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Abstract: A new high strength titanium alloy containing elements Cr, Fe, Mo, W and Al was designed in order to achieve an excel-

lent combination of ultra-high strength and good fracture toughness. Both the α/β and β heat treatment were introduced to study the 

effect of microstructure on mechanical properties of the alloy. The result shows that the alloy with α/β solution plus aging treatment 

is composed of mixture microstructures including a few equiaxed or short billet-like primary α phase and fine lamellar secondary α 

phase. The alloy has an excellent combination of ultra-high strength and good fracture toughness. The corresponding tensile strength 

exceeds 1400 MPa and fracture toughnesses KIC is up to 50.7 MPa·m
1/2

. Compared with the alloy after α/β heat treatment, the alloy 

with β region heat treatment presents representative Widmanstatten structure which has higher fracture toughnesses and lower 

strengths than the bimodal microstructure. 
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β titanium alloys have been widely used in aerospace and 

automotive applications due to their higher strength-to 

-density ratio enhanced processing characteristics, excellent 

strength/toughness combination and superior corrosion re-

sistance
 [1-5]

. 

For structural materials, the strength and toughness are  

considered to be important properties for material selec-

tion and component design 
[6]

. It is well known that the 

optimization of mechanical properties (strength, toughness 

and ductility, etc) is achieved by controlling the micro-

structure for titanium alloys 
[7]

. There have been numerous 

studies about microstructure and mechanical properties. 

For example, S. Osovski et al
 [8]

 studied the effects of ma-

terial properties and microstructure features on crack 

growth resistance when the fracture mechanism is room 

temperature grain boundary ductile fracture.  Li Yang et 

al
 [9]

 had discussed the relationship between microstructure 

and mechanical properties of aged Ti-1300 alloy. G. 

Srinivasu et al
 [10]

 researched the interrelationships be-

tween rolling and solution treatment temperature, micro-

structures and mechanical properties. 

A new β titanium alloy which contains the β stabiliz-

ing elements Cr, Fe , Mo, W and the α stabilizing ele-

ment Al was designed by Northwest Institute for Non-

ferrous Metal Research (NIN) in China. The molyb-

denum equivalent of the new alloy is about 13 according 

to the composition and the empirical equation. Its design 

is to achieve an excellent combination of ultra-high 

strength and good fracture toughness. In the present pa-

per, two heat treatments were carried out to prepare di f-

ferent microstructures of the alloy. The tensile properties 

and fracture toughness with two different microstructures 

were studied, and the fracture mechanism of the alloy 

was analyzed. 

1  Experiment 

The alloy used in this research was a forged billet with 80 

mm in length of side from which cuboid specimens (11 mm 
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×11 mm × 70 mm for tensile test and 52 mm ×50 mm × 25 

mm for fracture toughness test) were cut linearly. Fig.1 

shows the microstructure of the alloy billet. The micro-

structure consists of primary α phase (white particle in 

Fig.1) surrounded by transformed β phase (black zone in 

Fig.1). The transus temperature (Tβ) of the material ob-

tained by examination of microstructure is (880±5) °C. 

To achieve the desired microstructure, two heat treat-

ments were applied on the microstructure. One was solution 

treatment at 900 °C for 2 h followed by furnace cooling (FC) 

to temperature of 400 °C and then air cooling (AC). The 

other was solution treatment at 850 °C for 1 h followed by 

air cooling and then aging at 600 °C for 6 h and f air cooling. 

The experimental scheme was given in Table 1. Tensile 

tests were performed in air at room temperature using 

Instron 1196 testing. The tensile specimens had gauge di-

mensions of 5 mm (diameter) and 50 mm (length). Fracture 

toughness tests were conducted using standard CT (compact 

tension) specimens with dimensions of about 50 mm × 48 

mm × 20 mm in accordance with ASTM standard E-399
[11]

 

using an MTS810 fatigue testing machine. Microstructure 

was observed using a microscope of OLYMPUSPM-G3. 

Fracture surfaces of the specimens after the fracture tough-

ness tests were observed using a scanning electron micros-

copy SEM-JSM6460. 

2  Results and Discussion  

2.1  Microstructure and mechanical properties 

Representative material microstructures taken from dif-

ferent heat treatment are shown in Fig.2. It can be seen that 

microstructures of the two specimens are obviously differ-

ent. The microstructure of specimen A is a mixed micro-

structure which contains equiaxed or short billet-like pri-

mary α and lots of secondary α phase. SEM micrograph 

(Fig.2b) demonstrates the shape of secondary α is fine la-

mellar structure with 200~300 nm in length. While the mi-

crostructure of specimen B is representative Widmanstatten 

structure, in which the intracrystalline α colony size ranges 

from 100 µm to 300 µm and the width of grain boundary α 

is approximately 5 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  1  Original microstructure of the alloy billet 

 

Table 1  Heat treatment schedule 

Specimen Heat treatment 

A 

B 

850 °C/1 h, AC + 600 °C/6 h, AC 

900 °C/2 h, FC 400 °C, AC 

 

Table 2 displays the average tensile properties and frac-

ture toughness of the alloy. It can be found from Table 2, 

the ultimate tensile strength of specimen A can exceed 1400 

MPa with an excellent fracture toughness, and its KIC is 

50.7 MPa·m
1/2

. Compared with other high strength titanium 

alloys (Ti-5553, TB10 etc 
[12,13]

), the new alloy exhibits the 

better optimization of ultra-high strength and high fracture 

toughness. By contrast, specimen B gets clearly lower 

strengths value than specimens A, and its ultimate tensile 

strength is merely 1041 MPa. The strengthening in α/β heat 

treatment is attributed to the fine dispersion secondary al-

pha led to a high resistance against dislocation movement  
[14]

. The fracture toughness of a material generally exhibits 

a reverse trend to the strength
 [15]

. The fracture toughness of 

specimen B shows the larger values of KIC=103.6 MPa·m
1/2

. 

These differences clearly indicate that fully-lamellar α col-

onies exhibit greater toughness compared with the mixed 

microstructure. This theory agrees with the research by 

Ghosh et al
 [16, 17]

. 

 

 

 

 

 

 

 

 

 

   

 

Fig.  2  OM (a, c) and SEM (b) microstructures of specimen A (a, b) and specimen B (c) 
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Table 2  Mechanical properties of the alloy 

Specimen 
UTS/ 

MPa 

YS/ 

MPa 

EL/ 

% 

RA/ 

% 

KIC/ 

MPa·m
1/2

 

A 

B 

1407 

1047 

1346 

1016 

10.5 

19.5 

45 

37 

50.7 

110.4 

 

2.2  Fracture morphology characteristics 

It is necessary to investigate the fracture morphology 

characteristics of the alloy in order to explain the different 

effects of two microstructures on the fracture toughness. 

Fig.3 exhibits microscopically morphologies of the fracture 

toughness specimens A and B. It can be found that these 

fracture surfaces of the two specimens have obvious dif-

ference in characteristic. The fracture surface for specimen 

A is relatively flat with large secondary crack, but the frac-

ture surface of specimen B is obviously rougher and some 

ravines can be observed on its fracture surface. The rough-

ness of the fracture surface corresponds in general to the 

degree of the crack deflection 
[18]. 

The crack propagation routes of specimens A and B at 

high magnification are shown in Fig.4. Compared to lower 

fracture toughness specimen A, the crack propagation route 

of specimen B is branched and zigzag. For microstructure 

of specimen B, the crack will change its direction when 

crack traverses the grain boundary alpha layers or different 

direction intracrystalline α colonies which enhance the crack 

deflection effect and thus increase crack path tortuosity 
[19]

. 

These processes require additional energy and result in in-

creased fracture toughness of the material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  3  Fracture morphologies characteristics of specimen A (a) 

and specimen B (b) 

Fig.5 shows the fracture surfaces of specimens A and B 

at high magnification using SEM. It can be found that there 

still exist great differences of the fracture mechanisms be-

tween the two specimens. The fracture surfaces of specimen 

A is of ductile intercrystalline crack character, while spec-

imen B shows ductile transcrystalline fracture, separation 

surface appears at coarse β grain boundaries and there exist 

microcracks besides primary β grain boundaries which will 

lead to stress release, thus increasing the toughness 
[20]

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  4  Crack propagation paths of specimen A (a) and specimen 

B (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5  Fracture surfaces of specimen A (a) and specimen B (b) 
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3 Conclusions 

1) For the new high strength β titanium alloy studied in 

present work, the microstructure with α/β region solution 

treatment plus aging treatment is composed of a few 

equiaxed or short billet-like primary α phase and fine la-

mellar secondary α phase, while the alloy with β region so-

lution treatment and slow cooling to low temperature pre-

sents representative Widmanstatten structure.  

2) The microstructure of Widmanstatten structure has 

higher fracture toughnesses and lower strengths than the 

bimodal microstructures. Various fracture mechanisms 

change from transcrystalline in Widmanstatten structure to 

intergranular in mixed microstructures. 

3) Compared with other high strength titanium alloys, the 

new alloy with α/β solution plus aging treatment has excel-

lent combination of ultra-high strength and good fracture 

toughness. The corresponding tensile strength is about 1400 

MPa and fracture toughnesses KIC is 50.7 MPa·m
1/2

. 
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一种新型高强 β钛合金力学性能和显微组织的关系研究 
 

 

周 伟 1，葛 鹏 1，赵永庆 1,2，辛社伟 1，李 倩 1，王 晶 1,2，黄朝文 1,2，陈 军 1
 

(1. 西北有色金属研究院，陕西 西安 710016) 

(2. 西北工业大学，陕西 西安 710015) 

 

摘 要：研究了一种新型 Ti-Al-Cr-Mo-W 系高强、高韧 β 钛合金显微组织与力学性能的关系。结果表明，相变点之下固溶时效处理得到

的含有等轴或短棒状初生 α、细小片层次生 α 的混合组织的强度超过 1400 MPa ，断裂韧性达到 50.7 MPa·m
1/2，该性能表明合金与同

类高强钛合金相比具有更优异的强-韧性匹配。β 区固溶缓冷处理得到的魏氏组织相比于混合组织具有较低的强度和较高的韧性。 

关键词：显微组织；高强钛合金；力学性能 
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