morphology similar to that of the 

Widmanstätten phase [11]. Therefore, they are 

designated as WGB in Fig. 5(a). The nucleation and 

growth of WGB are accompanied by the diffusion of  

stabilizer elements, such as Al, O, N, and C, toward the 

needles, while -stabilizer elements, such as Mo, Nb, V, 

and Fe, diffuse away from them [12-16]. High 

temperature annealing, e.g. annealing at 950 C, 

facilitates the rapid diffusion of these elements, creating 

suitable conditions for the nucleation of grain boundary 

Widmanstätten  phase. Fig. 5(b) shows the CCT 

diagram for the Ti-6Al-4V alloy, calculated using 

JMatPro software. The straight line drawn in Fig. 5(b) 

represents the heat treatment of the sample at 950 °C for Fig. 4. Microstructure of Ti-6Al-4V alloy after  

annealing treatment (point A in Fig. 2). 

 

Fig. 5. (a) Optical micrograph of the witness sample after 

holding 950 °C for 5 minutes and quenching (point B in Fig. 

2) and (b) continuous cooling transformation (CCT) diagram 

of Ti-6Al-4V alloy calculated using JMatPro software. 
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5 minutes (300 seconds). Hence, the CCT curve predicts 

the formation of approximately 10%  phase during the 

isothermal treatment at 950 °C for 5 minutes. This 

corresponds to the primary  phase formed in the 

equiaxed and lamellar morphologies around the prior  

grain boundaries in Fig. 5(a). The formation of p nuclei 

help decrease the total excessive energy of the grain 

boundary regions. According to Fig. 5(b), although a 

longer holding time increases the fraction of p, it also 

leads to excessive coarsening of the primary nuclei, 

which is undesirable. Hence, it is preferable that a larger  

fraction of  phase, referred to as secondary  (s), 

forms during post-annealing cooling. The preferred 

nucleation sites for the secondary  phase are the 

interfaces between the primary α phase and the  matrix. 

The lamellar shape is the preferential morphology of s 

[17]. As shown in Fig. 5(b), continuous cooling at an 

average rate of 0.6 C/s increases the total  α-phase 

fraction through the progressive formation of s. To 

quantify the phase fractions of  and  during 

continuous cooling of the witness sample, simulations 

were performed using JMatPro software. The variations 

in the  and  phase fractions of the witness sample 

cooled according to the schedule shown in Figs. 3 and 

5(b) are presented in Fig. 6. 

Fig. 6 indicates that the total -phase (primary + 

secondary) increases monotonically to approximately 

90%, whereas the β-phase fraction decreases to 

approximately 10% at low temperatures. In the current 

 

  

research, continuous cooling was applied to the finishing 

temperatures of 936, 925, and 905 °C, corresponding to 

true strain values of 0.2, 0.4, and 0.8, respectively, after 

which the samples were quenched in water to ambient 

temperature (Fig. 2). Hence, the phase fractions of  and 

 in the witness sample at the initial cooling temperature, 

(950 °C) and at the finishing temperatures of 936, 925, 

and 905 °C were extracted from Fig. 6 and are 

summarized in Table 2. 

The results of Fig. 6 and Table 2 help to identify the 

effect of the thermal cycle applied to the samples (Figs. 

2 and 5(b)) on the phase fractions of the  and  phases, 

regardless of deformation. Based on the values reported 

in Table 2, the amount of  phase increases by about 

113%, 201%, and 377% through continuous cooling to 

936, 925, and 905 °C, respectively. As discussed, s with 

the preferential lamellar morphology forms during 

continuous cooling in the two-phase region. Therefore, 

the comparison of the  fraction at 950 C and lower 

temperatures in Table 2 indicates that the lamellar 

morphology should constitute the major portion of the 

total  fraction in the microstructure.   

Fig. 7 displays the microstructure of the samples 

non-isothermally deformed to true strains of 0.2, 0.4, and 

0.8 at strain rate of 0.01 s-¹. As discussed before, the non-

isothermal deformation started at 950 °C, and the 

temperature decreased according to the cooling regime 

shown in Fig. 3. To reach the true strain values of 0.2, 

0.4, and 0.8, the temperature decreased to 936, 925, and 

905 °C, respectively. Fig. 7(a) indicates that after a true 

strain of 0.2, a small number of s lamellae have formed. 

The shortness of some of these lamellae can be attributed 

to the limitation of their growth caused by impingement 

with other lamellae. The p layers seem to act as the 

preferential nucleation sites for them. In Fig. 7(a), the s 

 

 

 

Phases (wt.%) Temperature 

(°C) β ɑ 

92.5 7.5 950 

84 16 936 

77.4 22.6 925 

64.2 35.8 905 

Fig. 6. Changes in the phase fractions of  and  with 

temperature during cooling at a rate of 0.6 °C/s, 

calculated using JMat Pro software. 

 

Table 2. Phase fractions of the witness sample at the 

initial and finishing temperatures of the cooling curve 

(Fig. 3). The data were extracted from Fig. 5 

 



60                                                                                                                                                                      M. Jafari et al. 

 

IJMF, Iranian Journal of Materials Forming, 2027, Volume 14, Number 1 

 

lamellae can be distinguished from the p ones by their 

darker appearance. This is attributed to the difference in 

the chemical compositions of s and p [10, 28]. 

When some short s short lamellae nucleate between 

longer p lamellae, a ladder-like structure is formed, as 

shown by the yellow dashed rectangle in Fig. 7(a). In 

such structures, p lamellae form the ladder rails, and the 

s lamellae constitute the rungs. The matrix in Fig. 7(a) 

is transformed , including the bright Widmanstätten 

needles of p with thicker appearance and thinner s 

lamellae. At  = 0.2, the p lamellae (bright lamellae) 

show slight rotation and tilting perpendicular to the 

compression axis. However, there is no significant 

morphological change or breaking in the s lamellae. 

This suggests that the strain was insufficient to initiate 

significant breaking and fragmentation of the  layers 

required to form a duplex structure. As observed in Fig. 

5(b), the cooling curve at a true strain of 0.2, i.e. 20 

seconds after the onset of deformation at 950 C, or 320 

seconds from the start of the two-phase annealing 

process, lies between the transformation curves of 10% and  

 

 

30% , where the temperature decreases to about 936 

°C. Fig. 5(b) indicates that the total phase percentage of 

 increases to about 16% with the decrease in 

temperature to 936 °C, regardless of the effect of applied 

deformation. Since, referring to Table 2, 7.5% of the 

total fraction of  (16%) is p, the portion of s, formed 

through continuous cooling is estimated to be about 

8.5%. Based on Table 2, with a further increase in strain 

to 0.4 and a decrease in temperature to 925 C, the 

fraction of s significantly increases to 15.1% (= 22.6-

7.5%). This is readily observed from the comparison 

between Figs. 7(a) and 7(b). At  = 0.4, breaking and 

fragmentation are observed in many s lamellae. An 

example of the fragmentation of s lamellae is 

highlighted within the yellow rectangle in Fig. 7(b). In 

addition to the lamellae fragmentation in s, the 

reorientation perpendicular to the compression axis is 

the major microstructural change observed in the p 

lamellae. Due to the microstructural evolutions in s and 

p,  = 0.4 can be considered the critical strain for the 

onset of spheroidization of  and the formation of an 

Fig. 7. Microstructure of Ti-6Al-4V after non-isothermal deformation at a strain rate of 0.01 s-¹ to strain values of 

(a) 0.2, (b) 0.4, and (c) 0.8. “CD” on the top right-hand of the micrographs denotes the hot compression direction. 
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equiaxed duplex structure. The strain of 0.4 was also 

reported as the critical strain for the start of dynamic 

globularization in Ti-6Al-4V alloy by Kedial et al. [18].  

At lower strains, such as  = 0.2, the volume fraction of 

 is much lower than that of  and this postpones the 

morphological changes in . In two-phase materials, the 

total strain is distributed between the constituent phases 

in proportion to their volume fractions. This 

phenomenon is described by the mixture rule, given by: 

 

𝜀 = 𝑓𝛼𝜀𝛼 + 𝑓𝛽𝜀𝛽                                                              (1) 

 

Where fɑ and fβ are the volume fractions of the alpha 

and beta phases, respectively, εɑ  and εβ are the strains 

tolerated by the alpha and beta phases. Eq. (1) shows that 

a phase with a higher volume fraction is subjected to a 

higher strain. Moreover, the strain partitioning between 

phases is significantly dependent on their intrinsic 

mechanical behavior. The  phase due to its HCP crystal 

structure is much harder than the  phase, which has a 

BCC structure under hot working conditions. Therefore, 

 tends to bear lower strain when it coexists with  in 

two-phase Ti alloys. Referring to Eq. (1), since  < , 

to increase the total strain accommodated by the  phase, 

it is necessary to increase f.   

At strains lower than 0.4, the volume fraction of  

lamellae (the harder phase) is very low (8.5% at  = 0.2) 

and thus the strain accommodated by the  layers is very 

small compared to that of  [19]. Low strain values in  

only activate the primary microstructural mechanisms 

such as the formation of low angle grain boundaries 

(LAGBs) and rotation of alpha layers towards the 

direction perpendicular to the compression direction [19-

21]. The reorientation of  lamellae is observed partly in 

Fig. 7(b) and becomes more pronounced in Fig. 7(c). As 

the strain increases, moving dislocations in the s 

lamellae progressively join the LAGBs and gradually 

transform them into high angle grain boundaries 

(HAGBs), which can provide pathways for the diffusion 

of  into  layers to fragment them [22]. In this process, 

the crystallographic orientation of  lamellae plays a 

crucial role; such that layers with more favorable 

orientations and a higher Schmid factor undergo greater 

stress concentration. These layers exhibit more 

dislocation activity and a higher degree of 

spheroidization [23, 24]. Under non-isothermal 

deformation conditions, medium strain values provide 

the most suitable condition for microstructural evolution 

[5, 25]. This is because, at high strain values, the 

corresponding decrease in temperature significantly 

increases the fraction of s lamellae and thus decreases 

the space between them. In this situation, the small 

distance between the layers makes the strain transfer 

from the matrix to the layer very difficult and postpones 

the fragmentation and spheroidization mechanisms. 

Since,  = 0.8 corresponds to 80 seconds after the 

onset of deformation at 950 C or 380 seconds from the 

start of the two-phase annealing process, according to the 

cooling regime shown in Fig. 3, the temperature of the 

sample falls to about 905 C. Thus, based on Table 2 and 

Fig. 5(b), the fraction of s is estimated to be 28.3% (= 

35.8-7.5), which presents an increase of about 87% and 

233% over the s fraction obtained after strains of 0.4 

and 0.2, respectively. Fig. 7(c) shows that most of the  

lamellae have broken and fragmented into shorter 

segments, and the long layers in Figs. 7(a) and (b) are no 

longer evident. As shown by the yellow rectangle, some 

 layers have become completely spheroidized. Many  

lamellae with an orientation angle of about 70 between 

them and the compression axis in Fig. 7(c) have been 

completely fragmented (for example, the alpha layer 

located in the yellow rectangle). It confirms that the 

orientation angle of  lamellae is an important factor in 

facilitating their spheroidization under non-isothermal 

hot compression.  

Fig. 8 displays the SEM images of the 

microstructures of samples deformed to strains of 0.2, 

0.4, and 0.8. In agreement with Fig. 7(a), Fig. 8(a) 

indicates that the microstructure of the sample deformed 

to a strain of 0.2 includes p layers with a gray color, s 

layers with a dark color and thin bright layers of retained 

 around both the p and s layers. In addition to the 

longer s layers, the formation of some finer layers, 

shown by the yellow arrow indicates that the s layers 

are effectively refined by deformation. Fig. 8(a) 

indicates that deformation up to a strain of 0.2 does not  
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produce a significant change in the morphology of p, 

and the lamellar structure remains nearly unchanged 

with smooth boundaries. 

With the increase in strain to 0.4 (Fig. 8(b)), the 

fraction of s layers (dark layers) and the total fraction 

of  phase (p + s) significantly increases. It is also 

obvious that deformation decreases the aspect ratio 

(width to length ratio) of s layers. On the other hand, 

Fig. 8(b) indicates that after deformation up to a strain of 

0.4, the morphology and fraction of p lamellae remain 

nearly unchanged. Therefore, it is inferred that 

deformation under non-isothermal conditions shifts the 

competition between s precipitation and p growth in 

favor of s precipitation. 

Fig. 8(b) clearly shows the appearance of thermal 

grooving and edge nucleation (shown by the dashed 

rectangles), which are the sub-mechanisms of 

fragmentation and spheroidization of s lamellae [26]. 

Thermal grooving and edge nucleation contribute to the 

splitting and fragmentation of the s lamellae. The 

fragmented  layers  eventually  undergo  spheroidization  

 

through termination migration or Ostwald ripening 

mechanisms. In the termination migration mechanism, 

diffusion of elements occurs from the layer ends to the 

central parts due to the chemical potential difference 

caused by curvature variations. In  contrast, during the 

Ostwald ripening mechanism, larger fragments of the 

layers become spherical at the expense of consuming 

smaller fragments [3, 26]. In agreement with the 

previous results in Fig. 7, the limited occurrence of 

thermal grooving in Fig. 8(b) (shown by the yellow 

rectangles), confirms that  = 0.4 is the critical strain for 

the initiation of dynamic fragmentation and 

spheroidization of  in Ti-6Al-4V alloy. Therefore, it 

can be stated that at  < 0.4, strain mainly contributes to 

the increase in the fraction of needle-shaped s and at 

 ≥ 0.4, strain activates the fragmentation and 

spheroidization of the same needle-shaped s to form an 

equiaxed duplex structure at larger strains. With the 

increase in strain to 0.8 (Fig. 8(c)), almost all of the s 

layers exhibit thermal grooving and  has locally 

penetrated into the s layers. In some cases, shown by 

Fig. 8. SEM micrographs of the microstructure of samples, non-isothermally deformed at a 

strain rate of 0.01 s-¹ to true strains of (a) 0.2, (b) 0.4, and (c) 0.8. 
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the yellow rectangle, thermal grooves with greater 

penetration of  have fragmented the s layer. Some of 

the equiaxed alpha grains formed through this 

mechanism are indicated by arrows in Fig 8(c). 

Although the needle-shaped s layers are still 

distinguishable in Fig. 8(c), their phase fraction does not 

show a significant change, comparing with Fig. 8(b). 

This indicates that in the strain range of 0.4-0.8, most of 

the deformation energy, applied to the sample was spent 

on activating the thermal grooves and fragmenting the s 

layers and the rate of secondary alpha formation 

decreases. Lower temperatures at high strains both slow 

down the diffusion of elements and, because a large 

amount of the matrix supersaturation has been consumed 

by the time those strains are reached, reduce the rate of 

secondary alpha formation, for example, at a strain of 

0.8. In addition to these two main factors, the increase in 

the percentage of alpha at a strain of 0.8, due to the 

principle of strain division, leads to a decrease in the 

stress on the beta phase and, as a result, a slowdown in 

the rate of secondary alpha formation. In other words, 

during non-isothermal hot deformation, strains up to 0.4 

are required to increase the volume fraction of s needles 

and layers; strains in the range of 0.4-0.8 activate the 

micro-mechanisms of fragmenting the s layers and 

therefore additional strain is required to cause the 

spheroidization of fragmented s layers and to form a 

fully equiaxed duplex structure. In the last step of this 

process, i.e. spheroidization, diffusion of elements 

occurs from the  layer to the fragmented regions by the 

thermal grooves [4, 37]. This diffusion scenario is 

supported by the boundary curvature, which is called the 

"Ostwald ripening mechanism". Finally, the larger 

fragments become spherical at the expense of smaller 

ones [3]. 

Fig. 9 shows the SEM micrograph of the 

microstructure of the witness sample, subjected to the 

cooling regime, shown in Fig. 2, without deformation. 

The witness sample was annealed at 950 °C for 5 

minutes and then cooled to 905 °C, within 80 seconds 

(equivalent to a strain of 0.8). A comparison of Figs. 9 

and 8(c), indicates some differences between the 

microstructure of the witness sample and the 

microstructure of the sample deformed to  = 0.8. First, 

although acicular s layers are abundant in Fig. 8(c), 

only a few of them are observed in Fig. 9.   

This indicates that deformation has a significant 

effect on the formation of secondary s. Deformation 

introduces more nucleation sites for the precipitation of 

secondary phases in the matrix. The population of 

dislocations, shear bands, deformation bands and sub-

boundaries can facilitate the formation of s in a 

deformed p + t matrix [7, 8]. Second, in contrast to the 

fragmentation and spheroidization mechanism observed 

in Fig. 8(c), the s layers are nearly unchanged after 

cooling in the witness sample (Fig. 9). It is inferred that 

the microstructural evolution of s, which causes a 

morphological change from the lamellar structure of  +  

to the equiaxed one, are mainly activated by strain and 

cooling is not the main factor. To further elucidate the 

effect of strain on the morphological evolution of s, the 

variations in the aspect ratio (AR), volume fraction, and 

thickness of the s layers are investigated in the next 

section. 

 

3.2. Effect of non-isothermal deformation on the s 

layers 

The effect of non-isothermal deformation on the 

morphology and AR (= length/width ratio) of s layers 

in the deformed samples is shown in Fig. 10. The SEM 

micrographs of samples deformed to strains of 0.2, 0.4, 

and 0.8 are shown in Figs. 10(a-c) and the corresponding  

 
Fig. 9. SEM micrograph of the microstructure of the witness 

sample after cooling for 80 seconds from the starting 

temperature of 950 °C to the final temperature of 905 °C 

and then quenching to ambient temperature. 
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binary images are displayed in Figs. 10(a-1), 10(b-1), 

and 10(c-1). Using the binary images in the ImageJ, 

image analyzer software, the frequency histograms were 

determined and are shown in Figs. 10(a-2), 10(b-2), and 

10(c-2). As can be seen in Figs. 10(a) and 10(b), after 

strain of 0.2, the microstructure mainly consists of long 

thin  layers with high AR values in the range of 1.5-3. 

By increasing the strain value to 0.4, according to Figs. 

7(b), 8(b), and 10(b), fragmentation of s lamellae starts, 

leading to decrease in the average length of the layers. 

The morphological changes caused by fragmentation 

change the AR frequency histogram (Fig. 10(b-2)) 

toward a higher frequency of lower AR values, i.e. the 

range of 1-1.5.  

A further increase in the strain value to 0.8 (Figs. 

7(c), 8(c), 10(c), and 10(c-1)), significantly increases the  

 

fragmentation and spheroidization of s lamellae, 

leading to a more pronounced increase in the frequency 

of AR values in the range of 1-1.5 (Fig. 10(c-2)). Since, 

layers with an AR value in the range of 1-1.5 can be 

considered spherical, the results support previous 

observations that suggested the progression of 

spheroidization of s lamellae with applied strain.  

Using the binary images, i.e. Figs. 10(a-1), 10(b-1), 

and 10(c-1), the kinetics of  formation can also be 

studied. The quantitative analysis performed by ImageJ 

software indicates that  the number of alpha layers 

doubles with the increase in strain from 0.2 to 0.4. In 

other words, 520  layers are formed in 20 seconds and 

the formation rate of the  layers is estimated as 26 

layers/s. However, in the strain range of 0.4-0.8, 431  

layers are formed in 40 seconds, and the formation rate 

Fig. 10. SEM micrographs of the microstructures of samples, non-isothermally deformed at a strain rate of 0.01 s-¹ to 

strains of (a) 0.2, (b) 0.4, and (c) 0.8. The binary images used to calculate the aspect ratio of the alpha layers by ImageJ 

software for (a), (b), and (c) are presented in (a-1), (b-1), and (c-1), respectively. The aspect ratio frequency histograms 

of the alpha layers for (a-1), (b-1), and (c-1) are shown in (a-2), (b-2), and (c-2), respectively. 
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decreases to about 10.8 layers/s. According to these data 

the rate of  layer formation at low strains (0.2-0.4) is 

about twice that at high strains (0.4-0.8). This difference 

in the rate of  layer formation can be attributed to the 

dominant microstructural mechanism, corresponding to 

each strain range. As shown in Figs. 7(a, b), 8(a, b), and 

10(a, b), in the strain range of 0.2-0.4, deformation 

mainly contributes to increasing the formation rate of 

needle-shaped  layers by increasing the number of their 

nucleation sites. Since the needle-shaped  layers are 

formed via a quasi-displacive mechanisms, its kinetics is 

intrinsically fast and become even faster due to the 

involvement of deformation. However, in the strain 

range of 0.4-0.8 (Figs. 7(c), 8(c), and 10(c)), deformation 

activates the fragmentation and spheroidization of s 

layers, which are diffusional processes. Although 

deformation facilitates diffusion, the inherently slow 

kinetics of diffusional processes, i.e. fragmentation and 

spheroidization, appears to be the main reason for the 

lower rate of  formation at high strain values.    

According to Fig. 10(a-2), the number of  layers, 

whose AR value is in the range of 1-1.5 (i.e.,  is almost 

spherical/spheroidized) is as small as 52 layers. 

Furthermore, the number of fragmented/spheroidized  

layers (AR in the range of 1-1.5) is less than the number 

of layers with higher AR values, i.e. the second and third 

categories. This indicates that, not only the 

fragmentation/spheroidization of previously formed 

lamellae, but also the formation rate of new s layers is 

very low at  = 0.2. However, as the strain increases to 

0.4 (Fig. 10(b-2)), the number of  layers with an AR 

value in the range of 1-1.5 has increased to 173, 

accompanied by a shift of the total AR histogram to 

lower values. The percentage of  layers with the first 

three AR categories (1-1.5, 1.5-2, and 2-2.5) at  = 0.2 

and 0.4 is about 42% and 44%, respectively. This 

indicates a simultaneous fragmentation/spheroidization 

of previously formed  together with the formation of 

new short and sharp s lamellae. With increasing strain 

to 0.8 (Fig. 10(c-2)), the number of  layers with low AR 

values shows a significant increase (reaching 346 

layers), which is approximately doubles that at strain 0.4. 

As the strain increases to 0.8, the contribution of strain 

to the fragmentation/spheroidization increases, reducing 

the total AR histogram to the lower AR values, so that 

the percentage of  layers with an AR value up to 2.5 

increases from 44% at  = 0.4 to 54% at  = 0.8. Using 

the AR histograms in Figs. 10(a-2), 10(b-2), and 10(c-

2), the rate of fragmentation/spheroidization as a 

function of applied strain can be estimated. By 

increasing the strain in the range of 0.2-0.4, the number 

of  layers with AR values in the range of 1-1.5 

increased by 121 layers over a period of 20 seconds. 

Therefore, the rate of fragmentation/spheroidization is 

approximately 6 layers/s. A similar analysis shows that 

with increasing strain in the range of 0.4-0.8, 173 

fragmented/spheroidized layers form in 40 seconds, 

which is equivalent to a rate of 4.3 layers/s. This analysis 

suggests that the rate of  layer 

fragmentation/spheroidization is higher in the strain 

range of 0.2-0.4 than in the strain range of 0.4-0.8. Since, 

based on the previous results in Figs. 7 and 8, 

fragmentation/spheroidization mechanisms are not 

activated sufficiently in the strain range of 0.2-0.4, the 

increase in the number of  layers with the first three AR 

values at  = 0.4 (Fig. 10(b-2)) should be attributed to the 

formation of new short and sharp s layers. Therefore, it 

is inferred that non-isothermal deformation decreases the 

average AR value of the  layers by a synergy between 

the formation of new short and sharp s lamellae and the 

fragmentation/spheroidization of longer  layers. Both 

mechanisms facilitate the globularization of  and the 

formation of an equiaxed  +  microstructure.  

The effect of non-isothermal deformation on the 

volume fraction of s layers in the deformed samples is 

shown in Fig. 11. The SEM micrographs of samples 

deformed to strains of 0.2, 0.4, and 0.8 are shown in Figs. 

11(a-c) and the corresponding binary images are 

displayed in Figs. 11(a-1), 11(b-1), and 11(c-1). The 

volume fractions of the  phase for the deformed 

samples up to strains of 0.2, 0.4, and 0.8 were calculated 

to be 26.4%, 37.6%, and 40.2%, respectively. The 

gradual increase in the volume fraction of  with applied 

strain supports the formation of secondary s during 

non-isothermal deformation. The calculated values 

indicate that the increase in volume fraction in the strain  
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range of 0.2-0.4 is greater than that in the strain range of 

0.4-0.8. To investigate the reason for this difference, the 

true stress-strain curve of the material under non-

isothermal compression was examined in Fig. 12. 

As can be seen in Fig. 12, when the test starts, the 

stress increases rapidly and reaches a maximum value of 

about 37 MPa at a strain of ~0.08. The fast increase in 

dislocation density and the associated work hardening 

are responsible for the rapid increase in stress to the 

maximum value [20, 29, 30]. At strains in the range of 

0.08-0.3 the stress curve maintains an almost straight 

line, indicating steady-state flow. A synergy between the 

temperature drop to about 930 C (corresponding to  = 

0.3) and deformation leads to the formation of short and 

sharp s lamellae (Figs. 7, 8, and 10). The increase in the 

total volume fraction of  phase with an HCP structure 

and the build-up of dislocation in the t matrix, increase 

the rate of work hardening. On the other hand, the 

fragmentation/spheroidization of the  layers and 

dynamic softening mechanisms in the matrix act to 

decrease the rate of work hardening. Accordingly, the 

steady-state flow in the strain range of 0.08-0.3 is the  

 

result of a balance between the factors that increase and 

those that decrease the work hardening rate [6, 7, 31]. As 

the strain exceeds 0.3, flow softening replaces the 

steady-state flow observed at 0.08 ≤  ≤ 0.3. The flow 

softening reduces the flow stress from approximately 37 

MPa at  = 0.3 to about 33 MPa at  = 0.6 (~11% 

reduction). Although flow softening in Ti alloys has 

been attributed to various mechanisms, such as dynamic 

recovery and recrystallization of , deformation heating,  

- dynamic transformation and spheroidization of   

 

 

Fig. 11. SEM micrographs from the microstructures of Ti-6Al-4V samples, non-isothermally deformed at a strain 

rate of 0.01 s-¹ to strains of (a) 0.2, (b) 0.4, and (c) 0.8. The binary images used to calculate the volume fraction of 

the alpha layers by ImageJ software for (a), (b), and (c) are presented in (a-1), (b-1), and (c-1), respectively. 

 

Fig. 12. True stress-true strain curve of the Ti-6Al-4V 

alloy non-isothermally deformed at strain rate of 0.01 s-¹, 

up to a strain of 0.8. 
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layers [15, 31, 45, 46], some of them are not applicable 

to the present alloy. Since a low strain rate was used in 

this study, the observed flow softening cannot be due to 

“deformation heating”, which usually occurs at high 

strain rate deformations (> 0.1 s-1) [32]. “Dynamic recovery 

and recrystallization” are the main softening 

mechanisms in -Ti alloys and are expected to be very 

limited in the retained  and t [32, 47]. In addition, the 

contribution of - dynamic transformation to the flow 

softening of Ti-6Al-4V alloy with an initial lamellar 

microstructure is expected to be very small [22, 33]. 

Therefore, the formation of secondary s and 

fragmentation/spheroidization of  lamellae, observed 

in Figs. 7, 8, and 10, appear to be the major source of 

dynamic softening at strain range of 0.3-0.6. According 

to Figs. 10(a-1) to 10(c-1), the formation of secondary s 

lamellae as well as the fragmentation/spheroidization of 

older layers with the applied strain contribute to the 

increase in the volume fraction and consequently the 

extent of / interfaces. Since, the / interfaces act as 

important sources for the generation of mobile 

dislocations [34], the increase in their extent through the 

mentioned mechanisms causes an increase in the mobile 

dislocations and thereby contributes to the observed flow 

softening. Furthermore, since the dominant effect of 

deformation on microstructural changes at low strains is 

the rotation of the α layers toward the direction 

perpendicular to the compression axis, the rotation of the 

layers and their inability to bear the applied load also 

contribute to steady-state flow in this strain range. At 

greater strain values, i.e. 0.6-0.8, the flow curve reaches 

a second steady-state flow, which reflects a new 

equilibrium between the aforementioned dynamic 

softening mechanism and the conventional work 

hardening effect. This equilibrium state represents the 

weakening of dynamic softening versus work hardening 

at high strain values. To explain this phenomenon, the 

following factors may contribute:  

- As discussed previously, the rate of increase in the 

volume fraction of  varies with the applied strain. 

According to the quantitative analyses in Figs. 10(a-

1) to 10(c-1), the increase in the volume fraction of 

almost spherical , which is about 42% in the strain 

range of 0.2-0.4, decreases to about 7% in the strain 

range of 0.4-0.6. As a consequence, the rate of 

increase in the volume fraction of  cannot support 

continued dynamic softening at strains beyond 0.6. 

- It was shown that the volume fraction of s in the 

non-isothermally deformed samples is significantly 

higher than that of the witness sample, cooled at the 

same cooling rate. The higher volume fraction of  

in the non-isothermally deformed samples reduces 

the supersaturated  matrix and thus decreases the 

formation rate of new s. This, in turn, decreases the 

rate of increase in the extent of / interfaces and 

therefore weakens the flow softening.  

- At high strain values, the misorientation along the 

sub-boundaries in the  and  phases increases. The 

thermal grooves, shown in Figs. 8(b) and 8(c), 

results from the dragging effect exerted by the sub-

boundaries with high misorientation angles to the 

/ interfaces [4]. Therefore, this process competes 

with the formation of new s lamellae in consuming 

the stored deformation energy and therefore reduces 

the rate of increase in the volume fraction of  [15, 

35]. With increasing strain to 0.8, the thickness of 

s increases due to growth. As a result, the 

fragmentation of layers via buckling or shear is no 

longer dominant and thus rapid fragmentation loses 

its effectiveness. Instead, the diffusion of  through 

the thermal grooves leads to the subdivision of the 

 layers. In other words, boundary splitting through 

an inherently slow diffusional mechanism is 

responsible for the fragmentation in this condition 

[36, 38]. Under weak spheroidization and slow 

formation of new s layers, the flow softening 

cannot overcome the work hardening.  

Consequently, the two processes reach an 

equilibrium state, which appears as a straight line on 

the flow curve.   

 
3.3. The effect of strain in inducing secondary alpha in 

non-isothermal deformation 

Fig. 13 shows the SEM microstructures of the witness 

sample after two-phase heat treatment at 950 C for 5 

minutes and quenching to ambient temperature (point B  
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in Fig. 2), the witness sample after cooling for 80 

seconds (corresponding to  = 0.8) without deformation 

and the sample non-isothermally deformed to  = 0.8 at 

a strain rate of 0.01 s-1. The volume fraction of  in the 

witness sample before non-isothermal deformation (Fig. 

13(a)) is estimated to be about 20.3%. In the witness 

sample continuously cooled for 80 seconds at a cooling 

rate of 0.6 C/s, the volume fraction of  increases to 

29.7% (Fig. 13(b)). This increase in  percentage is 

solely due to the decrease in temperature from 950 °C to 

about 905 °C. In other words, a temperature drop of 

about 50 °C leads to a 9.4% increase in the volume 

fraction of the  phase. However, Fig. 13(c) indicates 

that the same temperature drop together with a strain of 

0.8 increases the  volume fraction to 40.2%, which is 

about twice that observed in Fig. 13(a) and 1.35 times 

that in Fig. 13(b). The difference in the  volume 

fraction between the cooled witness sample and the non-

isothermally deformed sample is about 10.5%, which is 

solely attributable to deformation. Therefore, it can be 

stated  that  cooling  and  deformation  have  comparable  

 

effects on promoting  phase formation, and their 

combined effect nearly doubles the volume fraction of  

relative to the two-phase annealed condition. The 

acceleration of  precipitation  in the deformed samples 

suggests that deformation features, especially 

dislocations, facilitate diffusion and provide additional 

nucleation sites for the formation of  layers [6, 39, 40-

42]. Furthermore, the deformation concomitant with the 

precipitation of s disrupts the Burgers orientation 

relationship between  and , promoting a 

morphological transformation from a lamellar to an 

equiaxed structure [6]. 

The thickness distributions of the  layers in Figs. 

13(a-1) to 13(c-1) indicate that the average thickness of 

the  layers in Figs. 13(a), 13(b), and 13(c) is 1.4, 2.3, 

and 3.8 μm, respectively.   
The increase in the holding time at high temperature 

is the reason for the higher average thickness of the  

layers in the cooled witness sample and the non-

isothermally deformed sample (Figs. 13(b-1) and 13(c-1)) 

relative to the two-phase annealed sample (Fig. 13(a-1)). 

Fig. 13. SEM microstructures of (a) the witness sample before non-isothermal deformation, held at 950 °C for 

5 minutes (point B in Fig. 2), (b) the witness sample cooled for 80 seconds without deformation 

(corresponding to  = 0.8) with a cooling rate of 0.6 °C/s, and (c) the sample non-isothermally deformed up to 

 = 0.8 with a strain rate of 0.01 s-¹. Figs. (a-1), (b-1), and (c-1) represent the thickness distribution of the  

layers corresponding to Figs. (a), (b), and (c), respectively. 
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A comparison between Figs. 13(b-1) and 13(c-1) 

suggests that deformation increases the volume fraction 

of s as well as the average thickness of the s layers. 

The increase in the number of s layers in the deformed 

sample decreases the average inter-layer distance. The 

applied deformation also activates thermal grooving, 

fragmentation of the layers and their spheroidization 

through the termination migration and Ostwald ripening 

mechanisms (Fig. 13(c-1)). With increasing strain, the 

number of dislocations in the  phase increases, leading 

to enhanced pipe diffusion through the dislocation cores. 

Therefore, the increased elemental diffusion through the 

dislocations is the major reason for the observed increase 

in the average thickness of the s layers in the deformed 

sample [6, 8, 43]. 

 

4. Conclusion 

In the present study, the non-isothermal deformation 

behavior of Ti-6Al-4V alloy and the effect of strain on 

its microstructural evolutions were investigated.  For this 

purpose, samples were compressed at a constant strain 

rate of 0.01 s⁻¹ under non-isothermal conditions with a 

cooling rate of about 0.6 °C/s, starting from 950 °C to 

strain levels of 0.2, 0.4, and 0.8. The main findings of 

this study are summarized below: 

1) During non-isothermal deformation, the main 

microstructural components are: transformed beta 

phases (βt), primary alpha (p), secondary alpha 

(s), and retained beta.  

2) During non-isothermal deformation, the volume 

fraction of the secondary alpha lamellae increases 

significantly with increasing applied strain. 

Regardless of the temperature drop, deformation 

promotes the formation of numerous fine, 

needle-shaped secondary alpha lamellae. The 

microstructural observations showed that the 

volume fraction of alpha lamellae increased by 

about 10.5%, in the sample deformed to a strain of 

0.8. 

3) The secondary alpha phases induced by temperature 

reduction are often lamellar. In contrast, the 

application of strain promotes the formation of a 

greater number of acicular secondary alpha phases.  

4) As the strain increases, the aspect ratio of the 

secondary alpha layers decreases. Consequently, at 

a strain of 0.8, 54% of the alpha lamellae exhibit an 

aspect ratio of less than 2.5. 

5) At low applied strains (up to 0.4), the dominant 

effect of strain is to increase the volume fraction of 

secondary alpha, and the prevailing mechanism of 

alpha-lamella spheroidization is fragmentation 

through buckling. However, at higher strains (from 

0.4-0.8), the dominant deformation mechanism 

shifts, and spheroidization of the alpha lamellae 

mainly occurs through the formation of thermal 

grooves and boundary splitting.   

6) At lower applied strains (0.2 to 0.4), the rates of 

secondary alpha formation and spheroidization are 

higher than those observed at higher applied strains 

(0.4-0.8). 
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