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Abstract: To cope with the urgent demands of the aerospace industry for lightweight and excellent high-temperature 
performance titanium alloy components, the microstructure evolution, silicide precipitation and mechanical behaviour 
of a novel high-temperature Ti65 titanium alloy ultrathin sheet with different heat treatments were systematically 
investigated. Submicron (Ti,Zr)6Si3 silicides are observed after solution treatments followed by air cooling, leading to a 
decline and significant fluctuations in tensile properties. For furnace cooling samples, (Ti,Zr)5Si3 silicide crossing grain 
boundaries and (Ti,Zr)6Si3 silicide near grain boundaries are observed after solution treatment at 950 ℃. When the 
solution temperature increases to 1010 ℃, the third silicide (Ti,Zr)3Si appears near dislocations. The combined effect of 
the strong size effect of the alloy ultrathin sheet and silicide precipitation results in great performance fluctuation, sharp 
drop of ductility and even brittle fracture. In addition, silicide precipitation differs little with various holding time 
during low-temperature solution treatment. Moreover, novel {1011} twins appear after the rolling process at 990 ℃ 
and are only inside coarse basal texture α grains, with an axis−angle pair of 65° 8443〈 〉 . 
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1 Introduction 
 

With high strength, low density and 
exceptional high-temperature performance, titanium 
materials have been widely used in the aerospace 
sector [1,2]. In recent years, there are further 
demands for lightweight and high-strength 
aerospace components. To cope with urgent 
demands, titanium ultrathin sheets have been 
applied [3], such as TC4 alloys with honeycomb 
sandwich structures. In contrast to the mechanical 
behaviour of bars and sheets [4,5], pronounced 

differences in the mechanical properties and 
processing capabilities of ultrathin sheets are 
observed owing to the thickness decrease [6,7]. The 
novel near-α titanium Ti65 alloy (Ti−Al−Sn−Zr− 
Mo−Si−Nb−Ta−W−C) shows a long-term service 
temperature up to 600−650 ℃ [8], a high 
performance that was unattainable before. The high 
service temperature makes it possible for Ti65 
ultrathin sheets to be used as honeycomb 
sandwiches in turbofan engines. However, silicide 
precipitation occurred after heat treatments, which 
can significantly influence mechanical behaviour.  
In addition, a novel twin was observed in as-rolled 
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Ti65 ultrathin sheet. Thus, to clarify the micro- 
structure evolution mechanism and further improve 
the mechanical properties of Ti65 ultrathin sheets, 
systematic investigations on silicide precipitation 
after heat treatments and the corresponding 
mechanical behaviour are essential. 

Generally, silicide precipitation in high- 
temperature titanium alloys occurs after the ageing 
process. Three common types of silicides are listed 
below: (1) Ti5Si3 silicide (S1-type, hexagonal) is 
more likely to precipitate during low-temperature 
ageing; (2) Ti6Si3 silicide (S2-type, hexagonal) 
precipitates during high-temperature ageing;     
(3) Ti3Si silicide (S3-type, tetragonal) can only be 
observed during long-term ageing at high 
temperature (below 1170 ℃) due to the limit of  
its low formation rate [9,10]. The influence of 
silicide precipitation can be split into two parts. 
First, silicide precipitation results in a stronger 
precipitation strengthening effect but with a weaker 
solid solution strengthening effect due to depleted 
solution elements in the matrix. ZHANG et al [11] 
attributed the strengthening of aged Ti65 sheets to 
silicide precipitation. In contrast, the BTi−6431S 
alloy showed degradation of mechanical properties 
after silicide precipitation, as reported by ZHANG 
et al [12]. In addition, silicide promotes the 
initiation of voids and fatigue crack growth [13].  
In the case of ultrathin sheets, the rapid cooling  
rate and the size effect arising from the extreme 
specimen dimension can significantly affect the 
precipitation of silicides. 

Twenty-six twinning systems in α-Ti have 
been theoretically identified, while only {101�2}, 
{112�1} , {112�3} ,  {101�1} , {112�2}  and {112�4} 
twinning systems are widely reported. In general, 
high temperature inhibits the activation of twinning 
systems. However, the {101�1}  twinning system 
can only be activated at high temperature. Because 
the critical activation stress decreases with 
increasing temperature [14], the difficulty of 
{101�1}  twinning activation is inversely 
proportional to temperature [15]. PATON and 
BACKOFEN [16] proposed that a {101�1} 
twinning system can be activated in the temperature 
interval of 400−800 ℃. A similar conclusion was 
drawn by ZENG et al [17], in which {101�1} 
twinning was observed at temperatures ranging 
from 400 to 700 ℃. However, no twinning 
formation at higher temperatures has been reported, 

owing to the dominant role of the slip system at 
elevated temperatures. 

As a novel high-temperature titanium alloy 
with a temperature resistance of 650 °C, the silicide 
precipitation during heat treatments and the new 
twinning characteristics found during the rolling 
deformation of Ti65 alloy ultrathin sheets need to 
be further revealed, especially in the case of 
ultrathin sheets where typical size effects may exist. 
Hence, in order to investigate the mechanism     
of the influence of silicides on the mechanical 
properties under size effect, the microstructure 
evolution and mechanical behaviour of the Ti65 
alloy ultrathin sheet after the solution heat 
treatments are systematically studied in this work. 
The precipitation behaviour of diverse silicides   
is analysed by quantitative statistics using 
transmission electron microscopy (TEM) and 
energy dispersive spectrometry (EDS). The size 
effect inherent in ultrathin sheet materials is also 
discussed in depth. In addition, the novel twinning 
system is determined based on crystallographic 
orientation acquisition and analysis by electron 
back scattering diffraction (EBSD). The main 
results and conclusions are expected to provide help 
and reference for microstructure evolution and 
mechanical behaviour improvement of near-α 
titanium alloy ultrathin sheets. 
 
2 Experimental 
 

A Ti65 ultrathin sheet with a thickness of 
0.5 mm was obtained by pack ply rolling along  
the rolling direction at 990 ℃. The chemical 
composition is Ti−5.4Al−3.82Sn−3.18Zr−0.51Mo− 
0.37Si−0.27Nb−0.92Ta−0.71W−0.06C (wt.%), and 
the β phase transus temperature obtained via  
optical microscopy was 1035 ℃. Samples were 
heat treated by vacuum sealing with a vacuum 
degree of 6×10−4 Pa, and the specific heat 
treatments are listed in Table 1. For simplicity, 
samples are coded as an abbreviation of the solution 
temperature-holding time-cooling medium, such as 
950 ℃-2 h-AC (AC represents air cooling and FC 
stands for furnace cooling). Tensile specimens with 
a size of 30 mm × 50 mm (parallel to RD) are 
shown in Fig. 1, in which RD, TD and ND 
represent the rolling, transverse and normal 
directions of the as-rolled sheet. Tensile tests were 
carried out on an ETM105D universal testing 
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machine along RD at ambient temperature, with a 
strain rate of 5×10−4 s−1. The strain was measured by 
an electronic extensometer. Repeated tests were 
carried out in each case to ensure the accuracy of 
the experimental data. 

 
Table 1 Heat treatments applied to Ti65 alloy ultrathin 
sheets 

Solution 
temperature/℃ Holding time/h Cooling  

950 0.25, 2, 4, 8, 24 Air cooling (AC) 

950 0.5, 2, 4 Furnace cooling (FC) 
950, 970, 
990, 1010 2 Furnace cooling (FC) 

 

 
Fig. 1 Schematic of tensile test directions (RD, TD and 
ND represent rolling, transverse and normal directions  
of as-rolled sheet, respectively) (a), and geometry and 
dimension of tensile test specimens (b) 
 

The metallographic examination samples were 
prepared through mechanical grinding, polishing 
and subsequent etching by an electrolyte of V(HF): 
V(HNO3):V(H2O)=1:1:50. The microstructure and 
fracture morphology observations were performed 
by using a ZEISS Gemini 500 field emission 
scanning electron microscope (SEM). Point 
scanning and map scanning results were acquired 
by the same microscope to determine the chemical 
composition of the precipitation phase and element 
distribution. EBSD specimens were prepared by 
electropolishing in a solution of 5 mL perchloric 

acid, 35 mL butyl alcohol and 60 mL methanol at 
35 V and 5 ℃ for 25−30 s. EBSD tests were 
performed by an FEI Helios G4 CX focused ion 
beam SEM equipped with an EBSD scanner, and a 
step size of 0.3 μm was applied in each case to 
eliminate errors during grain detection. The EBSD 
data analyses were carried out by HKL Channel 5 
software; hence, inverse pole figure (IPF) maps 
were obtained. Grain boundaries with mis- 
orientation higher than 15° are denoted as high 
angle grain boundaries (HAGBs) and by thick black 
lines, while low angle grain boundaries (LAGBs) 
with misorientation lower than 15° are not shown. 
TEM specimens for silicide calibration were 
prepared by grinding ultrathin sheets to 50 μm in 
thickness, punching out wafers of 3 mm in diameter, 
and finally thinning of finished samples by a twinjet 
machine using an electrolyte of 20% perchloric acid 
in methanol at 5 ℃ and 35 V. The TEM specimens 
for twinning analyses were obtained by focused ion 
beam (FIB) on the FEI Helios G4 CX FIB SEM. 
TEM tests were performed by a Talos F200X field 
high-resolution TEM. Bright field (BF) images and 
dark field (DF) images were captured to analyse 
silicide precipitation and twinning system 
activation. 
 
3 Results 
 
3.1 Solution treatments followed by air cooling 
3.1.1 Microstructure evolution 

Micrographs of Ti65 alloy ultrathin sheet 
samples after solution treatments followed by air 
cooling are shown in Fig. 2. The typical equiaxed 
structure in the as-rolled sample consists of 
equiaxed primary α (αp), lamellar secondary α (αs) 
and a few β phases. Almost no elongated αp is 
observed in the as-rolled sample as a result of 
spheroidization and dynamic recrystallization 
during hot rolling. Compared to the as-rolled 
sample, the average α grain size does not change 
much after 0.25 h solution treatment, whereas 
numerous ellipsoidal precipitates appear near  
grain boundaries, as shown in the illustration of 
Fig. 2(d). Based on the alloy composition and 
previous studies, the precipitates are preliminarily 
determined as silicides. With increasing holding 
time, no significant changes in the size or volume 
fraction of silicides can be observed. In addition, 
the lamellar thickness of αs is significantly reduced,  
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Fig. 2 Micrographs of Ti65 alloy ultrathin sheet samples after solution treatments followed by air cooling: (a) As-rolled; 
(b) 950 ℃-0.25 h-AC; (c) 950 ℃-4 h-AC; (d) 950 ℃-8 h-AC 
 
and the grain boundaries of αp become flatter. 
Finally, a small amount of twinning is observed, but 
only inside equiaxed αp phases. 
3.1.2 (Ti,Zr)6Si3 silicide precipitation 

The type of silicide was determined by map 
scanning and point scanning. The enrichment of 
silicon and zirconium and the depletion of titanium 
in the vicinity of the precipitates are displayed in 
Fig. 3(a), which are typical of silicide precipitation. 
The distribution of tin here is homogeneous, which 
is contrary to tin enrichment observed in Ti65 alloy 
bars after silicide precipitation [18]. In addition, a 
weak niobium enrichment takes place. 

The selected silicides of 950 ℃-0.25 h-AC 
(Fig. 3(b)) and 950 ℃-2 h-AC (Fig. 3(c)) samples 
during spot scanning are marked. The 
corresponding elemental composition results are 
listed in Table 2, and elemental composition data 
unrelated to the following analyses are omitted. The 
atomic ratio of (Ti,Zr)/Si in selected silicides ranges 
from 2.10 to 3.00. However, it is difficult for Ti3Si 
silicide to precipitate after solution treatment at a 
relatively low temperature with a short holding  
time. In addition, the atomic ratio of Ti/Zr in 
selected silicides ranges from 1.51 to 2.25, which  
is consistent with the conclusion drawn by 

SALPADORU and FLOWER [19] that the atomic 
ratio of Ti/Zr in (Ti,Zr)6Si3 silicide is 0.68−2.26. 
Consequently, the possibility of Ti3Si silicide 
precipitation is ruled out. 

Figure 3(d) depicts the TEM characterization 
of silicides. Submicron silicides are distributed  
near grain boundaries. The selected-area-electron- 
diffraction (SAED) pattern acquired at the  
interface between the matrix and silicide indicates 
that the following orientational correlation is 
identified: [12�10]α-Ti∥[0002]Silicide and (101�1)α-Ti∥ 
(3�120)Silicide. The measured lattice parameter 
(a=0.702 nm, and c=0.368 nm) is consistent with 
the conclusion drawn by RAMACHANDRA and 
SINGH [20]. Furthermore, the atomic ratio of 
Ti/Zr/Si in the silicide marked in Fig. 3(d) is 
approximately 1:1:1. Hence, the silicide precipitates 
after solution treatments followed by air cooling are 
determined to be (Ti,Zr)6Si3. 

The tensile test results of the air-cooled 
samples are listed in Table 3. As mentioned, the 
as-rolled and 950 ℃-0.25 h-AC samples manifest 
similar α grain sizes. However, the tensile 
properties show distinct differences owing to 
silicide precipitation. The ultimate tensile strength 
(UTS), tensile yield stress (TYS) and elongation  
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Fig. 3 Silicide precipitation analyses of Ti65 alloy ultrathin sheet samples after solution treatments followed by air 
cooling: (a) Elemental mapping images of Ti, Si, Zr, Sn and Nb in 950 ℃-2 h-AC sample; Selected silicides for element 
analyses in 950 ℃-0.25 h-AC sample (b) and 950 ℃-2 h-AC sample (c); TEM image and corresponding SAED pattern 
of 950 ℃-24 h-AC sample (d); (e) Corresponding EDS results of selected silicide in (d) 
 
Table 2 Elemental composition of selected silicides 
during spot scanning 

Silicide 
No. 

Composition/at.% 
(Ti,Zr)/Si Ti/Zr 

Ti Zr Si 

1 25.1 11.27 12.11 3 2.23 

2 13.55 8.93 10.7 2.1 1.51 

4 23.44 10.43 11.55 2.93 2.25 

4 27.52 12.77 15.08 2.67 2.16 

5 26.71 14.64 16.19 2.55 1.82 

Table 3 Tensile properties of Ti65 alloy ultrathin sheet 
samples after air cooling at ambient temperature 

Sample UTS/MPa TYS/MPa EL/% 

As-rolled 1117.99±3.68 1003.64±6.89 11.75±0.75 

950 ℃- 
0.25 h-AC 1049.43±1.60 978.84±30.00 6.40±3.40 

 
(EL) of the as-rolled sample, i.e., 1117.99 MPa, 
1003.64 MPa and 11.75%, are all higher than those 
of the 950 ℃-0.25 h-AC sample, i.e., 1049.43 MPa, 
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978.84 MPa and (6.40±3.40)%. Obviously, the 
weak precipitation strengthening effect generated 
by submicron silicides in the current work cannot 
compensate for the diminished solid solution 
strengthening effect. Additionally, great 
performance fluctuations in elongation in the 
950 ℃-0.25 h-AC sample are observed as a result 
of the combined effect of the size effect and silicide 
precipitation.  

Further analyses are carried out according to 
the true stress−strain curves and fracture 
morphology images in Fig. 4. Ductile fracture 
morphology is observed in the as-rolled sample 
(Fig. 4(c)), including many deep dimples and a  
few tearing edges. However, the dimples become 
increasingly shallower and smaller due to silicide 
precipitation (Fig. 4(d)). Generally, (Ti,Zr)6Si3 
silicide hinders dislocation movement owing to no 
coherent connection with the matrix [21,22]. The 
resulting dislocation accumulation causes a strong 
 

 
Fig. 4 True stress−strain curves (a, b) and fracture 
morphology images (c, d) of as-rolled (a, c) and 950 ℃- 
0.25 h-AC (b, d) samples 

stress concentration, which leads to an earlier  
yield stage (Fig. 4(b)) and a lower TYS in the 
950 ℃-0.25 h-AC sample. Meanwhile, due to   
the lack of dislocations for the growth of dimples, 
more dimples have to be produced to coordinate 
deformation, even if the new dimples are shallow 
and small. Consequently, the loss of tensile 
properties occurs after silicide precipitation. 
3.1.3 Novel {101�1} twinning 

A small amount of twinning is observed, but 
only inside equiaxed α phases. The matrix α grains 
are all large and show similar red colours, which 
may favour twinning system activation. The 
twinning remains even after solution treatment at 
950 ℃ for 8 h, indicating high thermal stability. 
Three grains marked in Fig. 5 are selected for 
analyses. The lines shown in the morphology 
images (Fig. 6) are related to point-to-origin 
misorientation diagrams, in which the circle 
represents the initiation point and the direction 
indicated by the arrow represents the position of  
the subsequent point. The axis−angle pair of the 
twinning system acquired by Channel 5 software is 
concluded to be 65°〈84�4�3 〉, which varies from 
previous studies. IPFs of matrix α grains are 
displayed. The c axis of all matrix α grains is  
close to the normal direction, showing that matrix α 
 

 
Fig. 5 Inverse pole figure maps of Ti65 alloy ultrathin 
sheet samples after air cooling: (a) As-rolled; (b) 950 ℃- 
8 h-AC 
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Fig. 6 EBSD analyses of grains marked in Fig. 5 (The lines shown on the morphology images are related to point- 
to-origin misorientation diagrams, in which the circle represents the origin and the direction indicated by the arrow 
represents the position of subsequent points; The characteristic direction of the inverse pole figure of the matrix is RD; 
The scattered points where the matrix and twinning coincide on the {101�1} pole diagram are indicated by arrows) 
 
grains have a basal texture. The scattered points 
where the matrix and twin coincide on the {101�1} 
pole diagram of all three grains are indicated by 
arrows. However, the pole figure shows the 
orientation relationship only in two-dimensional 
space. Although the matrix grain and the twinning 
share parallel {101�1} planes, it is not accurate 
enough to identify the twinning system. 

The FIB technique was applied to preparing  
an accurately cut sample, and the sample position  
is marked by a green box in Fig. 7(a). The FIB 
lifted-out lamellar sample from the 950 ℃-4 h-AC 
sample was subjected to TEM analyses. Black  
and white spaced stripes are observed in the 
corresponding BF image due to crystal orientation 
differences. The SAED pattern taken from the 
region marked by the yellow box is shown in 
Fig. 7(d). There are two groups of diffraction spots. 
One of them is clearly visible and corresponds to 
the matrix grain. Simultaneously, the fuzzy one is 
circled in red. The dark field image (Fig. 7(f)) 
indicates that it is resulted from twinning. The two 

groups of diffraction spots are mirror symmetric 
and share a common (011�1)α  plane, indicating 
novel type {101�1} twinning. 
 
3.2 Solution treatments followed by furnace 

cooling 
3.2.1 Coexistence of silicides 

The solution treatments at four different 
temperatures followed by furnace cooling were 
applied to studying silicide precipitation. The 
micrographs shown in Fig. 8 indicate similar 
equiaxed structures between the four samples. 
However, as the solution temperature rises, the α 
grain size grows quickly, and the volume fraction  
of lamellar α also increases slightly. Silicide 
precipitation occurs in each case but varies. The 
volume fraction of silicides decreases with 
increasing solution temperature, while the size of 
silicides increases slightly. 

TEM characterizations of the 950 ℃-2 h-FC 
sample are displayed in Figs. 9(a1, a2). (Ti,Zr)6Si3 
silicide with a typical ellipsoidal morphology is 
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Fig. 7 TEM analyses of 950 ℃-4 h-AC sample: (a) Sample position of FIB; (b) FIB lifted-out lamella sample; (c) BF 
image of FIB sample; (d) Corresponding SAED pattern taken from region marked in (c); (e, f) DF images of matrix (e) 
and twinning (f) spots 
 
distributed near the grain boundaries. Furthermore, 
there is a new silicide crossing the grain boundaries, 
confirmed as (Ti,Zr)5Si3. As mentioned above, the 
two kinds of silicides precipitate during the    
low- and high-temperature ageing processes. The 
coexistence phenomenon should be correlated  
with the characteristics of furnace cooling. A 
similar coexistence phenomenon occurs when the 
solution temperature rises to 1010 ℃ (Figs. 9(b1, b2)). 
However, an unexpected silicide is observed near 
dislocations (Fig. 9(b3)) but in small quantities. 
Based on the typical tetragonal lattice SAED 
pattern and zirconium confirmed by the EDS result 
in Fig. 9(c), the unexpected silicide is determined to 
be (Ti,Zr)3Si. 

Table 4 summarizes the tensile properties of 
the furnace cooling samples. In comparison to the 
as-rolled sample, a sharp drop in EL occurs in the 
950 ℃-2 h-FC sample (from 11.75% to 2.67%). 
Simultaneously, the UTS and TYS values decrease 
from 1003.61 and 1117.99 MPa to 934.32 and 
937.67 MPa, respectively. Numerous shallow 
dimples are observed in Fig. 10(c), and silicides are 
distributed at the bottom of the dimples, which is 
similar to the fracture morphology of 950 ℃- 
0.25 h-AC sample. A severe drop in EL occurs 
again after the solution temperature rises to 1010 ℃. 
The absence of yield stage can be seen from the true 
stress−strain curve (Fig. 10(b)). Its EL is 0%, as the 
result of brittle fracture. The breaking strength is  



Ding ZHAO, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1098−1113 1106 

 

 

Fig. 8 Micrographs of Ti65 alloy ultrathin sheet samples after solution treatments followed by furnace cooling:       
(a) 950 ℃-2 h-FC; (b) 970 ℃-2 h-FC; (c) 990 ℃-2 h-FC; (d) 1010 ℃-2 h-FC 
 

 

Fig. 9 TEM images showing silicide precipitation in Ti65 alloy ultrathin sheet samples after solution treatments 
followed by furnace cooling: (a1, a2) (Ti,Zr)5Si3 and (Ti,Zr)6Si3 in 950 ℃-2 h-FC sample; (b1, b2, b3) (Ti,Zr)5Si3, 
(Ti,Zr)6Si3 and (Ti,Zr)3Si in 1010 ℃-2 h-FC sample; (c) EDS result of large silicide shown in (b3) 
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Table 4 Tensile properties of Ti65 alloy ultrathin sheet 
samples after furnace cooling at ambient temperature 

Samlple UTS/MPa TYS/MPa EL/% 

950 ℃-2 h-FC 937.67±9.33 934.32±3.68 2.67±0.67 

1010 ℃-2 h-FC (858.65±80.38)* 0 
* Breaking strength 
 

 

Fig. 10 True stress−strain curves (a, b) and fracture 
morphology images (c, d) of 950 ℃-2 h-FC (a, c) and 
1010 ℃-2 h-FC (b, d) samples 
 
858.65 MPa, but with a huge fluctuation of 
80.38 MPa in the value. Many silicides aggregate 
between tearing edges (Fig. 10(d)), which can 
promote the initiation of large voids. Clearly, the 
prominent size effect produced by α grain growth 
leads to greater degradation of mechanical 
properties with the assistance of silicides. 
3.2.2 Growth of silicides 

Due to the difficulties in controlling the 
microstructure and α grain size, solution treatments 

at 950 ℃ rather than at higher temperatures are 
applied to study the effect of holding time on 
silicide precipitation. Silicide diameter distribution 
map in Fig. 11 and quantitative statistics in Table 5 
provide a reference for studying the evolution of 
silicide precipitation. Similar silicide diameter 
distributions are observed in the three samples, but 
the deviation of the silicide diameter decreases 
slightly and then increases with increasing holding 
time. The volume fraction of silicides ranges from 
0.55% to 0.58%. However, the slight change in 
silicides is negligible compared to the significant 
increase in holding time. In conclusion, the effect of 
holding time on silicide precipitation is weak during 
low-temperature solution treatments followed by 
furnace cooling. 
 

 
Fig. 11 Silicide diameter distributions of Ti65 alloy 
ultrathin sheet samples after furnace cooling  
 
Table 5 Quantitative statistics of silicide in Ti65 alloy 
ultrathin sheet samples after furnace cooling 

Sample Area 
fraction/% 

Dmax/ 
μm 

Dmin/ 
μm 

Weighted 
mean/μm 

Deviation/ 
μm 

950 ℃- 
0.5 h-FC 0.58 1.37 0.32 0.61 0.16 

950 ℃- 
2 h-FC 0.58 1.21 0.42 0.63 0.15 

950 ℃- 
4 h-FC 0.55 1.43 0.36 0.64 0.21 

 
4 Discussion 
 
4.1 Silicide precipitation mechanism 

In the case of Ti−Zr−Si ternary system   
alloys, (Ti,Zr)5Si3 silicide is advantageously 
allocated, which is also denoted as S1-type in the 
literature [23,24]. Zirconium shows the same 
chemical valence as Ti, with zirconium solubility in 
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Ti5Si3 reaching 9 at.%, which promotes the partial 
replacement of titanium atoms with zirconium 
atoms [25]. Zirconium can reduce the high strain 
energy caused by structure mismatch between the α 
phase and silicide and reduce the activation 
nucleation energy of silicides [10]. Generally, the 
zirconium enrichment of (Ti,Zr)5Si3 silicide 
promotes the transformation to (Ti,Zr)6Si3 (S2-type) 
silicide [26] as the heat treatment time increases. 

For air cooling samples, silicide precipitation 
should be related to the inherent characteristics of 
ultrathin sheets. YUE et al [18] reported no silicide 
precipitation in a 1019 ℃-2 h-AC sample of Ti65 
bars. Silicide dissolution occurs when the heating 
treatment temperature is higher than the silicide 
dissolution temperature. However, specific data on 
the silicide dissolution temperature of Ti65 alloy 
could not be obtained from previous studies. For 
reference, the silicide dissolution temperature of the 
near α titanium alloy Ti600 (Ti−Al−Sn−Zr−Mo−Si) 
is applied, which is 20 ℃ higher than the β 
transformation temperature of 1010 ℃ [27]. Hence, 
the occurrence of silicide precipitation is not 
temperature-dependent but related to the difference 
in cooling rate between bars and ultrathin sheets. 
Silicide can be preserved after solution treatments 
followed by water quenching. With ultrathin 
thickness, air cooling samples in the present work 
cool at a faster rate, which causes silicide 
precipitation after air cooling. However, for bars, 
slow heat conduction leads to good internal heat 
preservation. Hence, no silicide precipitation occurs 
in the bar after air cooling due to the slow cooling 
speed. 

For furnace cooling samples, the coexistence 
phenomenon should be related to the characteristics 
of furnace cooling. Due to the slow cooling speed, 
the furnace cooling process can be regarded as an 
ageing process with a continuous temperature drop. 
When the heating temperature is 950 ℃, (Ti,Zr)6Si3 
silicide precipitation occurs during the early stage 
of the cooling process. Owing to the high driving 
force at high temperature, (Ti,Zr)6Si3 silicide 
precipitation can occur in areas with relatively 
small element solubility differences. When the 
cooling temperature drops, a slow cooling speed 
results in a long time duration. There is enough  
time for element diffusion and subsequent silicide 
precipitation. However, due to the lack of driving 
force at low temperature, only in the regions where 

element solubility varies greatly can (Ti,Zr)5Si3 

silicide precipitate. In this way, (Ti,Zr)5Si3 silicide 
crossing the grain boundaries and (Ti,Zr)6Si3 
silicide near the grain boundaries are observed. 
Furthermore, when the initial cooling temperature 
rises to 1010 ℃, more β-Ti phases exist according 
to the lever rule. Based on the accepted Ti−Si phase 
diagram, Ti3Si silicide can be obtained at high 
temperature by the peritectoid reaction [28]:  
β-Ti+Ti5Si3 Ti3Si                       (1)  

Silicon in titanium appears in two states:  
solid solution state and precipitation state. The 
distribution of solid solution silicon is not uniform. 
For instance, the segregation of silicon is more 
likely to occur around dislocations and other crystal 
defects [29], which may promote (Ti,Zr)5Si3 silicide 
precipitation near dislocations with the help of 
many β phases. Thus, a few (Ti,Zr)3Si can be 
observed near dislocations after high-temperature 
solution treatment followed by furnace cooling. 
 
4.2 Novel {101�1}  twinning system activation 

mechanism 
Six common twinning systems in α titanium 

are listed in Table 6. The axis−angel pair of the 
normal {101�1}  twinning system, 57.3°〈 12�10〉 , 
differs from that of the {101�1} twinning system in 
our work, 65° 〈84�4�3〉 . In brief, the {101�1} 
twinning system with an axis−angle pair of 
65°〈84�4�3〉 is called the novel {101�1} twinning 
system. CHRISTIAN and MAHAJAN [31] 
suggested that the favourable conditions for 
twinning system activation are low twinning shear 
and a small extent of atomic shuffling. The low 
twinning shear of the normal {101�1}  twinning 
system favours twinning activation at high 
temperatures. However, based on previous studies, 
 
Table 6 Six common twinning systems in α titanium [30] 

Twinning  
system 

Axis−angle 
pair 

Twinning 
shear Remark 

{101�2}〈101�1�〉 84.7°〈12�10〉 0.167 

Tensile twin {112�1}〈112�6�〉 35.1°〈1�100〉 0.638 

{112�3}〈336�2〉 87.3°〈1�100〉 0.533 

{101�1}〈101�2〉 57.3°〈12�10〉 0.105 
Compressive 

twin {112�2}〈112�3�〉 64.6°〈1�100〉 0.225 

{112�4}〈112�1〉 77.2°〈1�100〉 0.254 
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the normal {101�1} twinning system is activated 
only at 400−800 ℃. The rolling temperature 
applied in our work is 990 ℃, which is much higher. 
To summarize, the novel {101�1} twinning system 
should show much lower twinning shear. 

As is well known, twinning system activation 
is affected by grain size. The smaller the α grain 
size is, the more difficult it is for the twinning 
system to be activated [32]. A long slip distance in 
coarse grains leads to strong dislocation pile-up 
near grain boundaries, and the resulting stress 
concentration promotes twinning system activation. 
In contrast, the short slip distance and high volume 
fraction of grain boundaries in fine grains weaken 
the stress concentration [33]. The small average   
α grain size in the Ti65 alloy ultrathin sheet  
inhibits twinning system activation, while there are 
a small amount of large basal texture α grains. 
STAPLETON et al [34] reported that basal texture α 
grains accumulate significantly less residual lattice 
strain. Simultaneously, the α phase with low 
residual lattice strain is less likely to transform to 
the β phase. Therefore, basal texture α grains grow 
quickly during heating, which favours twinning 
system activation. 

However, the Schmid factor (SF) value of the 
normal {101�1} twinning system in basal texture α 
grains during the rolling process is not high. The SF 
value is calculated according to the following: the 
ultrathin sheet is subjected to tensile stress along 
RD and compressive stress along ND. Values of the 
two stresses are assumed to be equal. Since the 
loading direction of compressive stress is opposite 
to that of tensile stress, the value of compressive 
stress is negative. The calculation formula of SF  
(m) is  
m=0.5(cos α·cos β−cos γ·cos δ)              (2)  
where α represents the included angle between the 
loading direction of tensile stress and the slip 
direction, and β corresponds to the included angle 
between the loading direction of tensile stress and 
the normal direction of the slip plane. Similarly, γ 
and δ represent the included angles between the 
loading direction of compressive stress and the slip 
direction as well as the normal direction of the slip 
plane, respectively. 

The crystal orientations expressed by Euler 
angle {φ1, Φ, φ2} of the three grains marked in 
Fig. 5 are {155°, 8°, 5°} (Grain A), {137°, 160°, 46°} 

(grain B) and {174°, 14°, 5°} (Grain C). The 
highest SF value is 0.26, and the corresponding 
normal {101�1} twinning system variant is (11�01�)- 
[11�02�]. The low SF value of the normal {101�1} 
twin indicates large difficulty of twinning system 
activation. However, with different twinning 
directions, it is possible for the novel {101�1} 
twinning system to show a high SF value for basal 
texture α grains. 

Various substitution elements of the Ti65 alloy 
favour novel {101�1} twinning system activation. 
The relationship between twinning boundary energy 
(γTBE) and stacking fault energy (γSFE) is defined as 
follows [35]:  
γTBE=(0.5−0.75)γSFE                                   (3)  

Previous studies on FCC alloys suggested  
that the addition of substitutional atoms reduces  
the stacking fault energy [36], which promotes 
twinning system activation. Similar conclusions 
were drawn by studies on HCP alloys. FITZNER  
et al [37] proposed that raising the aluminium 
content in titanium can slightly enhance twinning 
system activation. As noted above, the Ti65 alloy 
(Ti−Al−Sn−Zr−Mo−Si−Nb−Ta−W−C) is a ten- 
component alloy. Various substitution elements 
result in a great drop in stacking fault energy; thus, 
novel {101�1} twinning system activation arises in 
Ti65 alloy ultrathin sheets in the present work. 
 
4.3 Mechanical behaviour under size effect and 

silicide precipitation 
When the thickness of the samples is close to 

the magnitude of the polycrystalline microstructure, 
the so-called size effect can induce dramatic 
changes in the mechanical properties of titanium 
alloy sheets. Three theories, the surface model [38], 
grain boundary strengthening effect [39] and oxide 
layer strengthening effect [40], are applied to 
explain the mechanism of the size effect. In    
brief, the size effect enhances the contribution of 
individual grain to the overall mechanical 
properties, which promotes the formation of an easy 
deformation zone. After loading, grains called soft 
orientation grains are prone to deform due to the 
favourable crystal orientation, and they consume 
minimum plastic work during deformation [41]. 
Meanwhile, other grains that are difficult to deform 
are called hard orientation grains. The assumption 
that samples deform along the path on which  
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grains consume minimum plastic work is applied 
for the following analyses [42]. In the case of poly- 
crystalline samples, the minimum plastic work 
consumption is more likely to be achieved through 
the combination of soft orientation grains. As 
shown in Fig. 12(a), the combination is a so-called 
easy-deformation-zone. Generally, the formation  
of an easy-deformation-zone results in massive 
concentrated plastic work. Hence, local stress can 
easily reach fracture strength, and premature 
fracture and deterioration of mechanical properties 
follow. In comparison to sheets and bars, there are 
fewer grains along the thickness direction in 
ultrathin sheets with the same α grain size. In other 
words, the formation of an easy-deformation-zone 
occurs more frequently in ultrathin sheets. 

High, medium and low T/D ratios can be 
achieved in 950 ℃-0.25 h-AC, 950 ℃-2 h-FC and 
1010 ℃-2 h-FC samples, respectively, where T 
represents the thickness and D is the diameter of the 
α grain. The mechanical behaviour under the size 
effect and silicide precipitation varies according to 
the T/D ratio. In the case of the high T/D ratio 
samples (Fig. 12(b)), it is difficult for an easy- 
deformation-zone to form due to hundreds of  
grains along the thickness direction. In other words, 

silicides are widely distributed outside the easy- 
deformation-zone in most cases. Although the 
strong stress concentration caused by silicide 
precipitation can further enhance the local stress 
concentration in the easy-deformation-zone, if the 
number of silicides in the easy-deformation-zone 
does not reach a certain threshold, only a slight 
drop in elongation occurs. In contrast, if silicide 
precipitation in the easy-deformation-zone is 
sufficient to cause a significant local stress 
concentration, a sharp drop in ductility occurs, such 
as a 3.00% elongation of 950 ℃-0.25 h-AC sample. 
Consequently, a large fluctuation in the elongation 
of 950 ℃-0.25 h-AC sample is observed. 

For the medium T/D ratio samples (Fig. 12(c)), 
the growth of α grains indicates fewer grains along 
the thickness direction, indicating that an easy- 
deformation-zone is prone to form. Even with  
fewer silicides, the volume fraction of silicides in 
the easy-deformation-zone increases significantly; 
hence, a strong local stress concentration takes 
place. Moreover, coarse α grains contribute to 
harder compatible deformation among α grains. 
Therefore, a sharp drop in elongation rather than 
performance fluctuation occurs in the 950 ℃- 
2 h-FC sample. 

 

 

Fig. 12 Schematic showing formation of easy-deformation-zone (a) and distribution relationship between silicides and 
easy-deformation-zone of heat-treated samples with different T/D ratios (b−d) 
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When the T/D ratio drops to a low value 
(Fig. 12(d)), there is no doubt that the volume 
fraction of silicides in the easy-deformation-zone is 
higher and that compatible deformation between the 
α grains is more difficult, which will lead to further 
deterioration of the mechanical properties. In 
addition, the volume fraction of grain boundaries 
decreases notably. Due to fewer nucleate particles, 
silicides precipitate and aggregate. The aggregation 
of silicides can act as the initiation of large voids. 
Accordingly, brittle fracture rather than ductile 
fracture takes place after the tensile test of the 
1010 ℃-2 h-FC sample. 
 
5 Conclusions 
 

(1) For air cooling samples, the submicron 
silicide is deduced to be (Ti,Zr)6Si3. The following 
orientational correlation between silicide and the 
matrix is identified: [12�10]α-Ti∥[0002]Silicide  and 
(101�1)α-Ti∥(3�120)Silicide. After silicide precipitation, 
the UTS decreases by 24.80 MPa (from 1003.64 to 
978.84 MPa), and decrease and fluctuation of EL 
occur. 

(2) For furnace cooling samples, different 
solution temperatures result in various silicide 
precipitates. After 950 ℃ solution treatment, 
(Ti,Zr)5Si3 silicide crossing the grain boundaries 
and (Ti,Zr)6Si3 silicide near the grain boundaries  
are observed. When the temperature rises further  
to 1010 ℃, the third silicide (Ti,Zr)3Si appears near 
dislocations. Significant deterioration in tensile 
properties is observed for the furnace cooling 
samples, and brittle fracture even takes place in  
the 1010 ℃-2 h-FC sample. In addition, silicide 
precipitation differs little with various holding time 
during low-temperature solution followed by 
furnace cooling. 

(3) The mechanical behaviour under the size 
effect and silicide precipitation varies according  
to the T/D ratio. Ultrathin thickness and α grain 
growth promote the formation of an easy- 
deformation-zone. The silicide precipitation in   
the easy-deformation-zone further aggravates the 
local stress concentration. When the T/D ratio 
decreases, a higher volume fraction of silicides   
in the easy-deformation-zone and harder compatible 
deformation among α grains lead to more serious 
deterioration of the mechanical properties. 
Consequently, great performance fluctuation, a 

sharp drop in tensile properties and even brittle 
fracture take place. 

(4) The novel {101�1} twinning appears only 
inside coarse basal texture α grains in Ti65 alloy 
ultrathin sheets rolled at 990 ℃, with axis−angle 
pair of 65°〈84�4�3〉. 
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摘  要：为应对航空领域对轻质和优异高温性能钛合金部件的迫切需求，对经不同热处理的新型高温钛合金 Ti65

合金薄板的显微组织演变、硅化物析出和力学行为进行系统研究。结果表明：在固溶空冷后的合金中析出亚微米

级硅化物(Ti,Zr)6Si3，导致拉伸性能变差和剧烈波动。在 950 ℃固溶炉冷后的合金中发现穿晶界(Ti,Zr)5Si3 和近晶

界(Ti,Zr)6Si3 硅化物的共存。当固溶温度升高至 1010 ℃时，(Ti,Zr)3Si 硅化物在位错附件出现。薄板固有尺寸效应

与硅化物析出的协同效应导致拉伸性能的明显波动，塑性显著下降，甚至发生脆性断裂。硅化物析出受低温固溶

处理的保温时间的影响较弱。此外，在 990 ℃热轧获得的薄板中观察到新型{101�1}孪晶，其轴角对为 65°〈84�4�3〉，

仅存在于粗大的基面织构 α晶粒中。 

关键词：钛合金；薄板；硅化物；力学性能；尺寸效应；孪晶 
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