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Texture evolution in extrusion and rolling processes of 2195 Al−Li alloy 
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Abstract: The microstructure and texture evolutions during extrusion and rolling processes of the 2195 Al−Li alloy 
were investigated. The EBSD technique was employed to reveal the microscopic evolution mechanisms of different 
texture components. The findings reveal that the texture evolution is governed by two mechanisms: an overall 
orientation transformation induced by plastic strain and a localized transformation occurring at the shearing bands 
within grains. During the rolling process, the extrusion texture components of Ex { }123 111〈 〉  and Cu { }112 111〈 〉  
evolve into S { }123 634〈 〉 , and the Bs { }011 211〈 〉  rotates into the orientations near R-Bs and S. With increasing 
deformation, the S, Bs, and R-Bs orientations further rotate around the TD axis and disperse into new orientations, 
forming recrystallized grains. The shearing bands with different initial orientations exhibit similar orientation evolution 
patterns, all of which evolve from the initial orientation to a series of recrystallization orientations. 
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1 Introduction 
 

Compared with the conventional aerospace 
aluminum alloys, such as the 2xxx and 7xxx series, 
third-generation of Al−Li alloys exhibits a lower 
density, a higher elastic modulus, and superior 
specific strength and stiffness [1,2]. The addition of 
1 wt.% Li to Al can decrease the density by 3% and 
increase the stiffness by 6% [3]. Moreover, the 
presence of Li promotes precipitation and improves 
the fatigue resistance and damage tolerance of   
the alloy [4]. Therefore, Al−Li alloys have found 
increasing use in the aerospace industry, including 
aircraft fuselage skins and stringers, launch vehicle 
fuel tanks, and structural parts for spacecraft 
resource storage [5]. Since these components are 

commonly used, understanding the evolution of 
microstructures during thermoplastic-forming of the 
components is crucial, as it directly affects the final 
mechanical properties. 

It is widely known that strong crystallographic 
textures are often formed in Al−Li alloy parts. 
These texture components significantly impact  
the static strength, dynamic fatigue performance, 
anisotropy of mechanical properties, and corrosion 
resistance [6−8]. The formation and evolution of 
textures are closely associated with deformation 
temperature, strain type and level experienced by 
the billet. Aluminum-based alloys tend to develop 
〈111〉 and 〈100〉 fiber textures during the extrusion 
process because of triaxle compressive stress, 
whereas β-fiber textures are often formed in rolling 
plates [9−11]. The texture components involved in 
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the β-fiber are relatively uniform under cold rolling, 
whereas the Bs component increases substantially 
during hot rolling [6]. MAURICE and DRIVER [12] 
and VATNE et al [13] reported that the Bs 
component contains fewer substructures and has 
lower stored energy, which prevails for deformation 
conditions at low strain rates and high temperatures. 
Additionally, texture evolution can be altered 
significantly by shear strain, which is often 
introduced through multidirectional forging or 
asymmetric rolling [14,15]. A strong shear strain 
weakens deformation textures, such as 
Bs{011}〈211〉, S{123}〈634〉, and Cu{112}〈111〉, 
and transforms them into γ-fiber and R-Cube 
textures. Such texture modifications are believed to 
increase the Lankford parameter of the plate, thus 
improving formability [16]. In addition to the 
deformation parameters, the texture evolution is 
also dependent on the initial grain orientation and 
alloy composition [17−19]. For example, 
Cube-oriented grains are inclined to form the S 
orientation during rolling, whereas grains with an 
R-Cube orientation tend to transform into Cu 
orientation [20,21]. The Goss orientation may rotate 
into the Bs texture or remain unchanged under 
different deformation conditions [22]. However, the 
above evolution rules have exceptions for different 
alloys and deformation conditions. RAABE et al 
[23], and LIU and MORRIS [24] reported that the 
Cube orientation could transform into Bs via α-fiber 
or R-Cube. 

The texture evolution in terms of microscopic 
view is governed by shearing bands, grain rotation, 
and recrystallization behavior during deformation. 
The microstructure of Al−Li alloys varies when 
subjected to different deformation conditions.   
The shearing bands are more prominent during 
deformation at low temperatures and high strain 
rates, whereas recrystallization is inhibited [25,26]. 
The dislocations tend to annihilate through recovery 
and recrystallization at high temperatures and   
low strain rates [27]. In many cases, these two 
mechanisms coexist, and the grain orientation 
transformation occurs simultaneously in diverse 
ways. At present, the effects of deformation 
parameters on the overall texture and mechanical 
properties of Al−Cu−Li alloys have attracted 
considerable attention [11,28,29]. However, there is 
a notable lack of specific information regarding  
the micro-mechanisms of the grain orientation 

transformation during extrusion and rolling 
processes, which is essential for predicting and 
controlling texture components. Moreover, the 
formation of recrystallized grains and special grain 
boundaries is also closely related to the orientation 
transformation process, which is fundamental    
for refining grains and suppressing abnormal 
coarsening. 

In this study, the microstructure and texture 
evolution behaviors are examined during the 
extrusion and rolling processes of 2195 alloy    
via electron backscatter diffraction (EBSD) 
characterization and analysis. Specifically, the 
micro-mechanisms underlying the evolution of 
various initial texture components are elucidated. 
These findings provide theoretical guidance for 
predicting and controlling texture in the thermo- 
plastic forming process of Al−Cu−Li alloys. 
Furthermore, this work also provides valuable 
assistance for in-depth research on abnormal grain 
growth during thermal deformation and heat 
treatment. 
 
2 Experimental 
 
2.1 Processing methods 

The chemical composition of the as-cast  
2195 alloy is Al−4.08Cu−1.06Li−0.51Mg−0.35Ag− 
0.09Zr (wt.%). First, the as-cast billet was 
homogenized at 500 °C for 24 h to eliminate 
segregation defects and enhance microstructure 
uniformity. After homogenization, the billet was air 
cooled to room temperature. The homogenized 
billets with a size of d120 mm × 370 mm were 
subsequently preheated to 470 °C and subjected  
to hot extrusion on an 800 T extruder. The rod 
speed was set as 1.0 mm/s. The extrusion cylinder 
diameter was 125 mm, and the extrusion ratio was 
therefore 25꞉1. After the extrusion process, a plate 
with a cross-sectional size of 60 mm × 8 mm was 
produced. 

To conduct the rolling experiments, the 
extruded plate was first cut to a length of 100 mm. 
The plates were preheated at 460 °C for 20 min to 
ensure uniform heating. Several rolling experiments 
were carried out to obtain the rolled plates with 
different thicknesses. Table 1 lists the processing 
parameters and their corresponding labels for each 
experiment. Thin plates required multiple rolling 
passes due to the large reduction in thickness. To 
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Table 1 Experimental process parameters 

Label Processing 
technology 

Rolling 
reduction/mm 

Rolling 
temperature/ 

°C 

EX Extrusion − − 

SR460-6 
Extrusion and 
synchronous 

 rolling 

2 (Single 
pass) 460 

SR460-4 
Extrusion and 
synchronous 

 rolling 

4 (Two 
passes) 460 

SR460-2 
Extrusion and 
synchronous 

 rolling 
6 (Three passes) 460 

SR460-1 
Extrusion and 
synchronous 

 rolling 

7 (Four 
passes) 460 

DSR 
Extrusion and 
asymmetric 

 rolling 

6 (Three passes 
with different 
speed ratios of 

1:1.2 and 1:1.6) 

460 

 
maintain the rolling temperature, a heating 
treatment at 460 °C for 5 min was applied    
before each rolling pass. The asymmetric rolling 
experiments were also carried out to obtain the 
rolled plates with shear deformation. Aside from 
different roller speeds, all the other experimental 
conditions of asymmetric rolling remained 
consistent with those of symmetric rolling. The 
extrusion direction (ED) of the plates was set as the 
rolling direction. To provide a clear depiction of the 
experimental procedures, Fig. 1 presents a diagram 
illustrating the processing route. 
 
2.2 Sampling and characterization methods 

To study the microstructure of plate with 
different processes, samples were cut for EBSD 
characterization. The sampling location and 
direction are shown in Fig. 2. The rolling direction 
is designated as RD, the transverse direction is 
designated as TD, and the direction perpendicular to 
the RD−TD plane is referred to ND. The ND−RD 
(ED) plane of the sample is selected as surface for 
microstructure observation, which offers a suitable 
representation for analyzing the microstructural 
features. A shear deformation layer usually exists 
on the surface of the rolled plate, which has a 
significantly different microstructure from the 
interior. However, the overall mechanical properties 

 

 
Fig. 1 Schematic diagram of extrusion and rolling 
processes 
 

 
Fig. 2 Schematic diagram of sampling and 
characterization regions 
 
of the plate are governed by the internal micro- 
structure rather than by a thin surface layer. 
Therefore, the characterization location is chosen 
within the intermediate region along the ND, as 
shown in Fig. 2. To investigate the dislocation 
characteristics of different samples, transmission 
electron microscopy (TEM) analysis was performed. 
The TEM foil samples were cut from the central 
layer of the plate along the ND. 

The EBSD samples were mechanically 
polished to a mirror-like finish and then 
electrolytically polished to remove the strain   
layer. The electrolyte used was a mixture of 10% 
perchloric acid and 90% ethanol, with electrolysis 
parameters of 25 V for 10 s. EBSD test was 
conducted on a scanning electron microscope (Zeiss 
Gemini 300) equipped with an EBSD attachment, 
and the collected data were subsequently analyzed 
by HKL-CHANNEL5 software. Low-angle grain 
boundaries (LAGBs) are defined as misorientation 
angle between 2° and 15°, whereas high-angle grain 
boundaries (HAGBs) have a misorientation angle 
above 15°. For quantitative analysis of the   
texture components, three-dimensional orientation 
distribution function (ODF) was computed from the 



Yong-xiao WANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3218−3239 

 

3221 

collected orientation data via a series of expansion 
methods. In this calculation, the maximum 
harmonic function Lmax=22, and the Gaussian 
half-width required for calculating the C coefficient 
is set at 5°. The computed ODF was then utilized  
to quantitatively evaluate the volume fractions of 
different texture components. The pole figure was 
plotted using the stereographic projection method, 
which facilitated the analysis of the local 
orientation evolution. The foil samples for TEM 
characterization were first mechanically reduced to 
a thickness of 50 μm, followed by final thinning on 
a precision ion polishing system (Gatan PIPS II 
695). The prepared foils were observed on an FEI 
Tecnai F20 transmission electron microscope 
operating at 200 kV. 
 
3 Results and discussion 
 
3.1 Influence of extrusion and rolling processes 

on grain structure 
The EBSD images of the as-cast 2195 Al−Li 

alloy are presented in Fig. 3. The IPF map, as 
shown in Fig. 3(a), reveals an equiaxed grain 
structure in the as-cast alloy. The grain size in   
the alloy significantly varies, ranging from tens to 

hundreds of micrometers, with an average size of 
164 μm. In Fig. 3(b), the misorientation distribution 
reveals that the proportion of HAGBs accounts for 
88.0%, with an average misorientation angle of 
39.9°. Figure 3(c) shows pole figures of the {110} 
and {111} planes, indicating a widely distributed 
polar density without orientation concentration. 
These results indicate that the grains in the as-cast 
alloy have random orientations. 

To assess the impact of rolling deformation 
and temperature on the microstructure, EBSD 
analyses were conducted on the rolling plates with 
different thicknesses. Figure 4 shows IPF maps, 
recrystallization maps, grain boundary maps, and 
misorientation distributions for each sample. The 
black lines in the grain boundary maps represent 
HAGBs, whereas the red, green, and blue lines 
correspond to LAGBs with misorientation of 2°−5°, 
5°−10°, and 10°−15°, respectively. The deformed, 
substructured, and recrystallized grains were 
determined by Recrystallized Fraction Component 
in HKL-Channel5 software. If the average angle 
within a grain exceeds minimum misorientation of 
2° for LAGBs, then the grain is deemed deformed 
and is represented in red on the map. Additionally, 
some grains comprise several subgrains whose internal 

 

 
Fig. 3 EBSD images of as-cast 2195 alloy: (a) IPF map; (b) Misorientation angle distribution; (c) Pole figures 
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Fig. 4 EBSD images of samples produced by different processes: (a1−a4) EX sample; (b1−b4) SR460-6 sample;     
(c1−c4) SR460-4 sample; (d1−d4) SR460-2 sample; (e1−e4) SR460-1 sample 
 
misorientation is less than 2°, but the misorientation 
between the subgrains exceeds 2°, which are 
classified as substructured grains and identified in 
yellow. All the remaining grains are classified as 
recrystallized grains marked with blue. 

Figures 4(a1−a4) present EBSD images of the 
extruded sample. Elongated grains with a fibrous 
morphology are formed because the as-cast billet 
experiences substantial unidirectional stress along 
the extrusion direction. The grain orientations are 
mainly ED//〈111〉 and 〈100〉, which are typical 
extrusion fiber textures. The microstructure of the 
plate is predominantly composed of substructure 
grains, with a minor presence of deformation grains 
and recrystallized grains. Many LAGBs exist in the 
grains, accounting for 68.7% of the total, with an 
average misorientation angle of 16.5°. During hot 

extrusion processing, intense plastic deformation 
induces dislocation multiplication, motion, climb, 
and cross-slip. Simultaneously, the heat generated 
by intense deformation and friction elevates the 
temperature within the die cavity. For Al−Li alloy 
with high stacking fault energy (SFE), the dynamic 
softening mechanism at high temperatures is 
governed by dynamic recovery (DRV) and 
continuous dynamic recrystallization (CDRX) 
[30,31]. Dislocations undergo rapid movement and 
rearrangement, which results in the formation    
of dislocation cells and subgrain boundaries.   
This process contributes to the generation of a 
substantial quantity of LAGBs and substructured 
grains in the microstructure. 

The EBSD results of the SR460-6 sample   
with a rolling reduction of 2 mm are shown in 
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Figs. 4(b1−b4). The width of the fibrous grains 
decreases, and the shearing bands emerge within  
the grains. The recrystallized grains transform into 
substructured grains, and more deformed grains are 
formed. Moreover, more LAGBs develop within the 
fibrous grains, and the fraction of LAGBs increases 
to 77.0%. Compared with that of the EX sample, 
the misorientation distribution of the SR460-6  
sample also significantly changes. There is 20.5% 
increase in the proportion of LAGBs with low 
misorientation angle of 2°−5°, leading to a relative 
decrease in the proportion of grain boundaries with 
misorientation angle above 6°. During hot rolling, 
dislocations are persistently generated and rapidly 
rearranged, resulting in the formation of new 
LAGBs through dynamic recovery. As a result, the 
newly formed LAGBs have low misorientation 
angle ranging from 2° to 5°. 

As the rolling reduction increases, the width of 
grains in the SR460-4 and SR460-2 samples continues 
to decrease, and the shearing bands within the 
grains become increasingly dense, as shown in 
Figs. 4(c1−c4) and Figs. 4(d1−d4), respectively.  
The deformed grains emerge as the dominant  
grain structure, whereas the substructured grains 
and large recrystallized grains gradually diminish. 
Numerous small recrystallized grains develop 
within the matrix, most of which arise from the 
fragmentation of narrow fibrous grains. During 
high-temperature deformation of alloys with high 
SFE, deformed grains elongate and develop 
localized serrations under high strain. The thickness 
of the elongated grains decreases to less than 1−2 
subgrain sizes, and the serrations along the grain 
boundaries pinch off, leading to the formation of 
fine equiaxed grains. This phenomenon, termed 
geometric dynamic recrystallization [17,32,33], 
aligns well with the microscopic features observed 
in the SR460-4 and SR460-2 samples. Additionally,  
the grain orientation gradually changes with the 
progression of rolling deformation. The grains 
initially oriented with 〈111〉//ED change towards an 
orientation closer to 〈112〉, and the grains with 
〈100〉//ED also transform into other orientations. 
The special orientation evolution cannot be 
captured by the IPF maps and requires further 
analysis by means of the pole figure. 

In terms of the grain boundary characteristics, 
the misorientation distributions indicate that the 
proportion of LAGBs continues to increase in both 

the SR460-4 and SR460-2 samples. However, the 
growth rate of LAGBs in SR460-4 sample is 
significantly lower than that in SR460-6 sample. The 
increase in deformation promotes the formation   
of new grains through the geometric dynamic 
recrystallization and orientation rotation at shearing 
bands. Additionally, the occurrence of the static 
recrystallization becomes more significant as the 
annealing between rolling passes is applied. These 
processes collectively result in an increase in the 
fraction of HAGBs, which, in turn, reduces the 
proportion of LAGBs and slows their growth rate. 
Further observation reveals differences in the 
misorientation angle distributions between the 
SR460-2 and SR460-4 samples. For the SR460-2 sample, 
the proportion of grain boundaries with low 
misorientation angle of 2°−5° decreases 
significantly. Conversely, the proportion of grain 
boundaries with misorientations ranging 5°−15° 
increases greatly. This finding can be attributed to 
the greater rolling reduction experienced by the 
SR460-2 sample, which results in a greater number of 
dislocations and greater stored energy. The alloys 
with high storage energy are more susceptible to 
both static recovery and recrystallization during 
interpass annealing. This facilitates a shift from  
low misorientation angle to medium and high 
misorientation angle. 

A thinner plate with a thickness of 1 mm was 
obtained, i.e., sample SR460-1, by further increasing 
the number of rolling passes and the reduction. 
Figures 4(e1−e4) show the EBSD images of the 
sample. The grain size of the sample significantly 
increases instead of the further narrowing of the 
fibers. Furthermore, considerable alterations in  
the grain orientation occur, accompanied by the 
presence of shearing bands within the grains. 
Compared with that of the SR460-2 sample, the  
grain boundary density of the SR460-1 sample is 
substantially reduced. Additionally, the proportion 
of LAGBs in the SR460-1 sample decreases 
significantly, whereas the percentage of grain 
boundaries with a low misorientation angle between 
2° and 5° increases. Nevertheless, no entirely 
recrystallized grains free of LAGBs are found. The 
above observations indicate that the microstructure 
of the SR460-1 sample undergoes significant 
recrystallization and grain coarsening, after   
which the coarse recrystallized grains experience 
deformation again. Upon rolling the plate to 
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approximately 2 mm, as depicted in Figs. 4(d3, d4), 
a significant increase in the dislocation density and 
intragranular substructure is observed, leading to a 
substantial accumulation of storage energy. This 
elevated storage energy facilitates recrystallization 
and grain boundary migration during the interpass 
annealing stage prior to final deformation. 
Consequently, coarse recrystallized grains are 
formed. These grains are further deformed in    
the final rolling pass, generating new LAGBs 
primarily exhibiting a misorientation angle ranging 
2°−5°. 

According to the above analysis, the critical 
strain inducing significant recrystallization and 
rapid grain coarsening during rolling deformation 
of the extrusion plate is between 1.4 and 1.9 (rolling 
reduction of approximately 75%−85%). Once the 

strain exceeds this critical value, rapid 
recrystallization and grain coarsening occur in a 
short period. 

To examine the microstructure evolution of  
the 2195 alloy under intense shear deformation, 
asymmetric rolling experiments were performed at 
various differential speed ratios. Figure 5 shows  
the EBSD images of the rolled plates. Figure 5(a) 
clearly shows that the grain structure resulting  
from asymmetric rolling significantly differs from 
that obtained through synchronous rolling. Coarse  
grain layers approximately 100−200 μm thick are 
formed on the plate surfaces. Within the plate, a 
layered microstructure is observed with alternating 
coarse and fine grains. The grain orientations    
are completely randomized. The misorientation 
distribution presented in Fig. 5(b) reveals that the 

 

 
Fig. 5 EBSD images (a, c, e) and statistics of grain boundary distributions (b, d, f) of asymmetrically rolled samples: 
(a, b) DSR1.2 sample; (c, d) Area I in (a); (e, f) DSR1.6 sample 
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proportion of HAGBs amounts for 80.4% and 
aligns well with the Mackenzie distribution curve, 
indicating that the grains adopt a predominantly 
random orientation [34]. These findings suggest 
that the plate experiences thorough recrystallization 
process during asymmetric rolling. 

Figure 5(c) presents an enlargement of Area I 
to provide a clearer morphology of the fine-grained 
region. The grain size within the fine-grained region 
mostly ranges from 5 to 10 μm. These fine grains 
result from fragments of the original fibrous  
grains. Notably, the boundaries of small grains are 
delimited partly by LAGBs and partly by HAGBs. 
These characteristics are typical results of the 
continuous dynamic recrystallization processes 
[35−37]. During asymmetric rolling, the plate 
experiences severe shear deformation, leading to 
higher strain than that during synchronous rolling. 
A greater stored energy provides a strong driving 
force for recrystallization. Furthermore, shear strain 
facilitates grain rotation and the formation of 
distinct orientations [38,39]. A more random 
orientation tends to cause grain coarsening during 
interpass annealing. 

Figures 5(e, f) present the IPF maps and 
misorientation distributions of the rolled plate with 
a differential ratio of 1꞉1.6. The grain morphology 
and orientation under the high differential ratio are 
consistent with those observed in DSR1.2 sample. 
Therefore, under high-temperature deformation 
conditions, shear deformation is more prone to 
induce recrystallization and grain coarsening. 
However, once the critical conditions are met, 
further increasing the shear degree has little effect 
on the microstructure. 

Figure 6 presents TEM images of samples 
under different deformation conditions, revealing 
the changes in dislocations within the grains. The 
overall morphology of the dislocations was 
observed at a lower magnification, and then the 
dislocation density and distribution for different 
samples were compared under the same zone axis 
of 〈011〉Al. In the hot extruded plate (EX sample), 
the dislocation density is low and exhibits a 
relatively uniform and dispersed distribution, as 
shown in Figs. 6(a, b). After rolling with a 
reduction of 2 mm (SR460-6 sample), an increase   
in the number of dislocations is observed, with 
localized accumulation as indicated by the yellow 
boxes in Fig. 6(d). As the rolling reduction 

increases to 4 mm (SR460-2 sample), the dislocation 
within the matrix becomes exceedingly dense, as 
depicted in Figs. 6(e, f). Even at high magnification, 
the dispersed dislocation lines become difficult to 
discern. Therefore, the accumulated dislocation 
density in the alloy gradually increases as 
deformation intensifies, which is consistent with the 
results from the EBSD analysis presented in Fig. 4. 

Figures 6(g, h) present TEM images of the 
asymmetrically rolled sample DSR1.2. A certain 
number of dislocations can be observed in large 
grains, but the dislocation density is much lower 
than that of the synchronous rolling sample SR460-2. 
In addition, numerous small microscale grains are 
visible in the DSR1.2 sample. These small grains 
exhibit an absence of dislocations, which are 
probably formed by recrystallization as new grains. 
The microstructure is consistent with the mixed 
grain structure previously shown in Fig. 5(a). This 
phenomenon confirms the occurrence of dynamic 
recrystallization in DSR1.2 sample. The dislocations 
present in large grains are produced by further 
deformation of the growing recrystallized grains. 
These findings of dislocation evolution further 
confirm that under identical deformation 
temperature and reduction, asymmetric rolling   
has a greater propensity for inducing dynamic 
recrystallization than synchronous rolling does. 
 
3.2 Influence of extrusion and rolling processes 

on texture 
To further analyze the texture types and 

variations in the samples subjected to different 
processes, Fig. 7 shows ODF sections at φ2 values 
of 15°, 20°, 45°, 75°, and 80°. The color lines in the 
sections outline the positions of the four primary 
deformation textures: Cu { }112 111 ,〈 〉 Ex{123}-
111 ,〈 〉  S { }123 634 ,〈 〉  and Bs { }011 211 .〈 〉  The 

maximum deviation angle from the ideal positions 
of the textures is 15°. 

As can be seen, four kinds of deformation 
textures are included in the extrusion and rolling 
plates. However, the intensity of the texture 
components varies in the samples according to the 
processing conditions. The Ex and Cu components 
exhibit the highest intensity in the extrusion plate, 
whereas the Bs and S components are slightly 
weaker, with a trace amount of Cube component. 
As the degree of rolling deformation increases,  
the intensities of the Ex and Cu components in the  
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Fig. 6 TEM images of samples under different deformation conditions: (a, b) EX sample; (c, d) SR460-6 sample;     
(e, f) SR460-2 sample; (g, h) DSR1.2 sample (Inset shows dislocations at high magnification) 
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Fig. 7 ODF sections of samples with different processes: (a1−a5) EX sample; (b1−b5) SR460-6 sample; (c1−c5) SR460-2 
sample; (d1−d5) SR460-1 sample; (e1−e3) DSR1.2 sample 
 
SR460-6 and SR460-2 samples decrease and deviate 
progressively from their ideal positions. In contrast, 
the S component intensity increases significantly 
and shifts towards its ideal position. As the rolling 
deformation further increases, all textures within 
the SR460-1 sample obviously weaken, because 
strong dynamic recrystallization occurs above the 
critical deformation degree and gives rise to new 
grains with random orientations. Moreover, the 
asymmetrically rolled sample, DSR1.2, exhibits a 
more random orientation, as confirmed by the ODF 
sections presented in Figs. 7(e1−e3), which agrees 
with the observations in Fig. 5. 

Table 2 lists the proportions of primary texture 
components present in each sample. The proportion 

of the 〈111〉//ED fiber texture is approximately 50% 
in the extrusion plate, with the Ex component 
attaining the highest proportion at 31.5% and the 
Cu component accounting for 18.3%. As the rolling 
process progresses, the texture components change 
in two trends. On the one hand, the proportions of 
Ex and Cu components decrease gradually, which is 
more obvious at larger deformations. On the other 
hand, the proportion of the S component has a large 
increase. The proportions of Ex and Cu components 
decrease to 11.5% and 7.3%, respectively, in the 
SR460-2 sample, whereas the S proportion increases 
to 31.9%. Additionally, the Bs component remains 
relatively stable, and the Cube component always 
maintains at a low level of intensity. These changes  
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Table 2 Proportion of each texture component in samples with different processes (Deviation angle of 10°) 

Texture type 
Euler angle/(°)  Texture component fraction/% 

φ1 Φ φ2  EX SR460-6 SR460-4 SR460-2 SR460-1 DSR1.2 

Ex{123} 111〈 〉  43 58 18  31.5 28.1 13.3 11.5 11.8 2.2 

Cu{112} 111〈 〉  90 35 45  18.3 12.0 10.0 7.3 6.0 1.9 

S{123} 634〈 〉  59 37 63  14.6 15.3 20.3 31.9 10.4 6.4 

Bs{011} 211〈 〉  35 45 0  13.2 16.1 13.1 16.0 10.0 2.9 

Cube{001}〈100〉 0 0 0  2.8 4.2 2.2 2.2 0.7 0.8 
 
in texture proportion result in a shift of the 
〈111〉//RD fiber texture towards a nearly 〈112〉//RD 
orientation. Upon exceeding the critical rolling 
deformation, strong recrystallization and grain 
coarsening occur within the microstructure, leading 
to a notable reduction in texture intensity. Therefore, 
the SR460-1 sample has smaller proportions of   
each texture. The texture weakening due to 
recrystallization is more prominent in the 
asymmetric rolling sample, DSR1.2. 

The components included in the β-fiber texture 
have distinct characteristics. Compared with the Bs- 
oriented grains, grains with S and Cu orientations 
contain more intragranular substructures and store 
more energy [40,41]. With increasing deformation, 
there is a clear increase in the dislocation density 
and number of LAGBs within the grains, which 
facilitates the formation of a high-storage-energy S 
texture. Additionally, the S-oriented grains with 
higher storage energy are more susceptible to 
recrystallization, whereas the Bs-oriented grains 
exhibit greater resistance to recrystallization. 
Therefore, in the SR460-1 sample experiencing 
significant recrystallization precess, the intensity of 
the S component decreases greatly, whereas the Bs 
component remains relatively stable. 
 
3.3 Micro-mechanism of texture evolution 

The extrusion plate mainly includes four 
deformation textures, namely, Ex, Cu, S, and Bs, 
with a minor presence of 〈100〉//ED fiber texture. 
The evolution of the grain orientation is closely 
associated with the strain. Therefore, it is necessary 
to pinpoint the strain behavior during the rolling 
process. Commonly, the rolled plate significantly 
extends along the RD (x) and becomes thin in the 
ND (z), with minimal deformation in the TD (y). 
Therefore, the slip systems in the deformed grains 
primarily lead to displacements in the RD and ND, 

causing the grains to rotate around the TD and ND 
axes to release εxz and εxy strains [42]. 

On the basis of the analysis of the IPF maps in 
Section 3.1, the evolution of the crystallographic 
texture in the rolling plate can be attributed to both 
the overall change in grain orientation and the local 
orientation transformation at the shearing bands. 
Therefore, in the subsequent analysis, pole figures 
are utilized to assess the evolution behavior 
comprehensively by considering both the overall 
and local orientation alterations. 
3.3.1 Transformation among Cu, Ex, and S 

components 
Figure 8 shows the IPF maps of the EX, 

SR460-6, and SR460-4 samples. The distribution maps 
for various texture components in each sample are 
also presented. The proportions of Ex and Cu 
components decrease as the degree of rolling 
deformation increases, and the proportion of     
Ex component decreases more significantly. 
Conversely, the content of S texture component 
greatly increases, which is in agreement with the 
results presented in Table 2. Furthermore, the colors 
corresponding to the Ex and Cu components appear 
to gradually fade, whereas the color for the S 
component tends to deepen. This suggests that the 
Ex and Cu components deviate from their ideal 
orientations as the degree of rolling deformation 
increases, whereas the S component aligns closer to 
its ideal orientation. 

The distribution maps of the Ex, Cu, and S 
components are superimposed in Figs. 8(a1−c1). 
There is minimal overlap between the positions   
of the Ex and S components in the EX sample, 
whereas a noticeable overlap exists between the Ex 
and Cu components. The triaxial compressive stress 
in the process of extrusion leads to a preferential 
orientation of 〈111〉//ED. However, the constraints 
imposed on the TD and ND are relatively weak, 
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Fig. 8 IPF maps and texture component distribution maps of samples with different processes: (a, a1−a4) EX sample;  
(b, b1−b4) SR460-6 sample; (c, c1−c4) SR460-4 sample 
 
which results in a significant dispersion of 
orientation in these two directions. Therefore, the 
Ex and Cu components mutually include each other. 
Additionally, the proportion of the S component in 
the EX sample is relatively small, thus reducing the 
likelihood of overlap with other components. As 
rolling progresses, the S component in the SR460-6 
sample increases greatly, resulting in substantial 

overlap with the Ex component. Notably, with the 
further increase of rolling deformation, the degree 
of overlap between the Ex and S components in the 
SR460-4 sample turns to decrease, and most areas in 
the map are occupied by a single S component. 
These findings indicate that Ex-oriented grains   
in the extrusion plate gradually transform into 
S-oriented grains during rolling deformation, 
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leading to a significant increase in the content of S 
texture. The superimposed maps also demonstrate 
that the Cu component has minimal overlap with 
the S component in each sample, which implies that 
Cu-oriented grains rarely directly transform to the S 
orientation. However, there is a certain degree of 
overlap between the Cu and Ex components, which 
suggests a potential transformation relationship 
between these two texture components. 

To reveal the evolution traces among the Ex, 
Cu, and S components, pole figure analyses are 
carried out on the specific local positions in the IPF 
Map. First, a transition region from the Ex to S 
orientation is identified in Fig. 8(c) and marked 
with Arrow 1. Then, pole figures of three points 
along the arrow direction are plotted in Fig. 9. It 
can be found that the orientation of Ex (213)[111]  

transforms to S (213)[364]  by a 16.1° rotation 
around the ND axis. In the process of rolling, the 
plate exhibits dominant elongation in the RD, 
which leads to a maximum shear strain of εxy. The 
grains tend to rotate around the ND axis under these 
strain conditions, facilitating a transition from the 
Ex to S orientation. This orientation evolution 
results in a significant increase in the S texture 
component and a notable decrease in the content of 
Ex component. 

Figure 10(a) shows a schematic diagram of  
the orientation transition from ideal Cu to S. 
Cu-oriented grains require rotations of 10.9° around 
the RD axis and 16.1° around the ND axis to 
achieve the ideal S orientation. However, minimal 
deformation occurs in the TD during the rolling 
process, resulting in a low shear strain of εyz. This  

 

 
Fig. 9 Pole figures of three points on path shown by Arrow 1 in Fig. 8(c) and schematic diagram of transition from Ex 
to S orientation 
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Fig. 10 Schematic diagram of transition from ideal Cu to S orientation (a) and evolution of pole figure (b) on path 
shown by Arrow 2 in Fig. 8(c) 
 
constraint limits the grain rotation around the RD 
axis, thus impeding the transformation from the Cu 
orientation to the Ex or S orientation. Similarly, 
rotational hindrance in the RD also restricts the 
transition of Ex towards the Cu orientation. 
Consequently, under small degree of rolling 
deformation, the mutual transformation between  
Ex and Cu is less noticeable in Fig. 8. 

As the degree of rolling deformation increases, 
however, the change in orientation becomes more 
complex because the grains in the polycrystalline 
alloy interfere with and constrain each other     
for coordinated deformation [43,44]. Therefore, 
unexpected evolution paths appear in samples with 
large deformations. Figure 10(b) shows the pole 
figures of three positions on the path shown by 

Arrow 2 in Fig. 8(c). The Cu orientation rotates 
around the ND and RD axes, leading to shifts in 
both the crystallographic plane and orientation.  
The Miller indices gradually change from (112)- 
[111]  to (123)[755]  via (124)[977],  forming 
an orientation between Ex and S. This type of 
orientation deviates from the Cu component and 
can be identified as any one of the Cu, Ex, or S 
components. 
3.3.2 Evolution of Bs and S texture components 

In addition to the Ex, Cu, and S components, 
Bs{ }011 211〈 〉  is also found in the extrusion plate. 
The evolution of the Bs texture during the   
rolling exhibits distinct characteristics. LI et al [6] 
proposed that dislocation slip takes place on two 
equivalent slip planes when grains with the Bs 



Yong-xiao WANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3218−3239 

 

3232 

orientation experience deformation. This slip 
symmetry endows the orientation stability of the Bs 
component. However, this stability decreases as the 
rolling deformation increases to high levels, which 
causes the Bs orientation to change along 
unexpected paths. 

Figure 11(a) shows an IPF map of the SR460-2 
sample at high magnification, in which the grains 
with near Bs and R-Bs orientations are highlighted. 
The orientations in many local areas within Grain A 
deviate from Bs because of the high degree of 
rolling deformation. A local area is selected and 
marked by Arrow 1, where the ideal Bs orientation 
transforms to another. The pole figures are then 

plotted on three points along the path indicated by 
Arrow 1. The Bs (011)[211]  orientation undergoes 
an 18o rotation around the RD axis and transforms 
into the (153)[211]  orientation. This orientation is 
very close to S (132)[643], with a deviation of only 
3.5° around the TD axis. Therefore, it is reasonable 
to conclude that Bs-oriented grains gradually 
approach the S orientation during the rolling 
deformation. HIRSCH and  LÜCKE [42] reported 
that changes in the grain shape during the rolling 
process can lead to a decrease in the Bs orientation 
stability and result in a transition to S orientation. 
CHOWDHURY [45] also observed that the Bs 
orientation evolves into the S orientation during the  

 

 
Fig. 11 IPF map of SR460-2 sample (a); Pole figures and corresponding evolution schematic diagrams along path shown 
by Arrow 1 (b) and Arrow 2 (c) in (a) 
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rolling process in a 5182 aluminum alloy. Figure 8 
clearly illustrates that the fibrous grains exhibit a 
significant reduction in thickness when subjected to 
extensive rolling deformation, which results in a 
flattened morphology. This deformation induces an 
εyz strain and triggers a rotation in the grain 
orientation around the RD axis. This finding also 
offers an explanation for the phenomenon that the 
Cu orientation gradually approaches to the S/Ex 
orientation during large deformation. 

The extrusion plate contains a small number  
of variants of the Bs component, which mainly 
consists of R-Bs formed by the rotation of Bs 
around the ND axis. The most representative 
example is the component with a Miller index of 
{ }011 311〈 〉 , which arises from a 10° rotation of Bs 
around the ND axis. The path indicated by Arrow 2 
in Fig. 11(a) is a typical evolution of the R-Bs 
{ }011 311〈 〉  orientation. Figure 11(c) presents pole 

figures of three points along this path. The R-Bs 
(011)[311]  orientation rotates around both the  
RD and TD axes and gradually evolves into the 
(158)[731]  orientation, which is distinct from the 
evolution of the Bs orientation. 

More generally, a series of R-Bs components 
with different orientation indices can be generated 
by rotation of Bs around the ND axis with various 
angles. To further investigate the evolution of the 
R-Bs type orientations, Grain B is highlighted in 
Fig. 11(a), in which a series of orientations near 
R-Bs are included. The pole distribution map 
projected by Grain B is presented in Fig. 12(a). 
Clearly, there are two types of orientations within 
the grain. The red poles primarily result from a 20° 
rotation of the R-Bs (011)[522]  orientation around 
the RD axis, whereas the purple poles result from a 
15° rotation of the R-Bs (011)[411] orientation 
around the RD axis. Moreover, these two types of 

 

 
Fig. 12 Pole distribution maps of Grain B (a) and Grain C (b) in Fig. 11(a) 
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poles tend to rotate around the TD axis and 
transform to other orientations. On the basis of the 
analysis, it can be concluded that the R-Bs type 
orientations have similar evolution mode, both of 
which rotate around the RD and TD axes and 
evolve towards other orientations. In contrast to Bs, 
the R-Bs type orientations do not transform to the  
S orientation. Moreover, the greater the deviation 
from the initial orientation of the Bs is, the more 
divergent the final orientation is from S. 

Alternatively, the evolution of R-Bs type 
orientations can be analyzed from another 
perspective. During the rolling process, Bs-oriented 
grains rotate around the ND, RD, and TD axes by 
variable angles owing to differences in the grain 
shape, strain state, and orientation deviation. As a 
result, a series of R-Bs type orientations are formed. 
As the rolling deformation increases, the orientation 
deviation becomes increasingly amplified and  
leads to the formation of new grains with the 
distinct orientations. This phenomenon manifests  
as grain fragmentation or geometric dynamic 
recrystallization in the IPF map. In this sense, the 
evolution components from R-Bs can encompass 
three textures: Bs, R-Bs, and S. Therefore, the 
orientation evolution behavior described can also be 

applicable to the three components. Figure 12(b) 
presents the pole distribution of Grain C in 
Fig. 11(a), which has a near R-Bs(011)[311]   
orientation. The circles in this figure represent the 
corresponding texture ranges with a deviation angle 
of 15o. It is evident that R-Bs (011)[311] , Bs, and S 
cannot individually cover all poles from the grain. 
In addition, a few poles lie outside the ranges of all 
three textures. This suggests that, approximately the 
same initial orientations (such as Bs, R-Bs, and S in 
the nonideal position) undergo increasing deviation 
as deformation progresses and move towards 
different final destinations. This process ultimately 
leads to the formation of new fragmented grains 
with distinct orientations. 
3.3.3 Evolution of Cube texture component 

The extrusion plate contains a minor quantity 
of Cube {001}〈100〉 texture components, which 
primarily exist in the form of 〈100〉//ED fiber 
texture. As rolling progresses, the Cube orientation 
undergoes evolution. Figure 13(a) shows IPF map 
of the SR460-2 sample, in which a local region within 
the Cube-oriented grain is selected to analyze the 
orientation evolution. The pole figures of three 
points along the arrow are plotted in Fig. 12(b). The 
ideal Cube (001)[010] orientation rotates around 

 

 
Fig. 13 IPF map of SR460-2 sample (a); Pole figures along path marked by arrow (b) in (a); Schematic diagram of 
evolution from ideal Cube towards R-Goss orientation (c) 
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the TD axis and gradually aligns with the R-Goss
(0 11)[011]  orientation via the orientation of 
(0 14)[041] . For clarity, a schematic diagram 
depicting the pole movement and lattice rotation is 
provided in Fig. 12(c). The red Cube poles require a 
45° rotation around the TD axis to align with blue 
R-Goss poles. Notably, Figs. 8(c) and 13(a) reveal 
that the initial Cube component rarely transforms 
entirely into R-Goss during the rolling process. 
Instead, it tends to stabilize at an intermediate 
orientation along this transformation pathway. 
3.3.4 Local orientation evolution of shearing bands 

In addition to the general orientation 
transformation, shearing bands within the grains 

also induce local orientation changes. As the degree 
of rolling deformation increases, the shearing  
bands become denser, and the local orientation 
transformation becomes more pronounced, which 
significantly influences the texture evolution of the 
rolling plate. To gain insights into the evolution at 
the shearing bands, the orientations of the shearing 
bands in the grains with four main orientations of 
Cu, Ex, S, and Bs are examined via pole figures. 
Figures 14(a, b) show the IPF maps for the SR460-4 
and SR460-2 samples, in which the points for local 
orientation analysis are marked. The corresponding 
pole figures at each point are presented in 
Figs. 14(c−f). 

 

 
Fig. 14 Evolution of local orientation at shearing bands: (a, b) IPF maps of SR460-4 and SR460-2 samples; (c−f) Pole 
figures at Points 1−16 in (a, b) 
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Figure 14(c) displays pole figures of Points 
1−4 at the shearing band in the Cu-oriented grains. 
The SR460-2 sample, which experienced greater 
deformation, reflects the final transformation 
orientation of the shearing band. Therefore, Points 3 
and 4 are selected from the SR460-2 sample shown  
in Fig. 14(b). The initial ideal Cu (112)[111]  
orientation gradually rotates around the TD    
axis and transforms into the R-Cube(001)[110]  
orientation via the intermediate orientation of 
(114)[221] . The local orientation evolution of the 
shearing bands in Ex-oriented grains is depicted in 
Fig. 14(d). As can be seen, the Ex orientation also 
mainly rotates around the TD axis and approaches 
to the R-Cube orientation, which is roughly 
consistent with that of the shearing band in the 
Cu-oriented grain. This suggests that the shearing 
bands in the grains with Cu and Ex orientations 
evolve towards the recrystallization orientation of 
the R-Cube. It can be inferred that the shearing 
band promotes the formation of new recrystallized 
grains through orientation rotation under sufficient 
deformation. The pole figures for Points 9−12 are 
displayed in Fig. 14(e). The orientation evolution at 
the shearing band in S-oriented grains primarily 
involves rotation around the TD axis, with a  
minor contribution from rotation around the RD 
axis. This rotation process causes the S (213)[364]
orientation to transform to a recrystallized 
orientation of R (214)[121] . A similar evolution is 
observed in Bs-oriented grains, where the shearing 
band orientation also changes through rotation 
around both the TD and RD axes. The shearing 
band evolution also occurs in grains with Cube 
orientation, which is the same as the transformation 
process described in Section 3.3.3. That is, the 
transition from Cube to R-Goss is also achieved 
through rotation around the TD axis. 

The above analysis supports the conclusion 
that the local orientation evolution at the shearing 
bands within grains of various orientations follows 
a consistent mode. This evolution primarily 
involves changing from the initial orientation to a 
new orientation around the TD axis. Additionally, 
grains with S or Bs orientations exhibit a minor 
rotation around the RD axis. The transformation  
of the shearing bands tends to produce various 
recrystallization orientations. Therefore, new 
recrystallized grains can be formed when the 
transformation is substantial. 

 
4 Conclusions 
 

(1) Symmetric rolling leads to narrowing   
and fragmentation of the extrusion fiber grains, 
triggering geometric dynamic recrystallization. 
Intensive recrystallization and grain coarsening can 
be initiated at a rolling strain of 1.4−1.9, resulting 
in a weakened texture. The asymmetric rolling 
introduces greater shear strain than symmetric 
rolling, which further increases recrystallization 
degree and promotes the randomization of grain 
orientations. 

(2) The extrusion plate has a strong 〈111〉  
fiber texture and is primarily composed of Ex 
{123} 111〈 〉  and Cu {112} 111 .〈 〉  During rolling 
deformation, the Ex and Cu components transform 
to the S{123} 634〈 〉  orientation. When subjected  
to large rolling deformation, the initial Bs{011}-

211〈 〉  texture evolves into R-Bs, S, and adjacent 
orientations. Additionally, the initial Cube{001}- 
〈100〉 texture transforms towards R-Goss{011}-

011 ,〈 〉  but there is a high probability that the 
transformation terminates at a certain orientation in 
the evolution path. These orientation evolutions 
lead to the formation of new grains within      
the original extrusion fiber, finally causing      
the fragmentation and the geometric dynamic 
recrystallization of the fiber grains. 

(3) The shearing bands within grains with 
different orientations exhibit a consistent pattern of 
orientation evolution. This pattern primarily 
involves a rotation of the initial orientation around 
the TD axis to the recrystallization orientation. In 
grains with Ex and Cu orientations, the shearing 
bands transform towards R-Cube(001)[110],  
whereas those in Cube grains change towards 
R-Goss (0 11)[011] . Shearing bands in S grains 
evolve towards R (214)[121] . 
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摘  要：对 2195 铝锂合金进行挤压和轧制变形，研究该过程中显微组织和织构的演变行为。采用 EBSD 技术揭

示了不同织构成分的微观演变机理。研究结果表明，织构演变存在两种机制：塑性应变引起的晶粒整体取向转变

和晶内剪切带导致的局部取向转变。轧制变形时，Ex {123} 111〈 〉 和 Cu {112} 111〈 〉 挤压织构组分转变为 S

{123} 634〈 〉织构；Bs{011} 211〈 〉织构组分则向 R-Bs 和 S 附近取向转变。随轧制变形量增加，S、Bs 和 R-Bs 组

分绕 TD 轴旋转并散化成其他新取向，从而形成新的再结晶晶粒。具有不同初始取向的剪切带局部位置在轧制变

形时其演变路径相似，均是由初始取向转变为一系列再结晶新取向。 

关键词：铝锂合金；织构演变；晶粒取向；挤压和轧制加工；显微组织 
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