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Abstract: The independent influence of microstructural features on fracture toughness of TC21 alloy with lamellar microstructure 
was investigated. Triple heat treatments were designed to obtain lamellar microstructures with different parameters, which were 
characterized by OM and SEM. The size and content of α plates were mainly determined by cooling rate from single β phase field 
and solution temperature in two-phase field; while the precipitation behavior of secondary α platelets was dominantly controlled by 
aging temperature in two-phase field. The content and thickness of α plates and the thickness of secondary α platelets were important 
microstructural features influencing the fracture toughness. Both increasing the content of α plates and thickening α plates (or 
secondary α platelets) could enhance the fracture toughness of TC21 alloy. Based on energy consumption by the plastic zone of crack 
tip in α plates, a toughening mechanism for titanium alloys was proposed. 
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1 Introduction 
 

Titanium alloys are important structure materials 
used in aircrafts due to their high strength, low density, 
excellent creep and corrosion resistance [1−3]. With the 
development of aircraft structure design concept, damage 
tolerance property is demanded for titanium alloys [4]. 
For this purpose, TC21 titanium alloy was developed as 
a high strength and high damage tolerance alloy, which   
has been received increasing attention in the last  
decade [5,6]. 

Fracture toughness is one of important indexes 
reflecting damage tolerance properties, which is 
significantly influenced by the microstructure. For 
titanium alloys, the fracture toughness for lamellar 
microstructure is better than that for equiaxed or 
bi-modal ones [7,8]. In the last decades, abundant 
researches have been done to establish the relationships 
between fracture toughness and microstructure for 
titanium alloys and to determine the microstructural 
features. FAN [9] established the linear relationship 
between fracture toughness and the reciprocal average 
grain diameter for Ti−5.25A1−5.5V−0.9Fe−0.5Cu  

alloy. CHANDRA RAO et al [10] studied the effect of 
volume fraction of primary α phase on fracture toughness 
behavior of Timetal 834 titanium alloy under mode I and 
mixed mode I/III loading. FILIP et al [11] summarized 
the microstructural features influencing fracture 
toughness, including the diameter of original β grains, 
volume fraction of primary α phase, size of equiaxed α 
phase, size of α colonies, thickness of α plates, and 
thickness of grain boundary α layer. 

However, in fact, microstructural features are not 
always independent variables, some of which are 
affected by each other [12,13]. The content of lamellar α 
phase would decrease if the content of equiaxed α phase 
increases, since the total content of α phase remains 
constant in the condition of annealing. The content of α 
plates usually changes accompanying with the variation 
of the thickness in lamellar microstructure. Both 
examples indicate that it is difficult to study the 
independent effect of microstructural features on facture 
toughness. 

The present study aimed to investigate the 
individual effect of content and thickness of α plates and 
secondary α platelets on fracture toughness of TC21 
titanium alloy after triple heat treatments. A toughening  
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mechanism based on the energy consumption of crack 
propagation was proposed. 
 
2 Experimental 
 

The material employed in the work was two-phase 
TC21 (Ti−6Al−2Sn−2Zr−3Mo−1Cr−2Nb−Si) titanium 
alloy with chemical composition listed in Table 1. The 
alloy was received in the form of a hot-rolled 300 mm 
diameter bar with a β transus temperature of 960 °C. The 
original microstructure (Fig. 1) mainly consisted of 
primary equiaxed α phase which was uniformly 
distributed in the transformed β matrix. The average 
diameter of equiaxed α phase was approximately 6 µm, 
and their volume fraction was 30%. 
 
Table 1 Chemical composition of TC21 alloy bar (mass 

fraction, %) 

Al Mo Nb Sn Zr Cr Si 

6.36 2.85 2.25 2.14 2.28 1.68 0.1 

Fe C N H O Ti 

≤0.066 ≤0.08 ≤0.05 ≤0.015 ≤0.15 Bal. 

 

 
Fig. 1 Microstructure of as-received TC21 hot-rolled bar 

 

Cuboid specimens with dimensions of 52 mm ×  
50 mm × 22 mm were machined from as-rolled TC21 bar 
by electric discharge machining (EDM). The specimens 
were treated by triple heat treatments, including 
annealing in single β phase field (980 °C, 15 min), 
solution treatment and aging (STA) in (α+β) two-phase 
field. The related parameters involved cooling rate from 
single β phase field (water quenching (WQ), air cooling 
(AC) and furnace cooling (FAC)), solution temperature 
(860, 880, 900 and 920 °C) and aging temperature (590, 
620 and 650 °C). Before heat treatments, the glass 
lubricants were spread on the surfaces of these 
specimens to prevent oxidation. 

Fracture toughness testing was performed on 
compact type (CT) specimens with the thickness of    
20 mm in an INSTRON−1251 testing machine at room 
temperature. The microstructures were observed using  

an OLYMPUS-PMG3 optical microscope (OM) and a 
TESCAN MIRA3 scanning electron microscope (SEM). 
The microstructure morphologies were quantificationally 
determined by Image-Pro Plus software. 
 
3 Result and discussion 
 
3.1 Microstructures 

The microstructures of TC21 alloy for different 
cooling rates from single β phase field followed by STA 
((900 °C, 2 h)+AC)+((590 °C, 4 h)+AC) are shown in 
Fig. 2. As the main form of α phase, α plates were 
distributed uniformly in residual β matrix, but exhibited 
different numbers, sizes and distribution modes at 
different cooling rates. The number of α plates was large, 
whereas the length and aspect ratio were small in WQ 
(Fig. 2(a)). Compared with WQ, the number of α plates 
was reduced, with length and aspect ratio increased in  
 

 
Fig. 2 Microstructures of TC21 alloy at different cooling rates 

after annealing in single β field at 980 °C for 15 min: (a) WQ; 

(b) AC; (c) FAC 
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AC (Fig. 2(b)). The number of α plates was the smallest, 
while length and thickness were the largest in FAC   
(Fig. 2(c)). Moreover, α colonies were found in all of the 
microstructures. The α colonies mainly appeared in the 
areas close to the β grain boundaries in WQ and AC. For 
FAC, the entire β grains were filled by α colonies. 

When the annealing temperature was above the β 
transus temperature, the microstructure mainly consisted 
of coarse β grains. During cooling, grain boundary α 
layers formed preferentially along the β grain boundaries 
due to the segregation of α stabilizers. Then, α plates 
formed within the β grains and further coarsened during 
solution in two-phase field. There were two nucleation 
modes for α plates: heterogeneous and homogenous. For 
the areas close to the β grain boundaries, grain boundary 
α layers were the heterogeneous nuclei. The α plates 
developed in the form of so-called “side plates”, which 
grew within large colonies of parallel plates into the 
grain interior [14]. The homogenous nucleation was 
more favorable in the centre of the β grains, with most α 
plates individually distributed. The cooling rate 
determined the dominant nucleation mode. 

For WQ with large supercooling, the homogenous 
nucleation was dominant. The α colonies mainly 
appeared along the β grain boundaries in a small range. 
In the center of β grains, there were lots of α plates 
which homogenously nucleated with small length and 
aspect ratio. As the supercooling in AC dropped, the 
range for α colonies increased. There was enough time 
for α plates to grow in the center of β grains, forming 
larger length and aspect ratio. For FAC, the cooling rate 

was so small that the homogenous nucleation was 
completely inhibited. Therefore, α colonies took most of 
β grains. 

Table 2 shows the content and thickness of α plates 
at different cooling rates. The content of α plates was 
nearly unchanged in spite of apparent variation in 
cooling rate. This is because the content was dependent 
on solution temperature. After cooling from single β 
phase field, all specimens were treated at 900 °C for 2 h. 
During this treatment, phase transformations went 
towards the equilibrium state, resulting in the constant 
content of α plates. The thickness of α plates was mainly 
determined by the cooling rate; as cooling rate declined, 
the thickness increased observably. The dropping of 
cooling rate reduced nucleation rate and resulting 
number of α plates. Eventually, the thickness of α plates 
increased. 

The microstructures of TC21 alloys at different 
solution temperatures are shown in Fig. 3. All the 
microstructures were made of α plates with large length 
and aspect ratio. The α plates crossed with each other 
with distinct differences in terms of number, content, 
 

Table 2 Content and thickness of α plates at different cooling 

rates after annealing in single β field at 980 °C for 15 min 

Cooling 

method

Solution treatment

and aging 

Content of 

α plates/% 

Thickness of

α plates/μm

WQ 
((900 °C, 2 h)+AC)+ 

((590 °C, 4 h)+AC)

48.51 0.73 

AC 46.01 0.85 

FAC 47.05 1.05 
 

 

 
Fig. 3 Microstructures of TC21 alloy at different solution temperatures: (a) 860 °C; (b) 880 °C; (c) 900 °C; (d) 920 °C 
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size and distribution. After solution at 860 °C, there were 
large number of α plates with small thickness, and 
several α plates with the same orientation formed α 
colonies (Fig. 3(a)). As solution temperature rose, the 
number and content of α plates decreased, while the 
thickness of α plates increased (Figs. 3(b) and (c) and 
Table 3). The decreased content of α plates was the result 
of phase transformation. Elevating solution temperature 
impelled the transformation from α phase to β phase, 
resulting in the decreased equilibrium content of α plates. 
Meanwhile, the number of α plates in one α colony was 
reduced, even most of α plates were individually 
distributed after solution-treated at 920 °C (Fig. 3(d)). 
 
Table 3 Content and thickness of α plates annealed in single β 

field under conditions of (980 °C, 15 min)+AC at different 

solution temperatures 

Solution 
treatment 

Aging 
Content of 
α plates/% 

Thickness of
α plates/μm

(860 °C, 2 h) + AC 

(590 °C,  
4 h)+AC 

53.51 0.66 

(880 °C, 2 h) + AC 50.27 0.78 

(900 °C, 2 h) + AC 46.01 0.85 

(920 °C, 2 h) + AC 35.68 0.90 

 

There was no significant influence of aging 
temperature on the content, number, size and distribution 
of α plates (Fig. 4). The α plates with large length and 
aspect ratio crossed with each other. Most of α plates 
were distributed individually, and a few of them formed 
α colonies. When aging temperature increased from  
590 to 650 °C, the variations of the content and thickness 
of α plates were only 3.11% and 0.02 µm, respectively 
(Table 4). It can be inferred that the number, content, 
size and distribution of α plates were determined by 
cooling rate and solution temperature, rather than aging 
temperature. 

However, secondary α platelets changed obviously 
during aging. At the end of solution treatment in 
two-phase field, only α plates and residual β phase 
existed in the microstructure. During cooling after 
solution treatment, fine secondary α platelets nucleated 
and even grew up in residual β phase. Due to high 
cooling rate, fine secondary α platelets could not reach 
the phase equilibrium. During the subsequent aging, fine 
secondary α platelets gradually appeared under the action 
of atomic diffusion (Fig. 5). The thickness of secondary 
α platelets increased as aging temperature rose (Table 4). 
The driving force for the coarsening of secondary α 
platelets was the drop of the interfacial energy. The 
higher the aging temperature was, the larger the   
driving force was, and the thicker the secondary α 
platelets were. 

 

 
Fig. 4 Microstructures of TC21 alloy at different aging 

temperatures: (a) 590 °C; (b) 620 °C; (c) 650 °C 

 

Table 4 Content and thickness of α plates and secondary α 

platelets at different aging temperatures 

Annealing
and 

solution 
treatment

Aging 
Content 

of α 
plates/% 

Thickness 
of α 

plates/μm 

Thickness of 
secondary α 
platelets/nm

((980 °C,
15 min)+ 

AC)+ 
((900 °C,
2 h)+AC)

(590 °C,
4 h)+AC

46.01 0.85 60 

(620 °C,
4 h)+AC

47.77 0.88 121 

(650 °C,
4 h)+AC

49.12 0.87 178 

 

3.2 Fracture toughness 
As cooling rate decreased, the fracture toughness of 

TC21 alloy increased (Fig. 6(a)), similar findings with 
previous studies. The fracture toughness of TC4-DT 
alloy changed from 109 to 59.6 MPa·m1/2 when FAC  
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Fig. 5 Microstructures of secondary α platelets at different 

aging temperatures: (a) 590 °C; (b) 620 °C; (c) 650 °C 

 
was substituted by WQ [15]. The fracture toughness of 
TC21 alloy was the lowest (63.8 MPa·m1/2) after WQ, 
yet the highest (77.0 MPa·m1/2) after FAC. The 
difference reached 13.2 MPa·m1/2. This indicated that 
cooling rate in single β phase field was an important 
factor on fracture toughness. 

The fracture toughness gradually decreased as 
solution temperature rose (Fig. 6(b)), similar findings 
with studies in other titanium alloys. The fracture 
toughness of Ti-1023 alloy decreased from 66.5 to   
53.9 MPa·m1/2 when solution temperature elevated from 
740 to 800 °C [16]. The fracture toughness of both 
Ti−6Al−4V and Ti−6Al−5Zr−4Mo−1Cu−0.2Si alloys 
decreased with the rising of solution temperature [17,18]. 
However, with minimal difference of 4.4 MPa·m1/2 at 
different solution temperatures, the reduction of fracture 
toughness for TC21 alloy appeared to be negligible. This 
seems that solution temperature in two-phase field had  

 

 
Fig. 6 Influence of heat treatment parameters on fracture 

toughness of TC21 alloy: (a) Cooling method; (b) Solution 

treatment temperature; (c) Aging temperature 
 
limited effect on the fracture toughness compared to the 
factor of cooling rate in single β phase field. 

With the increase of aging temperature, the fracture 
toughness increased (Fig. 6(c)), which was also reported 
in Ti-1023 [16], Ti−7Mo−3Nb−3Cr−3Al [19] and 
Ti−5Al−5Mo−5V−1Cr−1Fe alloys [20]. For TC21 alloy, 
the minimum fracture toughness was 67.0 MPa·m1/2 
aging at 590 °C, while the maximum was 75.1 MPa·m1/2 
aging at 650 °C. The difference was 8.1 MPa·m1/2, 
indicating that aging temperature was one of the 
important factors on the fracture toughness. 
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3.3 Influence of microstructural features on fracture 
toughness 
The thickness of α plates was the factor affecting 

fracture toughness under the condition that the contents 
of α plates in cooling rate test were constant at 47.19% 
(average volume fraction) based on Table 2. The fracture 
toughness (KIC) of TC21 alloy increased with the rise of 
the thickness of α plates (d), and the linear relationship 
(Fig. 7(a)) between them was obtained as follows:  
KIC=32.32+42.14d                            (1) 
 

 

Fig. 7 Influences of thickness of α plates with constant content 
in cooling rate test (a), thickness of α plates with varied 
contents in solution treatment temperature test (b) on fracture 
toughness and relationship between fracture toughness 
difference and content difference of α plates (c) 

For solution temperature test, the fracture toughness 
decreased as the thickness of α plates increased     
(Fig. 7(b)). This result was contrary to that in cooling 
rate test. The reason was that both the thickness and 
content of α plates varied with the solution temperature. 
The influence of the content of α plates on the fracture 
toughness was involved in Fig. 7(b). 

The thickness of α plates increased accompanied 
with the decrease in the content when the solution 
temperature rose (Table 3). It was assumed that the 
effects of the thickness and content of α plates on the 
fracture toughness were independent. 

According to Eq. (1), the computation values of 
fracture toughness (KICC) for α plates with the 
thicknesses of 0.66, 0.78, 0.85 and 0.90 μm (Table 3) 
were 60.1, 65.2, 68.1 and 70.2 MPa·m1/2, respectively,  
at the content of α plates of 47.19%. The differences   
of fracture toughness (ΔKIC=KIC−KICC) between 
computation values (KICC) and measuring values (KIC in 
Fig. 6(b)) were caused by the content of α plates. The 
content differences (Δc) was defined as the difference 
between measuring contents (Table 3) and the average 
content of 47.19%. The coefficient (ΔKIC/Δc) was 
determined by the differences in fracture toughness 
(ΔKIC) and content (Δc), as shown in Fig. 7(c). 
Independent effect of the content of α plates on fracture 
toughness was estimated to be 0.79 MPa·m1/2/%     
(Fig. 7(c)). Therefore, increasing the content of α   
plates could enhance the fracture toughness of TC21 
alloy. 

The thickness of secondary α platelets was the main 
microstructural feature significantly influenced by aging 
temperature (Table 4). The fracture toughness of TC21 
alloy increased with the thickness of secondary α 
platelets, with the linear relationship between them  
(Fig. 8). 

 

  
Fig. 8 Influence of thickness of secondary α platelets on 

fracture toughness of TC21 alloy 
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3.4 Toughening mechanism 
For single-phase alloy, increasing the plastic zone 

of crack tip consumed more plastic deformation work, 
and thus enhanced the fracture toughness [21]. The width 
of plastic zone of crack tip for plane strain is determined 
by [22] 
 

2
IC

0 2
s12.4π

K
r


                                 (2) 

 
where r0 is the width of plastic zone of crack tip,     
and σs is the yield strength. The yield strength of   
TC21 alloy was 1095−1522 MPa, while KIC was 
49.9−83.3 MPa·m1/2 [23]. Assuming that the sizes of the 
plastic zones for α and β phases were the same, the 
calculated minimum width of plastic zone of crack tip for 
TC21 alloy was 28 µm, which was much larger than the 
thickness of α plates, and the maximum value was 1.06 
μm in the present study. Therefore, the plastic zone 
consisted of plenty of α plates. 

As for the influence of thickness of α plates on the 
fracture toughness, it is assumed that the content of α 
plates kept constant and the direction for crack 
propagation was perpendicular to α plates. When the 
crack propagated, the plastic zone of crack tip (Fig. 9(a)) 
formed under the action of stress field. Line A lay in the 
maximum of plastic zone in y-axis orientation. On the 
left of Line A, the plastic deformations for both α and β 
phases reached the maximum. The total energy 

consumed by this zone (Δy) was considered as constant 
for α plates with different thicknesses, because the 
content of α plates was constant. On the right of Line A, 
when the crack further propagated, the plastic zone 
moved from Site 1 to Site 2 (Fig. 9(b)). The part 
participating in plastic deformation of every α plate 
increased, with the maximum growth rate in the forefront 
of plastic zone. The addition of α plate 2 was larger than 
that of α plate 1. 

XIAO [22] considered that α phase was tough  
phase, which owned stronger ability to impede crack 
propagation. If β phase in plastic zone was substituted by 
α phase, the energy consumed by plastic zone could be 
increased. When the forefront of plastic zone entered α 
plate, the energy increment consumed by α plates with 
the thickness of d was G1; while for 2d, the increment 
was G1+G2, and G1+G2≥2G1 (Fig. 9(c)). Therefore, 
thickening α plates increased the energy consumed by 
the forefront of plastic zone and made the crack 
propagation difficult, thus the fracture toughness was 
enhanced. 

When the thickness of α plates increased to the 
same order of magnitude with the width of plastic zone, 
only one α plate existed in the plastic zone (Fig. 9(d)). 
Additionally, thickening α plate caused the increase of 
the content of α phase in plastic zone. As a result, more 
energy (I in Fig. 9(d)) was consumed and the fracture 
toughness was improved. 

 

 
Fig. 9 Influencing mechanism of thickness and content of α plates on fracture toughness: (a) Plastic zone of crack tip; (b) Increment 
of α plate in forefront of plastic zone; (c) Increments of energy consumed by α plates with different thicknesses; (d) Thickness of α 
plates increased to same order of magnitude with width of plastic zone; (e) Thickness of α plates beyond width of plastic zone;     
(f) Increase of content of α plates 
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GREENFIELD and MARGOLIN [24] found that 
the fracture toughness of Ti−5.25Al−5.5V−0.9Fe−0.5Cu 
alloy increased with the thickening of grain boundary α 
layer with a range from 2.6 to 5.5 µm, but remained 
constant when the thickness exceeded 5.5 µm. This 
phenomenon was also explained by the mechanism 
proposed above. When the thickness of grain boundary α 
layer (or α plates, secondary α platelets) was beyond the 
width of plastic zone, the consumed energy by plastic 
zone was no longer increased with regard to the 
thickness of grain boundary α layer (or α plates, 
secondary α platelets) (Fig. 9(d)). Consequently, the 
fracture toughness did not increase any more. 

The content of α plates would be increased by 
elevating the number of α plates with the same thickness 
(II in Fig. 9(f)) or thickening α plates in fixed number 
(III in Fig. 9(f)). In this case, the content of α plates in 
plastic zone of crack tip increased, which meant that 
more energy would be consumed by the plastic zone, 
resulting in the increase in the fracture toughness. 
Therefore, the fracture toughness could also be improved 
by increasing the content of α plates. 

Figure 10 shows the crack propagation route in  
FAC. The crack propagated either along α/β phase 
boundaries (red mark) or through the α/β phase 
boundaries (blue mark). When through the α/β phase 
boundaries, the crack alternately propagated in β phase 
and α phase (α plate) with obvious plastic deformation 
on both sides. 
 

 
Fig. 10 Crack propagation route for furnace cooling 

 

4 Conclusions 
 

1) With the increase of cooling rate from single β 
phase field, the thickness of α plates decreased. The 
content of α plates decreased and the thickness increased 
as solution temperature was elevated. With the rising of 
aging temperature, the thickness of secondary α platelets 
increased. 

2) The content and thickness of α plates and the 
thickness of secondary α platelets were important 
microstructural features influencing the fracture 

toughness. Increasing the content of tough α phase or 
thickening α plates (secondary α platelets) could enhance 
the fracture toughness. 

3) Thickening α plates (secondary α platelets) 
increased the energy consumption in the forefront of 
plastic zone. Increasing the content of α plates indicated 
that more energy was consumed by the plastic zone, 
which made crack propagation difficult and thus 
enhanced the fracture toughness. 
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摘  要：研究显微组织参数对片状组织 TC21 钛合金断裂韧性的影响。通过三重热处理获得片状组织，并采用 OM

和 SEM 方法对显微组织进行表征。单相区的冷却速率和两相区的固溶温度决定 α 片的尺寸及含量，而时效温度

则主要控制次生 α片的析出行为。α片含量、厚度以及次生 α片厚度是影响 TC21 钛合金断裂韧性的重要组织参

数。提高 α片含量、增加 α片(或次生 α片)厚度均能提高 TC21 钛合金的断裂韧性。基于 α片裂纹尖端塑性区能

量消耗，提出钛合金韧化机制。 

关键词：钛合金；片状显微组织；断裂韧性；裂纹尖端塑性区；韧化机制 

 (Edited by Wei-ping CHEN) 


