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The effect of microstructure on the mechanical properties of Ti-20Zr-6.5Al-4V alloy after solution and aging treatment 

was investigated by compression tests. The results showed that the microstructure was consisted of a duplex phase 

αʺ + β structure after solution treatment. With increasing solution treatment temperature, the size of β phase grain 

increased and the amount of αʺ phase decreased. The ultimate compressive strength and elongation decreased with 

increasing solution treatment temperature, while the yield strength increased. After aging-treatment at 700 ºC for 1.5 h, 

the microstructure consisted of a large amount of globular α phase, a little amount of fine acicular α phase and bulk β 

phase for the samples solution-treated at 850 ºC for 0.5 h. With increasing initial solution treatment temperature, the 

amount of globular α phase and bulk β phase decreased, however, the amount and size of acicular α phase increased after 

aging treatment. The ultimate compressive strength and elongation decreased with increasing initial solution treatment 

temperature, whereas the yield strength firstly increased, and then slightly decreased. 
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1. INTRODUCTION 

Titanium and titanium alloys have been popularly used 

in aerospace, energy, and chemical processing industries 

due to the combination of their attractive comprehensive 

properties, such as exceptional strength-to-weight ratio, 

excellent weldability, reasonable ductility, ability to 

withstand high temperature and resistance to corrosion  

[1 – 3]. Among titanium alloys, Ti-6Al-4V alloy is the 

most widely used material because of its excellent strength, 

low modulus of elasticity, low density, and good corrosion 

resistance in aerospace industries [4 – 6]. However, the 

room temperature ductility of Ti-6Al-4V alloy is generally 

less than that of the common structural metals including 

stainless steels [7]. In order to satisfy the room temperature 

ductility and high strength requirements of Ti-6Al-4V 

alloy in aircraft applications, it is necessary to improve the 

mechanical properties of Ti-6Al-4V alloy. The addition of 

alloying elements is considered to be an important way to 

improve the mechanical properties of materials [8, 9]. 

Elements Zirconium (Zr) and Ti belong to the same group 

in the element periodic table, which show similar 

physicochemical properties. Ti and Zr have two kinds of 

crystal structure, namely, high-temperature β-phase (body 

centered cubic structure) and low-temperature α-phase 

(hexagonal close-packed structure), and can form an 

infinitely miscible solid solution. Therefore, the 

mechanical properties can be improved by the addition of 

Zr alloying element. Recently, Jing et al. [10 – 12] 
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designed new Ti-20Zr-6.5Al-4V alloy by the addition of Zr 

element based on Ti-6Al-4V alloy. The alloy with high 

strength and favorable ductility can be used as advanced 

structural material. 

It is well known that the mechanical properties of 

materials depend on its initial microstructures. 

Understanding the relationship between microstructure and 

mechanical properties are critical for further improving the 

mechanical properties of the new Ti-20Zr-6.5Al-4V alloy. 

Jing et al. [11] have reported that the transformation of β 

phase to orthorhombic martensite α" phase can occur when 

Ti-20Zr-6.5Al-4V alloy was solution treated and quenched 

from the β single phase field. The α" phase is softer than 

the disordered β phase [13]. However, the microhardness, 

bending strength and bending modulus of the α" phase 

were higher than that of β phase [14]. The α" phase also 

has a pronounced effect on the yield strength. Compressive 

strength and ductility of the alloy, which result in an 

improved balance of strength and ductility [15 – 17]. Aeby 

Gautier et al. [17] and Bhattacharjee et al. [18] have 

reported that the α" phase transformation was significantly 

affected by heat treatment temperature and initial grain 

size. Low solution temperature or small β grain size were 

all conducive to the transformation of the β to α" phase. 

When Ti-20Zr-6.5Al-4V alloy was solution-treated and 

quenched from the α + β and single β phase field at 

different temperatures, the different β phase microstructure 

with orthorhombic martensite α" phase can be obtained, 

which has a significantly effect on the mechanical 

properties of Ti-20Zr-6.5Al-4V alloy. Therefore, in the 

present work, the alloy was solution and aging-treated at 

different temperatures to obtain different microstructures. 
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An attempt was made to investigate the effect of 

microstructure on the mechanical properties of Ti-20Zr-

6.5Al-4V alloy after solution and aging treatment to further 

improve the mechanical properties of the alloy.  

2. EXPERIMENTAL PROCEDURE 

Sponge Ti (99.7 wt.%), sponge Zr 

(Zr + Hf ≥ 99.5 wt.%), industrially pure Al (99.5 wt.%), 

and V (99.9 wt.%) were used to prepare the  

Ti-20Zr-6.5Al-4V (wt.%) alloy. The alloy was melted 

three times using a vacuum consumable electro-arc furnace 

to ensure a homogeneous chemical composition. The cast 

ingot was homogenized at 1000 C for 12 h, followed by 

cooling to room temperature, and then multiply forged to 

completely break the cast structure after being held at 

1000 C for 1.5 h. The alloy billet was held at 900 C for 

1.5 h in the α + β phase field and then hot-forged into bars 

of 40 mm in diameter. The α → α + β and α + β → β 

transformation temperatures of this alloy were determined 

by differential scanning calorimetry to be 789 C and 

946 C, respectively [11].  

In order to investigate the effect of microstructure on 

the mechanical properties of Ti-20Zr-6.5Al-4V alloy after 

solution and aging treatment, cylindrical compression 

samples of 9 mm in height and 6 mm in diameter were cut 

from the bars. All samples were solution-treated at 850 C, 

900 C, 950 C and 1000 C for 0.5 h in a tubular vacuum 

heat-treatment furnace with a protective argon atmosphere 

followed by water quenching, respectively. The aging 

treatments were performed at 700 C for 1.5 h for the 

solution-treated samples.  

Compression tests were performed on Gleeble 3500 

thermo-mechanical simulator at a strain rate of 10-3 s-1 at 

room temperature. For each condition at least 3 samples 

were deformed, to make sure sufficient accuracy in the 

relevant results was obtained. The phase component of the 

samples after solution and aging treatment were 

determined by D/MAX- 2500/PC X-ray diffractometer 

(XRD) with CuKα radiation and a graphite monochromator 

operated at 40 kV and 200 mA. The X-ray wavelength and 

scan rate were 1.54 Å and 2°/min, respectively. To observe 

the microstructure of the samples after solution and aging 

treatment, the solution and aging-treated samples were 

mechanically polished and chemically etched using a 

solution of 5 % hydrofluoric acid (HF), 15 % nitric acid 

(HNO3), and 80 % distilled water (H2O). Microstructural 

analysis was performed via optical microscopy (OM) and 

scanning electron microscopy (SEM). 

3. RESULTS AND DISCUSSION 

3.1. Phase composition after solution and aging 

treatment 

Fig. 1 shows the XRD patterns of the  

Ti-20Zr-6.5Al-4V alloy solution-treated at different 

temperatures for 0.5 h. It is seen that the XRD patterns of 

the Ti-20Zr-6.5Al-4V alloy showed clear diffraction peaks 

of αʺ and β phase, indicating that the samples consisted of 

a duplex phase αʺ + β microstructure after solution 

treatment. A similar phenomenon was also observed in 

others Ti alloys [19 – 21]. The formation of the α" phase in 

Ti alloys was associated with the stability elements of the β 

phase [19, 21]. Some effective laws on the effects of 

alloying elements on phase stability and martensitic 

transformation of Ti and Ti alloys have been reported in 

the previous researches. The most widely accepted law is 

called β stabilizer content law, which shows that the 

martensitic structure of water quenched Ti and Ti alloys 

from β temperature zone changes as the order, 

α' → αʺ → ω → β phase, as the increasing of β stabilizer 

content [22, 23]. In the present work, the zirconium and 

vanadium elements were involved in Ti-20Zr-6.5Al-4V 

alloy. The vanadium element is a kind of stability element 

of β phase. The addition of V element into a Ti alloy 

significantly increases the stability of β phase, which is 

helpful to the formation of αʺ phase during quenching. 

Moreover, When the Zr element is added to Ti alloys, Zr 

and Ti can form an infinitely miscible solid solution. The 

interaction and influence of Zr on Ti alloys or of Ti on Zr 

alloys can result in a change in the phase stability of Ti 

alloys [19, 24 – 26]. Liang et al. [19] showed that the β 

phase stability of Ti alloys increased with increasing Zr 

element when the content of Zr element is less than 30 % 

in Ti alloys, which is also beneficial for the formation of αʺ 

phase during quenching. With decreasing solution 

treatment temperature from 1000 to 850 ºC, the amount of 

αʺ phase gradually increased. This is attributed to a 

decrease in initial β grain size with decreasing solution 

treatment temperature.  
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Fig. 1. XRD patterns of the Ti-20Zr-6.5Al-4V alloy solution-

treated at different temperatures for 0.5 h 

Small β grain size showed an increase in number of 

grain boundaries compared to large β grain size. Grain 

boundary with high energy is much more disordered than 

in the interior of the grains, which promotes the nucleation 

of the α" phase. 

Fig. 2 a shows The XRD patterns of the solution-

treated Ti-20Zr-6.5Al-4V alloy after aging-treatment at 

700 ºC for 1.5 h. The prominent diffraction peaks of α and 

weak diffraction peaks of β phase were observed in the 

XRD patterns, while the diffraction peaks of αʺ phase 

disappeared. This shows that after aging-treated at 700 ºC 

for 1.5 h, the sample was composed of a large amount of α 

phase and a small quantity of β phase for the solution-

treated samples. In order to quantitatively analyze the 
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variation in the volume fraction of β phase of the alloy 

after aging treatment with initial solution treatment 

temperature, the volume fraction of β phase 


f  in the alloy 

has been calculated using the direct comparison method by 

XRD [27]: 
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where m  and n  represent the number of diffraction peaks 

of α and β phases used in calculation, respectively. I  is 

the integrated intensity for a diffraction peak 

corresponding to β or α phase. R  is the material scattering 

factor and given by the equation: 
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where V  is the volume of the unit cell. F  is the structure 

factor and e-2M is the temperature factor. 
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Fig. 2. a – XRD patterns of the Ti-20Zr-6.5Al-4V alloy solution-

treated at different temperatures for 0.5 h, and then aging-

treated at 700 ºC for 1.5 h; b – the variation in the volume 

fraction of β phase of the alloy after aging treatment with 

initial solution treatment temperature in XRD patterns 

shown in Fig. 2 a 

In this study, the (110) and (200) diffraction peaks of β 

phase as well as the (10 10 ), ( 0002 ), (10 11 ), (10 12 ) and 

(1120 ) diffraction peaks of α phase were used to calculate 

the phase composition. 

Fig. 2 b shows the variation in the volume fraction of 

the β phase of the alloy after aging treatment with initial 

solution treatment temperature. It is seen from Fig. 2 b that 

the amount of remained β phase gradually decreased after 

aging treatment with increasing initial solution treatment 

temperature from 850 to 1000 ºC. This may be associated 

with the amount of αʺ phase existed in alloy before aging 

treatment. This is because that the reverse transformation 

of the αʺ to β phase occurred prior to the transformation of 

the β to α phase during aging treatment [28, 29], which 

results in a decrease the remained β phase with increasing 

initial solution treatment temperature during aging 

treatment. 

3.2. Microstructure after solution and aging 

treatment 

Fig. 3 shows the optical microstructure on the  

Ti-20Zr-6.5Al-4V alloy solution treated at various 

temperatures recorded by optical microscope. It can be 

seen from Fig. 3 a that the high volume fraction of αʺ 

phase was observed in the β matrix when the samples were 

solution-treated at 850 ºC. This was ascribed to fine β 

phase grain, which promoted the precipitation of αʺ phase 

during quenching [15]. With increasing solution treatment 

temperature, the grain size of β phase gradually increased 

and the amount and size of needle-like αʺ phase gradually 

decreased (Fig. 3 b to d), indicating that large β grain 

easily restrains the growth of the αʺ phase. 

Fig. 4 shows the SEM microstructure of the solution-

treated Ti-20Zr-6.5Al-4V alloy aging-treated at 700 ºC for 

1.5 h. It is seen from Fig. 4 a that a large amount of 

globular α phase, a little amount of fine acicular α phase 

and bulk β phase were observed after aging-treatment at 

700 ºC and 1.5 h for the samples solution-treated at 850 ºC 

for 0.5 h. With increasing initial solution treatment 

temperature, the amount of globular α phase gradually 

decreased and the bulk β phase was invisible, while the 

size in length and width and amount of acicular α phase 

increased (Fig. 4 b to c). For the samples solution-treated 

at 1000 ºC, the microstructure was mainly composed 

primarily of acicular α phase after aging-treated at 700 ºC 

for 1.5 h (Fig. 4 d), which is associated with the solution 

treatment temperature. Ti alloy undergone solution 

treatment, quenching and aging treatment may produce a 

microstructure consisting of globular and/or acicular α 

phase in β matrix, which depend on whether the solution 

treatment has been carried out below or above the β transus 

temperature. When the solution treatment temperature is 

above the β transus temperature, a microstructure was 

composed mainly of a large amount of acicular α phase. 

While a microstructure consisting mainly of globular α 

phase was obtained in β matrix at below the β transus 

temperature [30]. In this present work, the solution 

treatment temperature of 1000 ºC was above the β transus 

temperature. Thus, the microstructure of the alloy was 

mainly composed of acicular α phase in β matrix. 
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a b 

  

c d 

Fig. 3. Optical microstructure of the Ti-20Zr-6.5Al-4V alloy after solution treatment at: a – 850 ºC; b – 900 ºC; c – 950 ºC; d – 1000 ºC 

for 0.5 h 

   

a b 

   

c d 

Fig. 4. SEM microstructure of the Ti-20Zr-6.5Al-4V alloy after solution treatment at: a – 850 ºC; b – 900 ºC; c – 950 ºC; d – 1050 ºC for 

0.5 h, and then aging treatment at 700 ºC for 1.5 h 
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3.3. Compressive mechanical properties after 

solution and aging treatment 

The compressive mechanical properties of the  

Ti-20Zr-6.5Al-4V alloy are evaluated on the Gleeble 3500 

thermo-mechanical simulator. Fig. 5 exhibits true stress-

strain curves of the Ti-20Zr-6.5Al-4V alloy at room 

temperature after solution and aging treatment. The 

compressive mechanical properties were summarized in 

Table 1 and Table 2. It is seen from Table 1 that the yield 

strength (σ0.2), ultimate compressive strength (σb), and 

elongation are 437 MPa, 1340 MPa and 27.1 % for the 

samples solution-treated at 850 ºC, respectively. It is 

interesting to note that the stress-strain curves exhibit a low 

yield strength and excellent ductility for the samples 

solution-treated at 850 ºC for 0.5 h, as shown in Fig. 5 a. 

This is associated with the precipitation of the α′′ phase 

after solution treatment [31 – 35]. The α′′ phase was softer 

than the β phase, resulting in a low yield strength and 

excellent ductility [33, 35]. With increasing solution 

treatment temperature, the ultimate compressive strength 

and elongation decreased, while the yield strength slowly 

increased (Fig. 6 a). When the solution treatment 

temperature increased to 1000 ºC, the ultimate compressive 

strength and elongation of the solution-treated samples 

decreased to 1248 MPa and 11.3 %, respectively, while the 

yield strength increased to 687 MPa, as shown in Table 1. 

This is attributed to a decrease in the amount of αʺ phase 

and an increase in the grain size of β phase with increasing 

solution treatment temperature. Fig. 5 b shows true stress-

strain curves of the solution-treated samples aging-treated 

at 700 ºC for 1.5 h. It is seen that when the solution-treated 

alloy was subjected to aging, the yield strength (σ0.2) and 

ultimate compressive strength (σb) significantly increased, 

while the elongation obviously decreased compared with 

that of the solution-treated samples. This is mainly 

associated with the decomposition of αʺ phase and the 

precipitation of α phase during aging treatment. After 

aging-treatment at 700 ºC for 1.5 h, It is seen from Table 2 

that the yield strength, ultimate compressive strength and 

elongation of the samples are 1234 MPa, 1417 MPa and 

25.4 % for the samples solution-treated at 850 ºC for 0.5 h, 

respectively. With increasing initial solution treatment 

temperature, the ultimate compressive strength and 

elongation pronouncedly decreased, as shown in Fig. 6 b. 

This is mainly associated with a decrease in the content of 

β phase and the increase in the size of α phase during aging 

treatment. 
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Fig. 5. a – compressive stress-strain curves for the Ti-20Zr-6.5Al-4V alloy solution-treated at different temperatures for 0.5 h;  

b – compressive properties of the Ti-20Zr-6.5Al-4V alloy solution-treated at different temperatures and then aging treated at 

700 C 

Table 1. Compressive properties of the Ti-20Zr-6.5Al-4V alloy after solution treatment. 

Solution treatment temperature, C True yield strength, MPa True ultimate compressive strength, MPa Elongation, % 

850 437 1340 27.1 

900 557 1357 20.3 

950 669 1340 12.4 

1000 687 1248 11.3 

Table 2. Compressive properties of the Ti-20Zr-6.5Al-4V alloy solution-treated at different temperatures and then aging treated at 

700C 

Solution treatment 

temperature, C 

Aging treatment 

temperature, C 
True yield strength, MPa 

True ultimate compressive 

strength, MPa 
Elongation, % 

850 700 1234 1417 25.4 

900 700 1241 1401 14.0 

950 700 1288 1391 8.6 

1000 700 1250 1285 6.4 
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Fig. 6. a – the variation in the compressive properties with solution temperature for the Ti-20Zr-6.5Al-4V alloy solution-treated at 

different temperatures for 0.5 h; b – the variation in the compressive properties with solution temperature for the  

Ti-20Zr-6.5Al-4V alloy solution-treated at different temperatures and then aging-treated at 700 ºC for 1.5 h 

As can be seen from Fig. 3 a, the microstructure of the 

samples consisted of a large amount of globular α phase, a 

little amount of fine acicular α phase and bulk β phase, 

which resulted in a high ultimate compressive strength and 

good ductility. With increasing initial solution treatment 

temperature, the content of globular α phase and β phase 

decreased and the size of acicular α phase in length and 

width increased, leading to a low ultimate compressive 

strength and poor ductility. This trend agrees with the Hall-

Petch relationship, i.e. the strength of the material is 

inversely proportional to the square root of the grain size 

[36, 37]. It is note that the yield strength of the alloy after 

aging-treatment firstly increased with increasing initial 

solution treatment temperature from 850 to 950 ºC 

(Fig. 6 b). This may be attributed to an increase in the 

amount of acicular α phase and a decrease in the amount of 

globular α phase. Jing et al [12] also reported that the 

acicular α phase can result in a high yield strength. With 

increasing initial solution treatment temperature from 950 

to 1000 ºC, the yield strength of the alloy after aging-

treatment slightly decreased. This may be associated with 

increasing the size in length and width of acicular α phase. 

4. CONCLUSIONS 

The effect of microstructure on the mechanical 

properties of Ti-20Zr-6.5Al-4V alloy after solution and 

aging treatment was investigated. The main conclusions 

are as follows: 

1. After solution treatment, all samples consisted of 

αʺ + β duplex phase. With increasing solution 

treatment temperature, the grain size of β phase 

gradually increased and the amount of αʺ phase 

decreased.  

2. After aging-treatment at 700 ºC, the microstructure 

was consisted of a large amount of globular α phase, a 

little amount of fine acicular α phase and bulk β phase 

for the samples solution-treated at 850ºC. With 

increasing initial solution treatment temperature, the 

amount of globular α phase and bulk β phase 

decreased, while the amount and size of acicular α 

phase increased.  

3. For the solution-treated Ti-20Zr-6.5Al-4V alloy, with 

increasing solution treatment temperature, the ultimate 

compressive strength and elongation of the alloy 

decreased, while yield strength increased. 

4. After aging-treatment at 700 ºC, with increasing initial 

solution treatment temperature, the ultimate 

compressive strength and elongation of the alloy 

decreased, while the yield strength firstly increased, 

and then slightly decreased. 
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