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INTRODUCTION
Flat-rolled aluminum products form a significant part of the 
worldwide metal market. They are lightweight, have high 
formability, and are corrosion resistant, among other ben-
efits. However, their manufacture is always accompanied by 
texture formation and, as a result, with anisotropy of their 
mechanical properties. Producers commonly try to avoid this 
anisotropy because it is a source of many subsequent prob-
lems. For example, earing (see Fig. 1) is a major issue be-
cause it can lead to process instability and unusable metal 
[1,2]. The shape and size of ears are directly linked to the 
texture composition [1,2]. Hence, it is critical to control the 
texture evolution during all stages of aluminum sheet man-
ufacturing [3].  
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Fig. 1 - Earing is the dependence of a cup (or other product 
height) from the rolling direction

In general, the texture of commercial aluminum alloys can be 
divided into two types [4]. First, a β-fiber texture that appears 
during the deformation process gives ears at ±45° to the rolling 
direction. Second, a cube-type texture and similar components, 
which give ears at 90° to the rolling direction. The transition 
between these types of textures provides the most common 
method of obtaining the necessary texture composition in alumi-
num alloy products [5]. During hot rolling of the growing β-fiber 
texture components, and after self-annealing, there appears a 
large volume of cube components. Then, in a cold rolling proc-
ess a new β-fiber texture starts to develop. The producer’s task, 
therefore, is to choose appropriate values for the technological 
parameters (temperature, true strain, microchemistry, etc.) of the 
aluminum sheet manufacturing process to achieve a balance in 
the cube and β texture components. This leads to ears overlap-
ping at 45° and 90° to each other with, effectively, a decreased 
total amount of earing.
However, the control of texture and structure development for 
this process is not possible without creating a reliable model 
of the structure and texture evolution during hot rolling. Many 
models that can describe the structure and texture evolution dur-
ing different types of thermomechanical treatment currently exist 
[6–9]. Usually these models are attempts to simulate all physical 
aspects of structure development processes such as dislocation 
evolution, subgrain formation, new grain nucleation and so on. 
The approaches can well describe the general pivotal point of 
texture and structure development; however, they are not ac-
curate enough for practical calculations [10]. Moreover, these 
methods require a generation of large finite element models 
and, as a consequence, are time consuming. As a result, such an 
approach cannot be used in modern rolling equipment, which 
requires faster solution algorithms. 
Consequently, another type of method is more popular, which 
is based on creating phenomenological dependents between 
technological conditions and the amount of different texture 
components and other important entities (for example, the rela-
tionship between a recrystallised and not recrystallised structure) 
[11–14]. For collecting data, which is necessary for such models, 

a Gleeble compression test and experiments with a laboratory 
mill are used usually. The main problems of such trials are that 
complete similarity between industrial mill and laboratory condi-
tions is difficult to achieve. As is well known [15], for reproducing 
all stress-strain conditions of a real industrial mill during labora-
tory tests, in both processes, some entities must be equivalent  
 D  B  Δh  σ  τ   p  υη
(−, −, ⎯, −, −, −, ⎯, αt, μ).
 H  H   H   k  k  k    Hk Firstly, it is very problematic to get a 
geometrical semblance between industrial and laboratory mills. 
For example, it would be never have the same relationship be-
tweenlh l−h

, (l – length of deformation zone; h – its height) if first 
rolling passes are simulated. It also could be some problems with 
the simulation of tension between stands in reversing laboratory 
mill.  In this, results and conclusions, which are obtained from 
using plastometers and laboratory mill experiments, need to be 
checked in real industrial conditions. It is necessary for correct-
ing the information and improving the mathematical models of 
texture and structure evolution. 
There are only a few studies that are devoted to texture and 
structure evolution in real continuous industrial mills.  Article [16] 
presents information about texture and structure evolution like a 
breakdown as a continuous hot rolling. In this work, both math-
ematical simulation as well as industrial experiments are used. 
Structure and texture development in a four-stand continuous 
mill is studied in [17], however, using only mathematical simula-
tion. Only a limited amount of experimental data is presently 
available on the process of texture and structure evolution during 
hot rolling of aluminum alloys in real industrial mills. However, 
without these data it is difficult to develop new models and to 
validate existing models of texture evolution in real industrial 
applications. The primary target of this article is to understand 
texture and structure evolution by hot rolling of three aluminum 
alloys with low-alloy content. This result will allow for validation 
of predictions made by earlier models and aid the development 
of reliable new models.
As was mention before the main aim of this research is to in-
vestigate structure and texture evolution during hot rolling in a 
continuous industrial mill for three low content Al alloys 1100 
(Al – 99.7%), 3104 (Mn – 1.4 %, Mn – 1.2 %, Fe – 0.8%) and 
8011 (Fe – 1.0%, Si – 0.8%). These alloys are not chosen ran-
domly. The 3104AA is well investigated and many publications 
are devoted to its texture and structure during hot rolling. It get 
the possibility to revise and compare results, obtained by this 
model and experiments. For 8011 AA the amount of publica-
tions is more limited. Alloy 8011 contains a considerable amount 
of Fe as an alloying element. Iron has very low solubility in the 
aluminum matrix and as result, that alloy has a high concentra-
tion of intermetallic participles that define its properties. On the 
other hand, pure aluminum 1070 AA has less precipitations and 
participles than 3104 AA and 8011 AA. Additionally 1070 has a 
higher stacking fault energy value defines its behavior by defor-
mation, recovery and recrystallisation. A comparison of texture 
and structure development for that alloy can demonstrate the 
influence of factors such as stacking fault energy and precipita-
tion quantity. 
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EXPERIMENTAL PART 
Ingot of 1070, 3104 and 8011 alloys were rolled down in a re-
versing hot rolling mill and then rolled in a five-stand continuous 
mill (fig. 2) according to the reduction schedules presented in 
Tab. 1. After reaching the steady state conditions, the mill was 
stopped and the metal was rapidly cooled. The samples were 
collected as shown in Fig. 1 (8011 and 1070 alloys started from 
stand F2 according to Tab. 1). The samples was chosen from the 
central layer (by thickness) and then was analyzed by light mi-
croscopy and texture X-ray analysis. The texture and structure 
in self-annealing condition material were investigated for 3104 
and 8011 alloys. These coils were slowly cooled down to room 
temperature. After that, samples were drawn, which were also 
sent to optical microscopy and texture X-ray analysis. 

Fig. 2 - Schematics of sampling at industrial mill during 
experiment.

Tab. 1 - Rolling parameters during experiment for 1070, 8011 and 3104 alloy

Stand F1 F2 F3 F4 F5

1070

Reduction, % —— 55 55 55 45

Strain rate, s-1 —— 2.2 6.9 23.5 58.4

Temperature, C —— 437 —— —— 331

8011

Reduction, % —— 50 50 50 43

Strain rate, s-1 —— 2.1 5.6 16.4 36.9

Temperature, C —— 460 —— —— 340

3104

Reduction, % 43 37 42 50 53

Strain rate, s-1 2.1 4.14 9.52 26.7 80.8

Temperature, C 490 —— —— —— 330

After electrolytic polishing the samples’ microstructure was stud-
ied by light microscopy in polarised light using optical micro-
scope Axiovert - 40 MAT.  
The initial texture information is presented in the most com-
plete form in direct pole figures. The samples, cut out from the 
test alloy sheets, were subject to texture measurements in the 
middle of the sheet thickness with results represented by pole 
figures. The survey plane was parallel to the rolling plane. The 
texture in the form of three incomplete pole figures {111}, {200}, 
{220} and {311} was studied by the backscatter method, using 
X-ray diffractometer DRON-7 with Cokα

-radiation. Slope angle α 
(0÷70º) and turn angle β (0÷360º) ranges with an increment 
of α and β = 5º were applied The orientation distribution func-
tion was calculated for the measured pole figures, presented as a 
superposition of a large number (2000) of standard distributions 
with identical low scattering. Standard function centres were ar-
ranged in a regular 3D orientation space [19]. The same orienta-
tion distribution function (ODF) was used to calculate complete 
pole figures and inverse pole figures for three mutually perpen-

dicular sample directions: normal to the rolling plane, rolling di-
rection and transverse direction. Constructed ODF is a reference 
function, as it enables evaluation of all 3D texture function nu-
ances, considering its complexity and rather large maxima scat-
tering.  At the same time, it is extremely difficult to handle such 
3D function representation due to the large number of standard 
texture functions, often overlapping due to their close occurrence 
in 3D orientation space. Such ODF representation can be nearly 
always matched with 3D function approximation in the form of 
a sum of several standard functions (texture components, perfect 
scattered orientations):

(1)

where N is a number of standard functions, Wi is a volume frac-
tion of i-function, gi  is its centre position, ε® – scattering param-
eter.  The combination of these texture components was selected 
from the section analysis of ODF, and calculated based on experi-
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mental pole figures. The newly created orientation file with three 
Euler angles and preliminary Wi  and ε®  parameters, was proc-
essed using the Texxor programme [20]. Thus, Wi orientations 
volume fraction was verified. Mean square difference between 
ODF, created based on pole figures ODF, and ODF represented by 
a sum of individual orientations (1), was selected as a criterion 
for the evaluation adequacy of orientations combination. 
The main type of models that will be used for comparison are 
those developed by Vatne, Engler, and Hirsh [16–18]. Their main 
algorithm comprises calculation, using a standard Tailor ap-
proach, of the β texture development and cube texture reduction 
in the deformation acts. Then, in the time that passes between 
or during self-annealing, a recrystallization process is modeled 
by interaction of three main fractions, namely β fiber, cube, and 
random components.     

RESULTS AND DISCUSSION
Before description of the general result for each alloy and its 
comparison to others, it must be mentioned that for every alloy 
some quantity of Goss texture component is observed. It first 

possesses a value of approximately 5% and proceeds to a value 
close to measurement error. All other recrystallization textures 
(for example, RD_Cube and ND_Cube) are close to those of pure 
cube. Therefore, in the section below, mention of a cube texture 
refers to all components being close to a classical cube.
An analysis of the results from investigating the structure shows 
that during hot rolling of 3104 alloy in a continuous mill,  recrys-
tallization takes place in the first two passes (Fig. 3). During the 
first pauses, grains radically change their shape. In deformation, 
acts before this pauses the strain rate achieve 2 – 10 s-1. These 
results are in good agreement with the predicted results, which 
were done using a mathematical stimulation of continuous hot 
rolling of 3104 AA [17]. In this work, it is shown that interstand 
recrystallisation also occurs if the strain rate in previous deforma-
tion passes is less than 10 s-1. After pauses in the next stands, 
recrystallization is not observed. The model developed in [17], 
however, points out that some recrystallization can occur (4–5% 
of all volume). However, more efficient method then optical mi-
croscopy is necessary for detection of such a small volume new 
recrystallized grains.  

before F1 after F1 before F2

after F2 before F3 after F3

before F4 after F4 before F5
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after F5 after self-annealing

Fig. 3 - Microstructure evolution during hot rolling of 3104 AA in continuous mill.

In the first pause between passes, is observed a change in tex-
ture composition (Fig. 4, Fig. 5). The volume of  β fiber texture 
components fell simultaneously with the growth of cube compo-
nents. This information also has good agreement with the result 
of the macrostructure analysis. The changing texture in the next 
pauses between deformation passes is within the mathematical 
error limit. This means that main components recrystallize with-

out changing the crystallographic orientations (more probable 
for the first pauses) or does not recrystallize at all (more prob-
able for the last pauses). In general, the picture of structure and 
texture evolution, which was observed during the hot rolling of 
3104 in the continuous mill, has good agreement with the re-
sults obtained by simulation in [17]. 

 enter into F1  exit from F1

enter into F2 exit into F3
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 enter from F4  exit from F5

after self annealing

Fig. 4 - ODF for the central section into a sheet of 3104ch alloy

Fig. 5 - Texture evolution during hot rolling of 3014 AA in continuous mill

Kinetic of β fiber texture growth during all hot rolling processes 
also has good agreement with earlier published data [10, 12, 
14, 17]. At the end, after the self-annealing process, the amount 
of β fiber texture components is reduced, however not so dras-
tically, and this texture is still strong (it could be explained by 

the fact that during recrystallisation, such texture components 
do not change their crystallographic orientations [23, 24]).  After 
self-annealing, the volume of cube fractions increases drastically. 
The level of random fraction during self-annealing stays stable. 
This means that the deformation and cube texture have more 
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possibilities for nucleation and to grow [25]. It must be men-
tioned that a similar picture was obtained in work [17]; however, 
the main hypothesis was that during an interstand pause, recrys-
tallisation does not occur, and during self-annealing, it happens 
only in a limited volume (70%). In case which is shown in fig.4, 
nearly of 30% of recrystallised volume was observed during all 
hot rolling processes; however, the workpiece after self-anneal-
ing has more sharp deformation texture than was predicted by 
the model. It could mean that the role of cube nucleation [17] is 
overestimated. 

It is worth mentioning that the picture of structure and texture 
evolution in a breakdown and two-stand continuous mill [16] 
has some distinction, compared with date which shown in fig.4. 
In general, recrystallisation in a breakdown mill happened in a 
similar way; for example, after strain, which more than 10 s-1 
observe only partial recrystallization. However, after rolling in a 
two-stand tandem mill and following self-annealing, is observed 
less cube fraction than in the five-stand case.    
The picture texture evolution during hot rolling of  8011 is rep-
resented on fig. 6 - 10

before F2 after F2 before F3

after F3 before F4 after F4

before F5 after F5 after self-annealing.

Fig. 6 - Microstructure evolution during hot rolling of 8011 AA in continuous mill.



La Metallurgia Italiana - n. 3  201718

Thermomechanical processing

 enter into F2 exit from F2

 enter into F3 exit into F3

exit from F5 after self-annealing

Fig. 7 - ODF for the central section into a sheet of 8011 alloy
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Fig. 8 - Texture evolution during hot rolling of 8011 AA in continuous mill.

8011 only recrystallizes between the first and second stand, 
while during other phases the new grains do not appear. How-
ever, during self-annealing there occurs complete recrystalliza-
tion and a homogeneous structure with uniform grains can be 
observed. A large quantity of cube texture can also be seen [25]. 
The texture evolution picture also shows the recrystallization 
process between the first and second phases. In this phase the 
cube texture transforms into a random texture component, which 
can be explained by the high temperature together with the par-
ticle stimulated nucleation (PSN) effect [22]. The PSN mechanism 
commonly switches off at low temperature, which is close to the 
critical recrystallization temperature. However, for alloys with a 

large quantity of dispersed particles the opposite effect is ob-
served. At low and intermediate temperatures dispersoids create 
obstacles to random and β-fiber texture nucleation; however, 
increasing temperature suppresses dispersoid activity [25]. We 
observe common β-fiber texture growth that is stopped after 
reaching a 70% fraction. After self-annealing, a sharp cube tex-
ture and some random and β-fiber components were observed. 
From Fig. it is shown that the cube texture during self-annealing 
is increased with a reduction in the other texture components. 
This can also be explained by the fact that self-annealing oc-
curred at relatively low temperatures and the dispersed particles 
have a large impact on the recrystallization process.     

 

 enter into F2  exit from F5

Fig. 9 - ODF for the central section into a sheet of 1070  alloy
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Fig. 10 - Texture evolution during hot rolling of 1070 AA in continuous mill.

The structure evolution in 1070 AA does not show any features 
of recrystallization. At the conclusion of the hot rolling process 
the metal has a typical deformed structure. Texture evolution is 
very uniform during the deformation phases because the β-fiber 
texture increases and the cube texture decreases at a constant 
rate. In the time between phases no significant changes are ob-
served. The fraction of random texture is stable during all of the 
process.    
In the case of 8011 and 1070 (Fig. 5, Fig. 6), it is seen some dis-
tinctions in the picture of the structure development from 3014. 
For example in the first pause in 8011 is also observed recrystal-
lisation; however, it did not happen even in the second pause. It 
must be mentioned that the strain rate in deformation pasess, 
which precedes the second pauses, did not exceed 5–6 s-1. An 
analysis of pure aluminum microstructure evolution shows a pic-
ture that is similar to 8011. Recrystallisation took place only after 
first-stand, and after the next deformation, it was not observed 
(by light microscopy method). The strain rate in the second roll-
ing stage during pure aluminum hot rolling also did not exceed 
5–6 s-1. At the same time, after hot rolling of 3104 with a similar 
strain rate, it is observed a large volume of recrystallize fraction.     
There are two different reasons that explain such a picture. In 
pure aluminum stacking, the fault energy level is high and as a 
result occurs an intensive recovery process. Increasing the recov-
ery kinetic means reducing dislocation density, which decrease 
the possibility of new grain growth.  
8011 AA has another reason for the slow down the recrystallisa-
tion kinetic. This alloy content has a greater % Fe than 3104. On 
one hand, the quantity of large participles is inevitably increased 
and as result the role of PSN mechanism grow [22]. On the other 
hand, growing of Fe content means increasing number of second 
phase participles, which create obstacles for the movement of 
new grain boundaries.   
The pictures of texture evolution have some similarity in 8011 
and 1070 alloys. After the breakdown mill, is observed a sharp 
cube texture with 50% volume for pure aluminum and even 
70% for 8011. In 3104 is observed a less cube texture in that 

stage. During the next self-annealing, the cube texture in 8011 
transformed into deformation texture, which had a good agree-
ment with earlier published results [26]. After self-annealing, is 
observed a sharp cube texture in 8011. It must be mentioned 
that after usual annealing, which is followed by cold rolling, it 
can be seen such a volume of cube texture only if it occurred at 
temperature near 500 C0 and a large true strain of about 3 [27]. 
In temperatures near 320–350 C0 such sharp cube texture was 
not observed even after 19 hours annealing and large deforma-
tion. This means that in 8011, the nucleation of cube texture 
was stronger than in 3104 and deformation texture had fewer 
possibilities for growth than in 8011. It must be mentioned that 
in the first between-deformation pauses in 8011, it is observed 
intensive growth of texture with random orientation. The PSN 
mechanism of could be reason of such picture [22]. 
The well-investigated 3104, in general, shows results that are 
predicted by simulation and experiment. However, continuous 
rolling of 8011 is not well investigated and some of the above-
mentioned features show that it is sufficiently distinctive from 
the 3XXX series. This is useful because the market share of cheap 
Al–Fe alloy continues to grow and its production requires a new 
reliable model. Such results show that the model developed for 
the 3XXX series needs correction and improving upon for it to be 
applicable to Al–Fe alloy. Further, the result of continuous rolling 
of pure aluminum supports the necessity of taking into account 
the stacking fault energy value.

CONCLUSION       
Industrial experiments show that the prediction, which was done 
in an earlier developed model, has good agreement with the real 
picture of structure and texture evolution of 3104 AA in a con-
tinuous mill. Cube texture grows only after the first stage. The 
kinetics of the development the β fiber component has similar  
behaviour for hot and cold rolling processes. The picture of tex-
ture and structure evolution in a five-stand continuous rolling 
mill has a distinction compared with a two-stand mill. After the 
self-annealing, we observed a sharp cube texture and certain lev-
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el of deformation texture. There is some distinction with between 
the earlier developed model for prediction texture components 
and real pictures. The models predict less volume of deformation 
texture than detected in an industrially rolled sheet. During hot 
rolling of 8011 and 1070 recrystallisation was not observed after 
deformation passes with 5–6 s-1. Such behaviour could be ex-
plained in the first case by the influence of the pinning effect and 
in the second case by the impact of high stacking fault energy. In 
both cases, it is observed intensive growth of β fiber components 
during all hot rolling processes. After self-annealing in 8011 AA, 
is observed extra sharp cube texture components.
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