
Citation: Kraner, J.; Cvahte, P.;
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Abstract: Hot rolling in the process chain of aluminum-rolled products presents the critical element
of material quality and influences productivity. To increase the letter demand modifications of hot
rolling, the consequential changes of microstructure, crystallographic texture, and mechanical and
formability properties must be acknowledged and consistently considered when planning the rolling
process and rolled product. Achieving lower thicknesses of the hot-rolled band would enable fewer
passes with cold rolling; consequently, hot rolling with the same number of passes can be completed
with lower temperatures. Microstructural and texture characterizations conducted using the light
microscope and scanning electron microscope, respectively, of the 3.25 mm hot-rolled band revealed
that the smaller grains appeared in the center of the cross-section, unlike for the 6 mm hot-rolled band,
where smaller grains were detected on the top and bottom positions of the cross-section. Furthermore,
the comparison also shows that the 6 mm hot-rolled band had 64% of random texture components
and 83% of recrystallized grains, whereas the proportional adjustment for the 3.25 mm hot-rolled
band had 42% of random texture components and 55% of recrystallized grains. For the mechanical
testing results, the elongation values in rolling and transverse directions significantly differ only in
the case of a hot-rolled band of 3.25 mm. Consequently, the earing results are more than 1.5% higher
for the 3.25 mm hot-rolled band, than the 6 mm hot-rolled band.

Keywords: aluminum alloy; hot rolling; simulations; metallography; mechanical properties

1. Introduction

Hot rolling is a process of metal forming performed above the recrystallization tem-
perature. In the industry, there are two typical hot-rolling mills. The first option is the
reverse rolling mill, often replaced with the tandem rolling mill as the second option [1]. A
comparison of the hot-rolled aluminum alloy EN AW-8021B to the aforementioned two
mill types results in the differences in microstructure, texture and mechanical properties.
The diverse average grain size and homogeneity of the microstructure’s cross-section and
the texture intensity produced with hot rolling were transferred to the cold rolling process
and to the final foil thickness. The performance of the hot-rolling process is essential to
further improve metal-forming processes, whereby one or more intermediate annealing
regimes and cold rolling—and, if needed to reach the desired properties, also the final
annealing—are executed [2,3].

Numerical simulations of hot rolling for aluminum alloys assume various technologi-
cal and operational parameters [4,5]. The attractiveness is often focused on the temperature,
stress, strain or rolling force predictions. The influences can be observed with the var-
ious numbers of rolling passes [6,7]. More detailed analyses of hot-rolling simulations
were performed by A. R. Shahani et al. [8], where the workpiece geometry, rolling force,
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rolling speed, reduction (strain), initial thickness and friction coefficient were systematically
changed and influentially evaluated.

The change of rolling temperature from 250 ◦C to 450 ◦C for the EN AW-7075 in-
creased elongation (more than 10%) and ultimate tensile stress (more than 150 MPa). The
described improvements were confirmed with a 50% as well an 80% reduction [9]. Be-
sides the temperature and reduction’s influence on the mechanical properties, the changed
chemical compositions of EN AW-6063 were performed for hot rolling and studied by
B. Byra Reddy et al. [10].

In this paper, the importance of microstructure, texture, mechanical and formability
properties for hot-rolled EN AW-8011 aluminum alloy is studied in detail. The influence
of temperature and reduction changes is compared between simulated and industrially
produced hot rolling. Analyzing the hot-rolled band (HRB) with the light microscope (LM)
and scanning electron microscope (SEM) contributes to the understanding of correlations
between the fractions of random texture components and recrystallized grains according
to the changing hot-rolling parameters. At the same time, mechanical testing realizes the
connection between divergent elongations (A) and earing (Ea) measurements.

2. Experimental Procedure

The slabs of aluminum alloy EN AW-8011 with dimensions 490 × 1150 × 5000 mm3

were reverse hot-rolled to the different thicknesses of the hot-rolled band (HRB). The reverse
hot rolling was performed on a single stand mill. The roughing mill (reverse mill) was used,
including all blocks and coiling passes, despite the possibility of using a combination of
roughing mill and finishing mill (tandem mill) for block passes, with only one coiling pass,
after the tandem mill. With the HRB thickness also decreased, the surface temperature of
HRB after the last pass was reduced. For the 6 mm HRB, the measured temperature after
hot rolling was 356 ◦C. The hot rolling of 3.25 mm HRB finished with a surface temperature
of 320 ◦C. The homogenization of slabs before hot rolling was performed with the same
regime. Figure 1 presents both slabs, treated with the same heating and cooling rates.
After the slabs were charged in the homogenization furnace, they were heated for 8 h from
approximately 275 ◦C to 580 ◦C. For the following 6 h, the temperature of the slabs’ surfaces
did not deviate for more than 10 ◦C. After the homogenization regime, the hot rolling initial
temperature (500 ◦C) was reduced in the furnace over 3 h. Similar to the homogenization
process, minor differences can be observed for the chemical compositions of 6 mm HRB
and 3.25 mm HRB (Table 1). Both HRBs’ chemical compositions correspond to the standard
aluminum alloy EN AW-8011.

The model for numerical simulation was custom-made and validated for the two
hot-rolling mills in Impol Aluminum Industry Group (Šibenik, Croatia and Sevojno, Serbia).
The simulations set-up contained data of the work roll diameter (885 mm), the width
of a workpiece (1150 mm) and the rolling schedule with the number of rolling passes
(19) and reduction per pass to the final (exit) thickness. The number of coiling passes
(3) with unwind and rewind tensions was also considered. The alloy yield curve was
described with the Hansel–Spittel constitutive equation. For the material behavior during
hot rolling, the density of 2613.8 kg·m−3, elastic modulus of 57,700 MPa and Poisson ratio
of 0.33 were considered. The heat-transfer model functions according to the used rolled
material with a thermal conductivity of 232.1 W/(m·K), specific heat of 988.8 J/(kg·◦C)
and linear thermal expansion of 27.2 × 10−6 m/(m·◦C). The results of simulations were
presented as a comparison of rolling force and surface temperature to the measured values
during industrial hot rolling. The roll-gap visualization was used to present the last pass of
hot rolling compared to the final thicknesses of 6 mm HRB and 3.25 mm HRB.
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Figure 1. Graph of homogenization regime for slabs of analyzed 6 mm HRB and 3.25 mm HRB. 
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Figure 1. Graph of homogenization regime for slabs of analyzed 6 mm HRB and 3.25 mm HRB.

Table 1. Chemical composition of the analyzed material.

Si Fe Mn Mg Cu Ti Al

Standard
EN AW-8011 0.65–0.80 0.65–0.75 0.08–0.10 0.03–0.05 <0.1 0.02–0.04 Bal.

6 mm HRB 0.68 0.68 0.09 0.04 0.01 0.03 Bal.

3.25 mm HRB 0.68 0.67 0.09 0.04 0.01 0.02 Bal.

The metallographic preparation of the samples captures the grinding (320 grit) and
polishing processes (diamond and finished, respectively, with the short time of 120 s with
oxide polishing) (Struers, København, DenmarkGatan). For the light microscopy (LM),
an electrolytic etching with HF (5 mL conc. HF and 100 mL H2O) for 30 s at 40 ◦C, with
30 V and 0.5 mA, was used. All three sample preparation steps were executed for the
scanning electron microscopy (SEM) analyses, with the replaced etching step, where the
ion polishing with a PECS Gatan 628 (Gatan GmbH, Munich, Germany) for 50 min was
executed. The average grain size determination was in accordance with the ASTM E112-10
(ASTM International, West Conshohocken, PA, USA). SEM analyses based on electron
backscatter diffraction (EBSD) were the inverse pole figures in the Z direction (IPF-Z), and
the grain average misorientation (GAM) figures were obtained. The mentioned figures
enabled the detailed texture components arrangement analysis and the microstructure’s
recrystallized, substructured and deformed grains proportions. The GAM criteria indicate
the degree of orientation uniformity within each grain. The misorientation interval was
from 0◦ to 5◦, which is the basis for the grains’ state, determination and fraction of their
evaluation [11–13].

Mechanical properties were measured according to ISO 6892-1:2016 (tensile test in
rolling direction RD and transverse direction TD). The rectangular tension test specimens
with a reduced parallel section geometry were prepared in dimensions and tolerances for
standard Specimen A. The loading rate until the yield point was 10 MPa·s−1 (the testing
velocity was 0.008 s−1, which is in accordance with the testing method B). For the cup
extraction, the 90 mm × 90 mm samples were taken from HRBs. The loading force was
6 kN, which is in accordance with the ISO 11531:2015 (earing test–anisotropy) standard.
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For the tension test and earing measurements, the five repetitions were performed and the
results are presented as their average values.

3. Results
3.1. Simulations

The simulated and industry-measured results of rolling force (Figure 2a) and surface
temperature (Figure 2b) are compared between two rolling schedules for the final thick-
nesses of 6 mm and 3.25 mm. The deviation (around 1000 kN) at the beginning is observed,
where the predicted forces with the simulations are lower than the measured forces in
industrial hot rolling. The difference between measured and predicted forces is that each
pass is smaller, from the seventh pass in the majority matching up to the fifteenth pass.
In the industrial rolling of 3.25 mm HRB, the drop of the force is observed between the
last three passes. The same is also predicted with the simulation for 3.25 mm HRB hot
rolling. The rolling force in both of the final thicknesses is higher at the measured values.
For the 3.25 mm HRB, the difference in rolling force for the last nineteenth pass is much
smaller between the measured and predicted rolling forces than for 6 mm HRB values and
simulation results. In a similar path as rolling forces, the surface’s temperature differs at
the beginning of hot rolling. In the comparison of temperatures, there is a deviation of
25 ◦C, where predicted temperatures are higher than measured. During the passes of hot
rolling, the differences between measured and simulated temperatures are reduced, and
after the fourteenth pass is reached, the overlapping of temperatures occurs in both cases of
industrial hot rolling and simulations. For the nineteenth pass, the predicted temperatures
perfectly match with the measured temperatures. The stated is observed for 6 mm HRB
and 3.25 mm HRB, where the temperatures are lower as in the compared cases.
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Figure 2. Comparison of 6 mm HRB and 3.25 mm HRB simulations at industrial hot rolling measured
values: (a) rolling force; (b) temperature on the surface of the workpiece.

The simulation results also visualize rolling gaps (half of the workpiece). In Figure 3a,
the visualization of the temperature of rolling gaps for the last hot-rolling pass is presented.
It is visible that the final temperature at 6 mm HRB is higher (around 370 ◦C) than at
3.25 mm HRB (about 320 ◦C). By comparing the mentioned visualizations of rolling gaps,
the entry temperature of 6 mm HRB is found to be similar to the exit temperature of
3.25 mm HRB. Figure 3b shows us the comparison of stress distribution during the last
pass of hot rolling. In the center of 3.25 mm HRB, stresses are higher than 100 N/mm2. The
expected stresses for the 6 mm HRB in the center are similar to those for the 3.25 mm before
the exit of a rolling gap. Furthermore, there are strain rate visualizations of rolling gaps in
Figure 3c. Higher strain rate values were observed at the 3.25 mm HRB compared to the
6 mm HRB. The maximum strain rate at the 6 mm HRB is higher than 50 s−1 but in three
small spots. For the 3.25 mm HRB, the majority strain rate is higher than 40 s−1. For the
aforementioned simulation (3.25 mm HRB), the strain rate in the center of the rolling gap is
higher than 60 s−1. The velocity of the workpiece for both of the compared HRBs is even
(Figure 3d). On the entry of the rolling gap, the velocity is 1.12 m/s. The velocity of the
workpiece on the exit of a rolling gap is 2.63 m/s.
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3.2. Metallography

The cross-section LM microstructures of compared HRBs are presented in Figure 4. In
general, the microstructures of the 3.25 mm HRB have more homogeneously distributed
crystal grains than for 6 mm HRB. The shape and size of crystal grains at 3.25 mm HRB are
more even from the top to the bottom sample cross-section. It is also remarkable that at
6 mm HRB at the sample’s edge 2, the crystal grains in the center are significantly larger
than at the sample’s edge 1 and center.
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Figure 4. LM microstructures in the cross-section among the width of 6 mm HRB and 3.25 mm HRB.

The aforementioned deviation of grain size in the center of the edge 2 sample at 6 mm
HRB is seen in Figure 5. IPF-Z figures from EBSD maps confirm the visual observations of
LM microstructures. The top and bottom locations with the finer grain microstructure of
cross-sections are more typical for the 6 mm HRB samples. At the same time, the grains
in the center of the cross-section of the thicker HRB are larger than on the edges and in
the center of the thinner HRB. It is important to mention that the reduction in HRB final
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thickness (from 6 mm to 3.25 mm) has also resulted in some longitudinal (deformed) crystal
grains in the center of all three cross-sections among the width of 3.25 mm HRB.
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The detailed results of the crystal grains’ average sizes are presented in Table 2. The
values of measurements with the LM and SEM-EBSD techniques are comparable and
mostly deviate less than 10 µm. For the 6 mm HRB, the largest grains (213.7 µm) are in the
central position of the edge 2 sample. For the 3.25 mm HRB, the largest grains (89.8 µm)
were measured at the central position of the edge 1 sample. The smallest crystal grains are
present at the center for both analyzed samples. The lowest value (28.3 µm) for 6 mm HRB,
confirms the larger heterogeneity among the cross-sections of the thicker HRB than at the
thinner HRB, where the smallest grains were 45.5 µm.

Table 2. Average crystal grain size values for 6 mm HRB and 3.25 mm HRB in the cross-section and
among the total widths. Measurements were performed with the LM technique and SEM-EBSD
technique.

Sample Position

Average Crystal Grain Size Diameter (µm)

6 mm HRB 3.25 mm HRB

LM SEM-EBSD LM SEM-EBSD

EDGE 1

Top 30.4 32.4 75.5 84.9

Centre 95.4 92.5 89.8 83.4

Bottom 32.5 29.4 63.5 82.2

CENTRE

Top 34.8 28.3 53.4 52.6

Centre 89.8 88.2 63.5 64.9

Bottom 30.4 32.3 53.4 45.5

EDGE 2

Top 57.4 65.4 75.5 57.4

Centre 198.2 213.7 75.5 68.4

Bottom 51.3 49.9 75.5 66.1
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For the crystal orientation analysis, the fraction of the eight most common texture
components of aluminum-rolled textures were compared for the 6 mm HRB (Figure 6a)
and 3.25 mm HRB (Figure 6b). The texture components R and Cube (more than 4%)
have the largest fractions at the 6 mm HRB sample. There is a smaller percentage of all
the other six analyzed texture components, but with a smaller percent, which explains
the 64.1% of random texture components. The random texture components value is
defined and calculated as a difference of 100% and the sum of all eight analyzed texture
components percentage. Compared to the 3.25 mm HRB, the sample of the random texture
components is reduced by more than 20%. The increased fraction of all eight analyzed
texture components contribute to this trend. Only texture components C and D have
a lower fraction of 4%. Similarly at the 6 mm HRB and the 3.25 mm HRB, the texture
components R and Cube are dominant. Despite the above, it is necessary to point out that
at the texture of 3.25 mm HRB, the component P with around 15% is predominant.
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The share of recrystallized grains is reduced in correlation to the reduction in the
random texture components with the decrease in HRB thickness from 6 mm to 3.25 mm.
This is shown with the grain average misorientation (GAM) maps, where Figure 7a presents
the ratio of recrystallized, substructured and deformed grains for 6 mm HRB, and Figure 7b
presents the ratio of the same grains (microstructure) condition for the 3.25 mm HRB.
The share of recrystallized grains is for the 6 mm HRB, around 82.8%. The percentage of
substructured grains is 13.0% for the same sample, and 0.4% of grains are in the deformed
condition. As previously mentioned, the share of recrystallized grains is decreased with
the reduction in HRB thickness. At the same time, the percentage of substructured and de-
formed grains is increased. For the 3.25 mm HRB, the share of recrystallized grains is 55.2%,
a percentage of 40.6% presents the substructured grains and 2.1% in the microstructure
belongs to the deformed condition of grains.

3.3. Mechanical Properties and Formability

The major differences in mechanical properties between 6 mm and 3.25 mm HRBs
were observed in the elongation (A) in the transverse direction (TD) according to the rolling
direction (RD). There is a difference of more than 6% on the sample of edge 2, the A value
is 41.0% for the 6 mm HRB and 25.8% for the 3.25 mm HRB. The interval of measured A is
for the thicker HRB from 40.0% to 41.0%, although the interval of the thinner HRB is from
41.6% to the aforementioned value of 25.8%, observed for the both RD and TD directions
of testing. There are also differences between Rm and Rp0.2 for the compared HRBs with
different thicknesses, but the values of the mentioned properties do not differ more than
6 MPa (Table 3).
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Table 3. Mechanical properties and formability of compared 6 mm HRB and 3.25 mm HRB.

Sample Direction

Rm (MPa) Rp0.2 (MPa) A (%) Ea (%)

HRB
6 mm

HRB
3.25 mm

HRB
6 mm

HRB
3.25 mm

HRB
6 mm

HRB
3.25 mm

HRB
6 mm

HRB
3.25 mm

EDGE 1
RD 103 97 37 37 40.0 41.6

1.04 2.58
TD 95 89 35 36 40.4 32.3

CENTRE
RD 102 101 36 35 40.4 40.1

1.03 1.79
TD 97 96 36 34 40.0 33.2

EDGE 2
RD 102 100 36 44 40.5 39.1

1.02 2.63
TD 95 94 35 40 41.0 25.8

In connection to the microstructure and mechanical properties’ (A) heterogeneity, the
values of earing (Ea) confirm the findings. The anisotropy of 6 mm HRB is significantly
lower compared to 3.25 mm HRB. The highest Ea values (2.58% and 2.63%) are presented
on edge 1 and 2 positions of the 3.25 mm HRB. The trend of the higher Ea is also visible
at the center position of 3.25 mm HRB. The extreme, even (±0.02) and drastically lower
values (around 0.80%) are Ea values for the 6 mm HRB, which shows the lower anisotropy
and homogeneity of the material (Table 3).

4. Discussion

Reducing HRB’s final thickness from 6 mm to 3.25 mm contributes to fewer cold rolling
passes, which decreases the operation and the wear of rolling mills. As a result, the shorter
operating time of rolling mills generally allows a higher productivity. The environmental
protection, besides the possibility of rolling force reduction, is also recognized with the
reduced energy consumption when comparing the further cold rolling to the final foil
thickness of 90 µm [14]. Comparing the technologies of cold rolling from an energy point
of view revealed that the cold rolling of 3.25 mm HRB spent 53.2 kWh less power than the
cold rolling of 6 mm HRB to the foil of 90 µm.

The already mentioned decrease in rolling force is also possible with asymmetric
rolling [15,16]. Performing any option of asymmetry during cold rolling has peculiar
microstructural, texture and technological advantages [17,18]. However, the changes and
adjustments of hot rolling are easier to implement in industrial plants due to the suitability
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of the rolling mill for asymmetric rolling. Further, the appearance of the ski effect with the
asymmetric rolling demand to the additional operation of tensile stretch or cutting off a
larger share of the rolled product reduces productivity [19].

For the special trendy foil products like coffee lids or battery foils, the characteriza-
tion encompassing SEM with the EBSD technique slowly passes from merely researching
and scientific approaches to the standard control techniques in the industry [20]. The
requirements for the specific formability properties, less anisotropic or certain share of
Cube texture components in a rolled material indicate the inability for control with the LM
techniques [21]. The detailed SEM-EBSD analyses have been proven to be extremely useful
with the results of random texture components and the percentage of recrystallized grains.
Those results for the HRBs enable the planning of suitable technology for cold rolling.
The desired mechanical and metallographic properties of foil were possible only with the
assistance of HRB’s properties and changes caused during hot rolling adjustments [22].
Through a further combination of mechanical properties and surface characteristics, the en-
tire surface analysis can be performed via fracture surface parameters to identify differences
caused during hot rolling [23].

The major focus for aluminum special rolled products is most often on the formability,
deep-drawability and anisotropy properties, which can be connected and explained with
the microstructure (grain size) and texture of material [24,25]. The reduction in the final
hot-rolling temperature and thickness of HRB for the Rm and Rp0.2 measured values does
not represent a key influence [26,27]. On the other hand, the mentioned two changed
parameters have an effect on the A in TD and Ea values. The decrease in hot rolling
temperature helped by producing the average of the smaller crystal grains, but at the
same time, the increase in the share of deformed and substructured grains has the greater
influence on the reduction in A values in TD [28,29]. The decrease in recrystallized grains
with the smaller HRB final thickness also has a contribution to the higher anisotropy
shown by Ea values [30]. The drop of recrystallized grains and especially the random
texture components’ share for the lower HRB thickness, which finished with the lower
hot-rolling temperature, are the reason and the explanation for the higher heterogenic
Ea values among the widths of rolled products [31]. The 1.5% higher Ea value for the
3.25 mm HRB compared to the 6 mm HRB can be explained with the 36 ◦C lower finish
temperature of hot rolling for 3.25 mm HRB. The lower temperature contributes to the more
texture-orientated microstructure with a lower fraction of random texture components,
which, in combination with a higher share of deformed grains from the GAM criteria, tends
to the more anisotropic material.

5. Conclusions

The influences of the thickness reduction and the surface temperature after the last pass
of industrial hot rolling were studied on the EN AW-8011 aluminum alloy. The chemical
compositions and homogenization regimes of analyzed 6 mm and 3.25 mm hot-rolled
bands (HRBs) material were the same. From the combination of the simulation calculations,
industrial hot-rolling and the materials characterization analysis, it can be concluded that:

• The hot rolling simulations predicted the rolling force and temperature on the surface
of the workpiece for each rolling pass. Compared to the measured values of industrial
hot rolling, the simulation results match to a greater extent and predict the possible
intermediate deviations from increasing and decreasing trends.

• The thickness and, consequently, the temperature reduction in HRBs provide the
microstructure with more evenly distributed (homogeneous) grains of a similar size
through the cross-section. For the 3.25 mm HRB, the smaller grains appeared in the
center of the cross-section, unlike for the 6 mm HRB, where the smaller grains were
detected on the top and bottom positions of the cross-section.

• The 6 mm HRB has 64% of random texture components and 83% of recrystallized
grains. The effect of temperature and thickness reduction causes the proportional
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adjustment for 3.25 mm HRB, where 42% are random texture components and 55% of
grains are recrystallized.

• Elongation (A) values in rolling (RD) and transverse (TD) directions significantly differ,
only in the case of 3.25 mm HRB. Consequently, the earing results (Ea) are more than
1.5% higher for 3.25 mm HRB compared to 6 mm HRB.

The reduction in HRB thickness partially affects the microstructure and mechanical
properties, which was also confirmed with HRB samples of intermediate 4 mm thickness.
Therefore, with the aim to increase production, the technology to further improve cold
rolling must be adapted while considering the microstructure, and the mechanically and
thermally deviated effects.
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Nomenclature

HRB Hot-rolled band
SEM Scanning electron microscopy
EBSD Electron backscatter diffraction
IPF-Z Inverse pole figure in Z direction
GAM Grain average misorientation
LM Light microscopy
Rm Ultimate tensile strength, MPa
Rp0.2 Yield strength, MPa
A Elongation, %
Ea Earing measurements, %
RD Rolling direction
TD Transverse direction
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