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Abstract: 2195 Al−Li alloy was deformed through extrusion followed by cold-rolling. The textures of the extruded 
plate and cold-rolled sheet after solutionization were investigated. The longitudinal strength and precipitates after T8 
aging were measured and observed, respectively. Compared to those in the sheet, T1(Al2CuLi) precipitates in the 
extruded plate after T8 aging are non-uniform, and their incubation time is shorter. The extruded plate after 
solutionization is not recrystallized and contains 55.28% deformation textures of Brass and S. In the cold-rolled sheet 
after solutionization, massive recrystallization occurs and S component disappears. Due to the higher fraction of Brass 
and S textures with higher Schmid factor and lower equivalent sliding system number, the extruded plate possesses an 
yield strength not higher or even lower, but a tensile strength higher, than the cold-rolled sheet after solutionization. In 
addition, during the aging after pre-stretch, these textures promote T1 precipitation on preferred sliding planes of 
cold-rolled sheet and cause its higher yield strength and tensile strength after T8 aging. 
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1 Introduction 
 

Al−Li alloys have a combination of better 
fatigue performance, higher specific stiffness, 
higher strength and toughness than those of 
traditional Al alloys [1]. These advantages have led 
to the third generation Al−Li alloys being 
increasingly substituted for conventional 2xxx and 
7xxx Al alloys in aerospace and spacecraft 
industries [1]. In the 1980s, POLMEA and 
CHESTE [2] found that as 0−2.5% Li was added to 
Al−4%Cu−0.3%Mg−0.4%Ag alloy, the 1.0% Li 
addition displayed the highest hardening effect. 
This discovery is attributed to the development of 

high strength Al−Li alloy containing 1% Li by 
adding small Mg and Ag. Since then, 2095, 2195, 
2050 and 2198 Al−Cu−Li alloys containing micro- 
alloying elements of Mg and Ag were developed 
[3−5]. Among them, 2195 Al−Li alloy, one of the 
3rd generation Al−Li alloys, has been successfully 
applied in the external tank of space shuttles. 

Precipitation strengthening is the major 
strengthening mechanism for Al−Li alloys. Their 
main aging precipitates are T1(Al2CuLi), δ′(Al3Li) 
and θ′(Al2Cu) phases [6,7], of which the precipitate 
types are dependent on the Cu and Li 
concentrations [8−10]. Micro-alloying elements 
play an important role in controlling grain 
structures and precipitate distribution. It has been  
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reported that minor Zr and Mn were added for 
recrystallization controlment [11,12]. The addition 
of Mg, Ag and Zn can change the distribution of T1 
precipitates. Among them, Ag or Zn element is 
usually added with the combination of Mg element. 
For example, the combination of Mg+Ag is added 
to 2195, 2050 and 2198 Al−Li alloys, which 
accelerates the aging response, increases T1 
nucleation density and therefore enhances the 
strength [13−15]. Mg+Zn combination is added to 
2099, 2199 and 2A97 Al−Li alloys, which played a 
role similar to Mg+Ag combination [16,17]. In 
addition, minor Zn addition is found to enhance the 
corrosion resistance of Al−Li alloys [18−20]. 

It is known that the grain structures (including 
textures) of Al alloy are highly dependent on the 
deformation process [21], which further impact 
their precipitates and mechanical properties [22,23]. 
Among Al−Li alloys, 2196 and 2099 Al−Li alloys 
with higher Li content are mainly used as 
extrusions, the products of 2195 and some other 
Al−Li alloys with lower Li content are mainly 
plates produced by rolling. Although the 
mechanical properties and microstructures of 2195 
Al−Li alloy extrusions prepared through spray 
deposition were recently reported [24−27], its 
extrusions prepared through melting and casting 
still need further investigation. In this case, a 2195 
Al−Li alloy extruded plate with 5 mm in thickness 
was fabricated, and its structures and mechanical 
properties after solutionization and T8 aging were 
investigated. Meanwhile, the extruded plate was 
further cold-rolled to a sheet with 2 mm in 
thickness, in order to change the grain structures 
and compare the structure and mechanical 
properties after solutionization and T8 aging. 
 
2 Experimental 
 
2.1 Materials and procedures 

A 2195 Al−Li alloy round ingot with a 
diameter of 90 mm was prepared. Its Cu and Li 
contents are 4.1% and 0.9% (mass fraction), 
respectively. The alloy ingot was homogenized and 

then extruded to a plate with a width of 70 mm and 
a thickness of 5 mm. A part of the plate was further 
rolled to a sheet with 2 mm in thickness through 
cold rolling. 

After solutionization at 505 °C for 40 min, the 
materials were quenched in cold water. For 
simplification, the extruded plate with 5 mm in 
thickness was denoted as sample E, and that after 
solutionization was abbreviated as sample E+S. 
While the cold-rolled sheet with 2 mm in thickness 
was referred to as sample E+CR, and the sample 
E+CR+S represented the cold-rolled sheet after 
solutionization. The solutionized samples were then 
subjected to a T8 temper, which is aged at 148 °C 
for different time after 3.8% pre-stretch. The 
schematic diagram of the material processing is 
shown in Fig. 1. 

 
2.2 Tensile tests 

After T8 temper, the tensile properties of the 
plate and the sheet were measured using an MTS 
858 universal testing machine with a strain rate of 
1.0×10−3 s−1 at ambient temperature, respectively. 
Test samples with a parallel section gauged 30 mm 
in length and 8 mm in width were cut from the 
sheet, while samples with a parallel section gauged 
50 mm in length and 12.5 mm in width were cut 
from the extruded plate. Three tensile tests were 
carried out for each condition, the average strength 
and elongation were then calculated. 

 
2.3 Structure observations 

The samples for metallographical observations 
were mechanically grounded and polished, washed 
ultrasonically with ethanol, and then anodically 
treated at 24 V in a solution containing 1.1 g H3BO3, 
95 mL H2O and 3 mL HF. The metallographical 
observations were performed with an optical 
microscopy (OM, Leica DMI300 M). 

The textures of the samples were measured 
through a Brucker D8 Discovery X-ray diffracto- 
meter. Incomplete polar figures (IPFs) of {111}, 
{200} and {220} were detected, then the orientation 
distribution function (ODF) was calculated, and  

 

 
Fig. 1 Schematic diagram of material processing 
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particle swarm optimization (PSO) was used for the 
quantitative analysis of the textures. 

Precipitates were observed through 
transmission electron microscopy (TEM). The TEM 
foils were parallel to the rolling plane and prepared 
by mechanical grinding and twin-jet 
electropolishing in a solution containing 30% nitric 
acid and 70% methanol (volume fraction) at −25 °C 
with a voltage of 15−20 V. TEM observation was 
performed with a Tecnai G220 TEM operating at 
200 kV through conventional bright-field (BF), 
dark-field (DF) imaging, and selected area electron 
diffraction (SAED). 
 
3 Results 
 
3.1 Tensile properties 

Figure 2 shows the yield strength, tensile 
strength and elongation of the 2195 Al−Li alloy as a 
function of T8 aging time and representative 
engineering stress−strain curves. As shown in  
Figs. 2(a) and (b), after T8 aging, the extruded plate 
and cold-rolled sheet show a similar trend in the 

strength variation, both the yield strength and the 
tensile strength increase rapidly with the aging  
time. During the aging time of 40−150 h, there is 
little change in the yield strength and tensile 
strength. 

It is noted  that the yield strength and tensile 
strength of the T8-aged extrusions are higher than 
those of the T8-aged cold-rolled sheet during the 
aging period of 16−150 h. However, another 
phenomenon should be emphasized. The yield 
strength of the sample E+S is not higher, or even 
lower than that of the sample E+CR+S. 
Nevertheless, after T8 aging, the yield strength of 
the aged sample E+S becomes much higher than 
that of the aged sample E+CR+S. As shown in   
Fig. 2(a), the yield strength difference between the 
sample E+S and the sample E+CR+S is about    
−2 MPa, but the difference between the aged 
sample E+S and the aged sample E+CR+S after 38 
h of T8 aging is about 62 MPa. 

For the tensile strength, it is much different. 
The tensile strength of the sample E+S is obviously 
higher than that of the sample E+CR+S. As shown 

 

 

Fig. 2 Yield strength (a), tensile strength (b) and elongation (c) of 2195 Al−Li alloy as function of T8 aging time and 

representative engineering stress−strain curves (d) 
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in Fig. 2(b), the tensile strength difference between 
the sample E+S and the sample E+CR+S is about 
20−30 MPa. 

With the aging time extension, the elongation 
decreases first and then keeps stable (Fig. 2(c)). The 
elongation of the aged extrusions is much lower 
than that of the aged cold-rolled sheet during the 
aging time of 0−30 h. After aging for time longer 
than 40 h, there is little difference. Figure 2(d) 
shows the representative stress−strain curves of the 
2195 Al−Li alloy. It is clearly described that both 
the yield strength and tensile strength of the 
extruded plate after aging are much higher than 
those of the cold-rolled sheet after aging. 
Meanwhile, it also indicates that the yield strength 
of the sample E+S is not higher, but its tensile 
strength is obviously higher than that of the sample 
E+CR+S. In addition, the strain hardening rate of 
the sample E+S is larger than that of the sample 
E+CR+S. As a result, although its elongation is 
much lower than that of the sample E+CR+S, it has 
a higher tensile strength. 
 
3.2 Grain structures 

Figure 3 shows the longitudinal sectional 
optical images of the 2195 Al−Li alloy. Both the 
sample E (Fig. 3(a)) and sample E+CR (Fig. 3(b)) 

exhibit fiber-like grains with a great aspect ratio. In 
addition, shear bands exist in the sample E+CR. 
After solutionization, the sample E+S still shows 
fiber-like grains with a great aspect ratio, indicating 
non-recrystallization (Fig. 3(c)). Although many 
grains of the sample E+CR+S display elongated 
feature, their aspect ratio is greatly decreased. 
Meanwhile, there also exist some equiaxed grains 
(Fig. 3(d)). These indicate that massive 
recrystallization occurs in the sample E+CR+S. 
Furthermore, the shear bands disappear in the 
sample E+CR+S, which further demonstrates its 
massive recrystallization [28]. 

Figure 4 shows the ODFs of different samples. 
In the sample E, there exist obvious Brass, S and 
Cube textures (Fig. 4(a)). In the sample E+S, the 
texture types are not changed, the main texture 
types are still Brass, S and Cube textures      
(Fig. 4(c)). 

In the sample E+CR, there still exist Brass, S 
and Cube textures. Meanwhile, Goss texture is 
found (Fig. 4(b)). After solutionization, in the 
sample E+CR+S, S and Cube textures disappear, 
but Goss texture still exist. Meanwhile, R-Cube 
texture increases (Fig. 4(d)). According to the PSO 
method, the volume fractions of different textures in 
different samples are shown in Table 1. 

 

 
Fig. 3 Longitudinal sectional optical images of sample E (a), sample E+CR (b), sample E+S (c) and sample    

E+CR+S (d) 
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Fig. 4 ODFs of sample E (a), sample E+CR (b), sample E+S (c) and sample E+CR+S (d) 
 
Table 1 Volume fraction of different textures in different samples (vol.%) 

Texture type Sample E Sample E+CR Sample E+S Sample E+CR+S 

Brass {011}211
−
 24.75 22.98 25.02 24.05 

S {213}3
−
6
−
4 30.56 32.45 30.26 0 

Cu {112}1
−
1
−
1 8.84 6.81 7.39 0 

Goss {011}100 0 9.81 0 9.85 

Cube {001}100 33.31 21.34 16.26 0 

R-Cube {001}11
−
0 2.44 6.6 4.16 27.12 

Total fraction 99.9 93.39 83.09 61.02 
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According to Table 1, in the samples E and E+ 
S, there is little alteration in the volume fraction of 
Brass, Cu, S and R-Cube textures, only the fraction 
of Cube texture is decreased from 33.3% to 16.3%. 
This further confirms non-recrystallization in the 
extruded plate after solutionization. 

Compared to that in the sample E, in the 
sample E+CR, the Cube texture decreases, R-Cube 
texture increases, and Goss texture appears. After 
solutionization, in the sample E+CR+S, Brass and 

Goss textures are not changed, but the textures of S, 
Cu and Cube disappear. It is important that the 
volume fraction of R-Cube texture is much 
increased. These imply that massive 
recrystallization occurs. 
 
3.3 Precipitate evolution 
3.3.1 Extruded plate 

Figure 5 shows the [112]Al and [100]Al SAED 
patterns and TEM images of the as-extruded 2195  

 

 

Fig. 5 SAED patterns and TEM images of as-extruded 2195 Al−Li alloy plate after aging at 148 C for 16 h: (a) [112]Al 

SAED pattern; (b) [100]Al SAED pattern; (c, d) TEM DF images showing T1 precipitates viewed along 112Al direction; 

(e) TEM DF image showing , GP zones and  /GP/ composite precipitates viewed along 100Al direction; (f) TEM 

BF image showing GP zones viewed along 100Al direction 
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Al−Li alloy plate after T8 aging at 148 C for 16 h. 
In the [112]Al SAED pattern, weak streaks passing 
through 1/3(220)Al and 2/3{220}Al (Fig. 5(a)) are 
observed, indicating a small number of T1 
precipitates. Accordingly, fine T1 precipitates are 
observed in the DF image taken along the 112Al 
direction (Figs. 5(c, d)). However, the T1 
precipitates are non-uniform, and more T1 
precipitates are distributed at the subgrain boundary 
(Figs. 5(c, d)). In the [100]Al SAED pattern, spots at 

{110}Al and {100}Al are observed. In addition, weak 
but continuous streaks passing through {200}Al 
spots are distinguished (Fig. 5(b)). Accordingly,  
precipitates, GP zones and /GP/ composite 
precipitates are observed in the DF and BF images 
taken along the 100Al direction (Figs. 5(e, f)). 

Figure 6 shows the [112]Al and [100]Al SAED 
patterns and TEM images of the as-extruded 2195 
Al−Li alloy plate after T8 aging at 148 C for    
38 h. In the [112]Al SAED pattern, strong streaks  

 

 

Fig. 6 SAED patterns and TEM images of as-extruded 2195 Al−Li alloy plate after aging at 148 C for 38 h: (a) [112]Al 
SAED pattern; (b) [100]Al SAED pattern; (c, d) TEM DF images showing T1 precipitates viewed along 112Al direction; 
(e) TEM DF image showing  precipitates viewed along 100Al direction; (f) TEM BF image showing GP zones and 
/GP/ composite precipitates viewed along 100Al direction 
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corresponding to T1 precipitates appear (Fig. 6(a)). 
Accordingly, many T1 precipitates are observed in 
the DF image taken along the 112Al direction. 
However, although T1 precipitate size is increased, 
their distribution is still non-uniform (Figs. 6(c, d)). 
In the [100]Al SAED pattern, strong and continuous 
streaks passing through {200}Al, and discontinuous 
lines passing through {110}Al are observed     
(Fig. 6(b)).  precipitates are therefore observed in 

the DF image taken along the 100Al direction  
(Fig. 6(e)). However, in the BF image taken along 
the 100Al direction, many GP zones are observed 
between the  precipitates (Fig. 6(f)). Meanwhile, 
/GP/ composite precipitates can be observed. 

As the aging time is further extended to 96 h, 
the SAED patterns and TEM images are shown   
in Fig. 7. Clear streaks corresponding to T1 
precipitates appear in the [112]Al SAED pattern  

 

 

Fig. 7 SAED patterns and TEM images of as-extruded 2195 Al−Li alloy plate after T8 aging at 148 C for 96 h:      
(a) [112]Al SAED pattern; (b) [100]Al SAED pattern; (c) TEM DF image showing T1 precipitates viewed along 112Al 
direction; (d) TEM DF image showing  precipitates viewed along 100Al direction; (e) TEM BF image showing  
precipitates and GP zones viewed along 100Al direction; (f) TEM DF image showing /GP/ and // composite 
precipitates viewed along 100Al direction 
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(Fig. 7(a)), and bright spots of T1 precipitates also 
can be observed in the [100]Al SAED pattern   
(Fig. 7(b)). Accordingly, in the DF image taken 
along the 112Al direction, more T1 precipitates with 
larger sizes are observed (Fig. 6(c)). It is also noted, 
the T1 precipitates are more uniform in the sample 
aged for 96 h than those in the sample aged for 38 h. 

In the [100]Al SAED pattern, streaks passing 
through {200}Al spots are continuous, but their 
intensity is greatly decreased. In addition, streaks 
passing through {110}Al spots are discontinuous. 
These indicate the existence of some  precipitates 
and a certain fraction of GP zones with decreased 
amount. Furthermore, weak spots corresponding  
precipitates still can be observed at {100}Al and 
{110}Al. Accordingly, A lot of  precipitates are 
observed in the DF image taken along the 100Al 
direction (Fig. 7(d)). In addition, much smaller 
number of GP zones, /GP/ and // 
composite precipitates are found in the BF and DF 
images viewed along the 100Al direction (Figs. 7(e, 
f)). 
3.3.2 Cold-rolled sheet 

Figure 8 shows the SAED patterns and TEM 
images of the as-rolled 2195 Al−Li alloy sheet after 
T8 aging at 148 C for 16 h. In the [100]Al SAED 

pattern (Fig. 8(a)), in addition to the spots of the 
matrix, there appear strong and continuous streaks 
passing through {200}Al spots, which indicates the 
formation of a large number of GP zones. 
Accordingly, a lot of GP zones are observed in the 
BF image viewed along the 100Al direction 
(Fig. 8(c)). Meanwhile, weak spots corresponding 
to  precipitates appear at {110}Al and {100}Al 
(Fig. 8(a)). Some fine  precipitates and /GP/ 
composite precipitates are observed in the DF 
images viewed along the 100Al direction (Figs. 8(d, 
e)). No streaks corresponding to T1 precipitates 
appear at 1/3(220)Al and 2/3{220}Al in the [112]Al 
SAED pattern (Fig. 8(b)), indicating that no T1 
phases are precipitated. 

As the aging time is extended to 38 h, the 
corresponding SAED patterns and TEM images are 
shown in Fig. 9. In the [112]Al SAED pattern   
(Fig. 9(a)), clear streaks passing through 1/3{220}Al 
and 2/3{220}Al spots are observed. Meanwhile, 
bright spots also appear at 1/3{220} and 2/3{220} 
in the [100]Al SAED pattern (Fig. 9(b)). These 
indicate that there exist a lot of T1 precipitates, 
concentrated and uniform T1 precipitates are 
therefore observed in the DF image viewed   
along the 112Al direction (Fig. 9(c)). In addition, 

 

 

Fig. 8 SAED patterns and TEM images of as-rolled 2195 Al−Li alloy sheet after T8 aging at 148 C for 16 h: (a) [100]Al 

SAED pattern; (b) [112]Al SAED pattern; (c) TEM BF image showing GP zones viewed along 100Al direction;     

(d) TEM DF image showing  precipitates viewed along 100Al direction; (e) TEM DF image showing /GP/ 
composite precipitates viewed along 100Al direction 
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Fig. 9 SAED patterns and TEM images of as-rolled 2195 Al−Li alloy sheet after T8 aging at 148 C for 38 h: (a) [112]Al 

SAED pattern; (b) [100]Al SAED pattern; (c) TEM DF image showing T1 precipitates viewed along 112Al direction;  

(d) TEM DF image showing  precipitates viewed along 100Al direction. (e) TEM DF image showing /GP/ and 

// composite precipitates viewed along 100Al direction 

 

although continuous streaks passing through 
{200}Al spots are still observed, their intensity is 
obviously decreased (Fig. 9(b)), indicating that the 
fraction of GP zones is decreased. Meanwhile, spots 
at {100}Al and {110}Al still can be distinguished, 
and discontinuous streaks passing through {110}Al 
spots are observed in the [100]Al SAED pattern. 
Accordingly,  precipitates, some /GP/ and 
// composite precipitates are observed    
(Figs. 9(d, e)). 

As the aging time is further extended to 96 h, 
the SAED patterns and TEM images are shown in 
Fig. 10. Clear streaks corresponding to T1 
precipitates appear in the [112]Al SAED pattern  
(Fig. 10(a)), and a great number of T1 precipitates 
are therefore observed in the DF image taken along 
the 112Al direction (Fig. 10(c)). 

In the [100]Al SAED pattern (Fig. 10(b)), spots 
corresponding to  precipitates are still observed, 
the intensity of the continuous streaks 
corresponding to GP zones is further weakened, and 
the spots corresponding to  precipitates are 
difficult to be distinguished. Many  precipitates 
are observed in the DF image taken along the 
100Al direction (Fig. 10(d)). In addition, although 

the spots corresponding to  are difficult to be 
distinguished, a small number of /GP/ and 
// composite precipitates still can be found in 
the DF image viewed along the 100Al direction 
(Fig. 10(e)). 
3.3.3 Comparison of aging precipitation 

According to the above TEM observations, 
there exist some differences for the extruded plate 
and cold-rolled sheet after T8 aging. 

During the T8 aging process, the incubation 
period of T1 precipitation for the extruded plate is 
shorter than that for the cold-rolled sheet. In the 
extruded plate after 16 h of aging, fine T1 
precipitates are observed (Fig. 5). However, in the 
cold-rolled sheet after the same time (16 h) of T8 
aging, it is difficult to find T1 precipitates (Fig. 8). 

T1 precipitates are distributed more uniformly 
in the cold-rolled sheet after T8 aging. As observed 
in the extruded plate after aging for 16 and 38 h, T1 
precipitates are non-uniform (Figs. 5 and 6). 
Although no T1 precipitates are observed in the 
cold-rolled sheet after 16 h of aging (Fig. 8), they 
are distributed much uniformly after 38 h of T8 
aging (Fig. 9). Meanwhile, it also seems that their 
density is much higher (Fig. 9(c)). 
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Fig. 10 SAED patterns and TEM images of as-rolled 2195 Al−Li alloy sheet after T8 aging at 148 C for 96 h:       

(a) [112]Al SAED pattern; (b) [100]Al SAED pattern; (c) TEM DF image showing T1 precipitates viewed along 112Al 

direction; (d) TEM DF image showing  precipitates viewed along 100Al direction; (e) TEM DF image showing 

/GP/ and // composite precipitates viewed along 100Al direction 

 

 
4 Discussion 
 
4.1 Aging precipitate difference 

The precipitates in the extruded plate and 
cold-rolled sheet after T8 aging are different, which 
is associated with the grain structures in the sample 
E+S and E+CR+S. The grains in the sample E+S 
display non-recrystallized fiber-like grains with 
high aspect ratio, while those in the sample 
E+CR+S present recrystallized grains with a lower 
aspect ratio. The sample E is extruded at a high 
temperature of 460 C, dynamic recovery and 
recrystallization occur during the extrusion process, 
and the final stored energy is lowered. However, in 
the sample E+CR, no dynamic recrystallization 
occurs due to the low temperature, and there exists 
high stored energy in the sample, which therefore 
causes massive recrystallization in the sample 
E+CR+S during the solutionization process. 
However, the low stored energy is not enough to 
cause recrystallization in the sample E+S during the 
solutionization. 

The recrystallization difference impacts the 
dislocation density in the sample E+S and E+CR+S. 

Although the dislocation density in the sample E is 
lower than that in the sample E+CR, the dislocation 
density is much higher in the sample E+S, due to 
massive recrystallization in the sample E+CR+S. 

This dislocation density difference contributes 
to the T1 precipitation difference. During solid state 
transformation, it is necessary to overcome the 
energy barrier for nucleation. For a given local 
super-saturation at a given site, the energy barrier is 
dependent on the misfit strain energy and interfacial 
energy. T1 precipitates are semi-coherent with Al 
matrix, which not only possesses interfacial energy 
but also a certain misfit strain energy. To overcome 
or minimize the resistance or energy barrier, T1 
precipitates prefer to nucleate at the sites of 
dislocation, interface with low-angle grain boundary, 
stacking fault and vacancy cluster. Therefore, the 
dislocations in the solutionized alloy increase the 
nucleation rate of T1 precipitates [29]. 

Although 3.8% pre-stretch is applied, the total 
dislocation density will be higher after pre-stretch 
in the sample E+S, due to its much higher initial 
dislocation density. Therefore, T1 precipitation will 
be easier in the aged sample E+S, which is behaved 
as a shorter incubation time of T1 precipitates. 



Yun-long MA, et al/Trans. Nonferrous Met. Soc. China 30(2020) 835−849 

 

846

According to the TEM observations, it seems 
that the T1 precipitates in the sample E+CR+S after 
T8 aging for 38 h (Fig. 9) are more concentrated 
and uniform. However, there exist four T1 variants 
on different {111}Al planes. As viewed along the 
112Al direction, only one T1 variant can be 
observed. From the observations shown in Figs. 6 
and 9, it is not sure that more T1 precipitates are 
formed in the aged sample E+CR+S than in the 
aged sample E+S. 

KIM and LEE [30] observed the precipitates in 
2090-T8E41 Al−Li alloy with a strong rolling 
texture of Brass {011}211

−
 component by using 

TEM foils parallel to the rolling plane and 
perpendicular to the rolling plane, respectively. T1 
precipitates in the foil perpendicular to the rolling 
plane were more uniformly distributed and their 
size and density were finer and larger respectively, 
than those in the foil parallel to the rolling plane, 
and this phenomenon was associated with Brass 
texture [30]. Prior to T8 aging, it was proposed that 
Brass texture existed, a pronounced {011}211

−
 

texture meant that two of the four possible {111}Al 
planes were oriented perpendicular to the rolling 
plane and the other two were inclined 35.3° to the 
rolling plane. During the pre-stretch, plastic 
deformation was localized on different {111}Al 
plane because of different Schmid factor (FS). As 
shown in Table 2, two “inclined” {111} planes 
(inclined 35.3° to the rolling plane) have the biggest 
FS of 0.41 and will experience the higher resolved 
shear stress during the pre-stretch. However, the 
other two “edge-on” {111}Al planes (perpendicular 
to the rolling plane) have small FS of 0.27 and 0, 
and will experience much smaller resolved shear 
stress during the pre-stretch. Therefore, more 
dislocations, i.e. more nucleation sites for T1 
precipitates are introduced on these two “inclined” 

{111}Al planes by pre-stretch. Conversely, smaller 
T1 nucleation sites on the “edge-on” {111}Al planes 
are provided by the pre-stretch. 

Strong S texture {213}3
−
6
−
4 can cause a 

similar phenomenon. Its highest FS is 0.42, which 
has only one equivalent sliding system number 
(ESSN). Therefore, during the pre-stretch, more 
dislocations are introduced, and therefore more T1 
precipitates nucleate on this {111}Al plane with the 
highest FS, and less T1 precipitates on the other 
{111}Al planes with lower FS. For the Cu texture, 
the highest FS is 0.27 with two ESSNs, which also 
cause non-uniform plastic deformation during the 
pre-stretch. 

As for the Goss, Cube and R-Cube textures, 
their highest FS is 0.41, and ESSNs are 8, 8 and 4, 
respectively. This leads to more uniform plastic 
deformation on different {111}Al planes during the 
pre-stretch. 

The total volume fraction of the textures in the 
sample E+S (83.09%) is larger than that in the 
sample E+CR+S (61.02%). However, it is more 
important that the total volume fraction of the 
textures with low ESSN (including Brass, S and Cu 
textures, 62.67%) in the sample E+S is much higher 
than that in the sample E+CR+S (24.05%). During 
the pre-stretch, the plastic deformation is more 
uniform in the sample E+CR+S than that in the 
sample E+S. This factor in turn leads to 
non-uniform distribution of T1 precipitates on 
different {111}Al planes in the aged sample E+S. 
Therefore, in the T8 aged sample E+S, T1 number 
density on some specific {111}Al planes is much 
higher than that on the other {111}Al planes. It is 
possible to observe lower density of T1 precipitates 
when TEM foil is parallel to the rolling plane. 
However, this does not mean that there are less T1 
precipitates in the T8 aged sample E+S. 

 
Table 2 Schmid factor (FS) of textures corresponding to {111}110 sliding system in Al alloy 

Texture type 
(111) ( 111) (111)  (11 1 ) 

[ 110 ] [10 1 ] [ 011 ] [110] [101] [ 011 ] [110] [101 ] [011]  [ 110 ] [101] [011]

Goss 0.41 0.41 0 0.41 0.41 0 0.41 0.41 0  0.41 0.41 0 

Brass 0.41 0.14 0.27 0.14 0.41 0.27 0.27 0.27 0  0 0 0 

S 0.10 0.23 0.33 0.06 0.007 0.06 0.42 0.33 0.09  0.27 0.09 0.17

Cube 0.41 0.41 0 0.41 0.41 0 0.41 0.41 0  0.41 0.41 0 

R-Cube 0 0 0 0 0.41 0.41 0 0.41 0.41  0 0 0 

Cu 0 0.28 0.28 0.27 0 0.27 0.27 0.27 0  0 0 0 
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Table 3 ESSN and volume fractions of different textures 

and SF  for different samples 

Texture 

type 
ESSN 

Volume fraction/% 

E+S E+CR+S 

Brass 2 25.02 24.05 

S 1 30.26 0 

Cu 2 7.39 0 

Goss 8 0 9.85 

Cube 8 16.26 0 

R-Cube 4 4.16 27.12 

SF  for the samples E+S and E+CR+S is 0.3898 and 0.3818, 
respectively 

 
4.2 Strength difference 

The yield strength of the sample E+S without 
aging is not higher, or even lower than that of the 
sample E+CR+S without aging. However, its tensile 
strength is much higher. It is interesting that both 
the yield strength and tensile strength of the sample 
E+S after T8 aging are obviously higher. This 
phenomenon is correlated with the texture 
difference and the resulting precipitation difference. 

Table 3 lists the volume fractions of different 
textures and the total equivalent FS ( SF ) for the 
sample E+S and E+CR+S. Considering the 
equivalent FS values of total textures [31] and the 
average FS (0.33) of FCC polycrystal, the SF  is 
calculated according to the following equation. 

S S S0 0

n

i i
i

F F F F F     

where Fi means the fraction of different texture, i 
describes the texture type and n refers to the 
number of textures in the sample. FS0 and F0 
represent the average FS and fraction of the rest 
polycrystal without texture, respectively. 

It is found that the SF  of the sample E+S is a 
little higher than that of the sample E+CR+S. 
Because no precipitate strengthening in the samples 
E+S and E+CR+S, higher SF  means easier sliding 
of the dislocations, indicating lower yield strength. 
The higher SF  of the sample E+S contributes to its 
strength not higher or even lower than that of the 
sample E+CR+S. However, higher total volume 
fraction of textures causes a greater geometric 
hardening (strain hardening) effect (Fig. 2(d)), 
which results in the higher tensile strength of the 
sample E+S [32]. 

After aging following the pre-stretch, T1 

phases are precipitated on the {111}Al planes. As 
tensile experiments are performed, the dislocation 
sliding leading to plastic deformation occurs on one 
“inclined” {111}Al plane with higher FS in the Brass 
texture. In this case, the most effective barrier to the 
dislocation sliding will be the T1 precipitates lying 
on the other “inclined” {111}Al plane [30]. In the T8 
aged sample E+S, because of its higher T1 density, 
it can be expected that the yield strength will be 
much higher due to the dislocation sliding barrier 
provided by T1 precipitates on the “inclined” 
{111}Al planes, in spite of lower T1 density on the 
“edge-on” {111}Al planes. 

In the S texture, only one sliding system has a 
maximum FS of 0.42, which will accelerate the 
precipitation of T1 phases and increases their 
density on the corresponding {111}Al plane after 
aging following the pre-stretch. Because the 
dislocation sliding is hindered by the T1 precipitates 
on this sliding system with maximum FS, the yield 
strength is also highly improved. 

According to the above analysis, the 
deformation textures of Brass and S do not show 
direct strengthening effect on the longitudinal yield 
strength of 2195 Al−Li alloy, which corresponds to 
the yield strength of the sample E+S not higher or 
even lower than that of the sample E+CR+S. 
However, these textures can increase the strain 
hardening rate (Fig. 2(d)), which therefore causes a 
higher tensile strength of the sample E+S. In 
addition, after T8 aging, these deformation textures 
cause the yield strength of the aged sample E+S 
much higher than that of the aged sample E+CR+S, 
by increasing T1 nucleation sites during pre-stretch 
and promoting T1 precipitation on specific {111}Al 
sliding plane (i.e. preferred sliding plane) with 
larger FS. 
 
5 Conclusions 
 

(1) The precipitates in the aged 2195 Al−Li 
alloy include T1 (Al2CuLi), (Al2Cu) and       
 (Al3Li) phases, GP zones and /GP/ composite 
precipitates. However, compared to those in the 
cold-rolled sheet, T1 precipitates in the extruded 
plate after T8 aging are non-uniform and their 
incubation time is shorter. 

(2) The extruded plate after solutionization is 
not recrystallized and has a total volume fraction 
83.09% of textures, including 55.28% deformation 
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textures of Brass and S. In the cold-rolled sheet 
after solutionization, massive recrystallization 
occurs, the total fraction of textures decreases to 
61.02% and deformation texture S disappears. 

(4) After solutionization, the extruded plate 
possesses a yield strength not higher or even lower, 
but a tensile strength higher, than the cold-rolled 
sheet, due to its higher fraction of Brass and S 
textures with higher maximum FS and low ESSN. 
However, after T8 aging, these textures increase T1 
nucleation sites during the pre-stretch and therefore 
promote T1 precipitation on specific sliding planes 
(i.e. preferred sliding planes), which in turn causes 
a much higher yield strength of the extruded plate. 
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摘  要：采用挤压及后续冷轧变形制备 2195 铝锂合金板材，研究固溶处理后挤压板材及冷轧薄板的织构以及 T8

时效后的析出相及纵向强度。结果表明，挤压板 T8 时效时 T1(Al2CuLi)相分布不均匀而且孕育期较短。挤压板固

溶处理后未发生再结晶，变形织构 Brass 和 S 体积分数达 55.28%。而冷轧薄板固溶处理后发生严重再结晶，且 S

变形织构消失。由于固溶态挤压板 Brass 和 S 织构分数高，其 Schmid 因子大，等效滑移系数量少，因而其屈服强

度不高甚至低于固溶态冷轧板，但抗拉强度则明显较高。另外，在预变形后的时效过程中，这些变形织构促进 T1

相在优先滑移面析出，从而导致时效态挤压板屈服强度及抗拉强度均高于时效后的冷轧薄板。 

关键词：铝锂合金；冷轧；挤压；织构；析出相；强度 

 (Edited by Xiang-qun LI) 


