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Abstract

The paper presents the results of physical modelling of the process of rolling AlZn5.5MgCu aluminum alloy
bars on a three-high reeling mill. Tests were carried out in a complex strain state (simultaneous torsion with
compression) using an STD 812 torsion plastometer. The initial parameters were determined during numerical
modelling in the program FORGE 2011®. The purpose of the study was to verify the numerical modelling and
to physically represent the process of rolling on the three-high reeling mill. The scope of the investigation
encompassed also the determination of the effect of feedstock temperature on the changes in the yield stress
of the investigated material, its microstructure and microhardness.
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1. INTRODUCTION

Physical modelling methods are used with great success both in basic research, as well as application
research, the aim of which is to transpose laboratory test results onto the actual industrial facility. Of particular
importance are physical modelling methods, which are used in plastic working and in materials science [1]. On
the basis of the results of physical modelling of the rolling process it is possible to determine, e.g., the values
of yield stress in each pass, thus obtaining the capability to accurately calculate the energy and force
parameters needed for carrying it on a commercial scale. It can also be possible to assess the variations in
the microstructure of deformed material and its mechanical properties within the entire sequential deformation
cycle which occurs in the actual rolling process [2]. The specimen sizes used in physical modelling are
sufficiently large to enable the tracking of changes that occur in the structure of material subjected to
simulations. Thus, this method allows the optimal parameters of the technological process to be selected for
the required structure of product [1].

The analyzed process of rolling bars on the three-high skew mill is characterized by large deformation values
(the actual deformation at a level of 3+4) in individual rolling passes. A method that enables the deformation
of material with such a deformation is the torsion test. The main advantage of the torsion method is the
capability to obtain large deformations, much larger than in the tensile and compression tests, without the prior
loss of the stability of the deformed material. In addition, torsion is a good method for testing hard deformable
materials, which include aluminum and its alloys. Moreover, state-of-the-art torsion plastometers enable a
complex deformation patters to be generated in material being deformed, which is similar to that occurring in
the actual process of rolling on a three-high reeling mill.

2, THE AIM, SCOPE AND METHODOLOGY OF THE INVESTIGATION

The aim of the investigation carried out within this study was to verify the numerical examination results and
to physically represent the process of rolling on the three-high reeling mill before rolling in laboratory conditions.
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The obtained results were compared with the results of numerical modelling and those obtained from the rolling
process. The scope of the investigation encompassed also the determination of the effect of feedstock
temperature on the changes in the yield stress of the investigated material, its microstructure and
microhardness. Physical modelling of the process under analysis was carried out in a complex strain state
(simultaneous torsion and compression) using an STD 812 torsion plastometer in accordance with the
numerical examination parameters calculated in FORGE 2011®, while taking into account the testing
capabilities of the plastometer. Material used for the tests was an aluminum alloy of series 7XXX, in grade
AlZn5.5MgCu.

3. ANALYSIS OF THE INVESTIGATION RESULTS

The chemical composition of the investigated aluminum alloy, complying with the requirements of the PN-EN
573-1:2006 standard is given in Table 1.

Table 1 Chemical composition of aluminum alloy AlZn5.5MgCu, in percentage by weight %

Zn Mg Cu Cr Fe Ti Mn Si Al
5.72 2.44 1.63 0.2 0.28 0.08 0.13 0.14 rest

The first stage of the investigation was numerical modelling of the process of rolling AlZn5.5MgCu aluminum
alloy bars on the three-high reeling mill using the software program Forge2011®, where the mechanical state
of deformed material was described with the Norton-Hoff law [3].

Sl.j _ 2K0(8 i go)no . e(—ﬂoT)(\/gé)mo—léij (1)

where: S; - stress tensor deviator, & - strain intensity rate, 5'1.]. - strain rate tensor, ¢ - strain intensity, & - initial

strain, T- temperature, Ko, mo, no, Bo - material constants related to the characteristic properties of the material
concerned.

The following boundary conditions were adopted for the numerical modelling: roll temperature, 60 °C; ambient
temperature, 20 °C; the coefficient of heat exchange between the bars and the rolls, 20000 W / m2K; the
coefficient of heat exchange between the bars and the air, 100 W / m2K; friction factor, 0.8.

This examination was carried out for two initial feedstock temperature of 200 °C and 250 °C, respectively.
Sample results for the distribution of temperature, strain intensity, strain rate intensity and stress intensity in
rods being rolled for the first rolling pass are shown in Figure 1 and 2.
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Figure 1 Distributions of temperature and stress intensity on the cross-section of rolled bars in the exit plane
- rolling pass no. 1: a) temperature, b) stress intensity
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Figure 2 Sample distributions of strain intensity and strain rate intensity in the longitudinal section of rolled
bars - rolling pass no. 1: a) strain intensity, b) strain rate intensity

From the data in Figures 1 and 2 it was found that the examined process was characterized by a big variability
of strain parameters over the cross-section of the rolled bars. The temperature, strain intensity, strain rate
intensity and stress intensity all attained the largest values at the surfaces in direct contact with the rolls, while
the smallest values of the examined parameters were observed in the axis of rolled bars.

For physical modelling of the investigated three-high reeling mill rolling process, alloy specimens with the
working portion of a diameter of d =6 mm and a length of /= 10 mm were used. The temperature was controlled
using a K-type (NiCrNiAl) thermocouple. A general schematic diagram of thermo-mechanical treatment during
physical modelling is shown in Figure 3, while a general view of working during the investigation is presented
in Figure 4. Due to difficulties in controlling the temperature of the investigated aluminum alloy using the
thermocouple, also a thermovision technique was used in the investigation.
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Figure 3 Diagram of thermo-mechanical treatment during  Figure 4 An AlZn5.5MgCu aluminum alloy
physical modelling of the process of rolling 7075 alloy bars ~ specimen in the chamber of the STD 812
in the three-high reeling mill torsion plastometer

Deformation parameters for physical modelling (Table 2) were taken from the analysis of the numerical
modelling results, while taking into account the testing capabilities of the STD 812 torsion plastometer. The
tests were carried out at constant deformed specimen temperatures which, according to the numerical
modelling conditions, were 200 and 250 °C.

Table 2 Deformation parameters in physical modelling using the STD 812 torsion plastometer

Torsion Compression
Strain 3.12 0.29
Strain rate (1/s) 9.0 0.80
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Changes in specimen dimensions in the process of physical modelling of the three-high reeling mill rolling
process, corresponding to the total deformation of approx. 3.5, are illustrated in Figure 5.
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Figure 5 Changes in specimen dimensions during physical modelling of the process of rolling AlZn5.5MgCu
alloy bars: a) feedstock temperature, 200 °C; b) feedstock temperature, 250 °C

Figure 6 illustrates the variation in the value of yielding stress (computed numerically and measured during
physical modelling of the examined process) as a function of preset deformation. Moreover, Figure 6 shows
also temperature variations, as computed numerically.

a) b)
=0 100 200+ - 350
- 300
200 4 250
150 4
- 250
200 _ 5
150 £ f
g < 7 {200
- : £ :
g 0§ S g
v < s ~ =
/ 4150 @
£ 100 5 g 150 2
@ w5 P P
& - 100
50 4
504 = Stress - physical modelling ~ — Stress - physical modelling
I Stress - numerical modelling gt ——— Stress - numerical modelling - 50
I Temperature - numerical modelling ‘Iemperature - numerical modelling
0 T T T T T T 0 0 T T T T T T 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Strain (=) Strain (-)

Figure 6 Variation in the yield stress of the AlZn5,5MgCu alloy during physical modelling of the process of
rolling bars on the three-high skew mill: a) at the temperature 200 °C, b) at the temperature 250 °C

The analysis of the examination results shown in Figure 6 has found that the values of the yield stress of the
examined alloy obtained from physical modelling are similar to the values obtained from numerical modelling.
The greatest consistence in yield stress value occurs at the initial stage of the deformation process (up to the
true strain of 0.6). At greater strain values, differences between yield stress values obtained from physical
modelling and those obtained from numerical modelling increase. The yield stress values of the examined
material obtained from physical modelling are greater than those derived from numerical modelling. This might
be caused by the effect of examined alloy temperature on the yield stress magnitude. During numerical
modelling of the process of bar rolling on the three-high reeling mill, an increase in the temperature of examined
bars was observed with the increase in preset plastic deformation. By contrast, physical modelling of the
examined rolling process was conducted at a constant deformed specimen temperature. In the case of physical
modelling of the three-high skew mill rolling process at the temperature 200 °C (Figure 6a), the maximum yield
stress was approx. 180 MPa. In turn, for specimens deformed at the temperature 250 °C (Figure 6b), the
maximum yield stress value was approx. 160 MPa. From the obtained numerical and physical modelling results
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it was found that increasing the deformed AlZn5.5MgCu alloy temperature from 200 °C to 250 °C caused a
reduction in yield stress value by approx. 18% in either case.

From the material after physical modelling, specimens were made for the examination of the grain size at the
sub-surface zone and in the middle of each specimen (Figure 7). From the results of the metallographic
examination of specimens after physical modelling it was found that the greatest microstructural refinement
had been obtained in the sub-surface zone, for both specimens (Figures 7a and 7b). The grain size in those
regions was, respectively, 1.85 and 1.44 ym for specimens deformed at 200 °C and 250 °C. In the central
zone of the specimens (Figures 7c¢ and 7d), these values were 4.0 and 1.85 pm, respectively. It was found
that the microstructure of specimens deformed at 250 °C was characterized by greater grain refinement in the
examined zones and a more uniform microstructure, compared with specimens deformed at a lower
temperature, which could have resulted from recrystallization phenomena occurring in the investigated alloy.

Figure 7 Microstructure of AlZn5.5MgCu aluminum alloy specimens after physical modelling: deformed at
200 °C (a, ¢) and 250 °C (b, d), in the sub-surface zone (a, b) and in the middle (c, d) of the specimen.

From the material after physical modelling, specimens were also made for the examination of microhardness
distributions (Figure 8) on the cross-section and the longitudinal section. For microhardness tests, a Future-
Tech microhardness tester was employed. The tests were conducted by the Vickers method under a load of
2.94 N with an iteration time of 5 s.
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Figure 8 Distributions of microhardness of AlZn5.5MgCu alloy specimens deformed at 200 °C and 250 °C

The analysis of the AlZn5.5MgCu alloy specimen microhardness distributions found that the highest
microhardness was exhibited by regions lying at the specimen surface, while the lowest - in the specimen
centre. This microhardness distribution was caused by the strain distribution on the deformed material cross-
section, being characteristic of the torsion process. A similar strain distribution occurs also in the process of
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rolling on the three-high reeling mill. In both cases, the largest strains occur in sub-surface regions, while
smallest strains, in the deformed material axis. For specimens deformed at 200 °C, the maximum
microhardness values were 87 HV on the cross-section and 89 HV on the longitudinal section. The smallest
microhardness values of the investigated alloy amounted to 71 HV on the cross-section and 81 HV on the
longitudinal section. A similar distribution of AlZn5.5MgCu alloy microhardness was also observed for
specimens deformed at 250 °C. In that case, the maximum microhardness values were 82 HV on the cross-
section and 86 HV on the longitudinal section. The smallest microhardness values of the investigated alloy
were in that case 74 HV on the cross-section and 75 HV on the longitudinal section.

The investigation results reported in this paper correspond with high accuracy to the results obtained for the
AlZn5.5MgCu alloy after the three-high skew mill rolling process carried out in laboratory conditions, which are
described in detail in paper [4]. On this basis it has been found that the performed physical modelling of the
process under examination reproduces with high accuracy the phenomena occurring in the actual rolling
process.

4, CONCLUSIONS

By analyzing the results of physical modelling of the process of rolling AlZn5.5MgCu aluminum alloy bars on
the three-high reeling mill, the following conclusions have be drawn:

o increasing the testing temperature from 200 °C to 250 °C resulted in a reduction in the value of the yield
stress of the investigated material by approx. 18% and a more uniform microhardness distribution on
the cross-section and longitudinal section of deformed specimens, compared to the results obtained at
the temperature 200 °C;

o lowering the level of the yield stress of the investigated aluminum alloy being deformed at 250 °C has
caused a reduction in the energy and force parameters necessary for carrying out the real process of
rolling on the three-high skew mill;

° the metallographic analysis of specimens after physical modelling has revealed a more uniform and
fine-grained microstructure of specimens deformed at the temperature 250 °C;
° the application of a complex deformation scheme using an STD 812 plastometer enables the verification

of numerical modelling results and also allows the examined process to be physically reproduced with
high accuracy.
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