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Abstract 

The strain components (shear strain, strain in rolling direction), 
equivalent strain and deformation of elements through sheet 
thickness in symmetric / asymmetric rolled A A 7075 Al alloy 
sheets were quantified using finite element method (FEM) with 
taking into account the deformation histories. The F E M results 
showed that positive and negative shear strains can be formed 
after a single-pass rolling and the total shear strain in the middle 
thickness of asymmetric rolled sheet (asymmetric ratio: 1.25) can 
be greatly increased compared to that of symmetric rolled sheet 
for the introduction of severe plastic shear deformation, so as to 
improve the equivalent strain. Using the engraved-mark 
experimental method the FEM results were verified to be 
consistent. Moreover, it can be found that much more shear bands 
will be introduced through the thickness of asymmetric rolled 
sheet, especially in the middle layer, indicating that asymmetric 
rolling greatly favors to through-thickness deformation 
accumulation. 

Introduction 

Asymmetric rolling (ASR) can induce larger shear strain and 
increase the through-thickness uniformity of the shear 
deformation for alloy sheets. Compression deformation appeared 
in symmetric rolling process also can be performed with 
redundant shear deformation under ASR condition. Mostly the 
shear deformation can play a critical role in the grain refinement 
of metallic materials as well as improving their mechanical 
properties [1], Experimental investigations about the effect of 
ASR on the grain refinement and mechnaical properities were 
done for pure metals and some alloys [2-11]. These studies 
showed that the microstructures of ASR processed metals were 
refined to less than 10 pm or even to nano size, and the 
formability and mechnacial properities of the metals were 
improved significantly. They found that two kinds of shear bands 
produced by shear defromation were intersected with each other 
[10, 12], inducing the break or refinement of large elongated 
grains. Therefore, the analysis of shear strain during rolling 
process is particularly improtant, and some studies used Finite 
element (FE) simulations to analyze the through-thickness strain 
distribution of ASR processed sheets [13, 14]. However, the 
strains achieved in these studies does not exhibit exact values 
because the direction of shear stress and shear strian in a roll bite 
will be changed to opposite directions before and after a neutral 
plane [15]. In order to clarify the effect of shear strain on the 
microsstructure evolution during ASR processing, it is essential to 

quantitatively understand the deformation behaviors in the ASR 
rolled sheet. 

This study aims to quantidy the strains in each component as 
well as the equivalent strain during multi-pass ASR processing 
with different asymmetric ratios (i) using FE simulation. And the 
ASR experiments with different asymmetric ratios were also 
carried out. By tracking the shape of the reference marks engraved 
artificially on the sheet side after per-pass rolling, the deformation 
was obtained and analyzed. Also introducing large shear strain 
through the thickness of ASR processed sheet were verified 
through the engraved-mark method. 

Methods of analysis 
Experimental procedures 

The 7075 Al alloy sheets with size 20 m m χ 40 m m χ 150 
m m were treated at 400 oC for 1 h to achieve homogeneous 
temperature. Also some engraved-marks were made on the 
longitude section (Rolling direction-Normal direction (RD-ND) 
plane) that were used to evaluate and observe directly the sheet 
deformation after symmetric and asymmetric rolling (as shown in 
Fig.l) . The asymmetry was introduced by using same rotational 
speeds (3.75 rev/min) but different roll diameters of the upper and 
lower rolls. Three asymmetric ratios applied were: 1:1.00 
(φ300:φ300, named symmetric rolling, noted as SR), 1:1.12 
(φ170:φ190, noted as ASR-1.12) and 1:1.25 (φ160:φ200, noted as 
ASR-1.25). Here, for ASR the lower roll was the lager roll. No 
lubricant was applied during the rolling process. All sheets were 
rolled to the final thickness of 8 m m with 4 passes, corresponding 
to 60 % thickness reduction. The sheets were rotated 180o along 
the transverse direction (TD) axes in the adjacent two passes to 
decrease the accumulation of curvature. 

F E M simulation 

For getting much more information about plastic deformation 
and to further understand the strain distribution during ASR and 
SR processing, an elastic-plastic thermo-mechanical coupled FE 
model with explicit dynamic analysis was used. The rolling model 
was set using MSC.MARC code. The workpiece and rolls were 
assumed to be elastic-plastic materials and perfect rigid bodies, 
respectively. Considering the spread of sheets in width might be 
very small, the deformation occurred in the sheets during rolling 
was treated as a plane-strain deformation that can be described on 
the plane consisting of the rolling and thickness directions [13]. 

To ensure the accuracy of hot rolling simulation, heat 
transfer and heat generation were also taken into account. Heat 
generation can be mainly induced by plastic deformation and 
friction between the rolls and workpieces, and the transfer 
coefficients were set as 0.95 and 1, respectively. The conduct heat 
transfer coefficient between the rolls and workpieces was set as 30 
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K w / n r ° C [16]. A coulomb friction model was applied to 
describe the friction behaviors between rolls and workpieces. The 
friction coefficient, μ, was adjusted by a series of combined 
experimental tests and FEM simulations and 0.35 was used. The 
flow stress curves of 7075 Al alloy at different strain rates (0.05 s" 

0.5 s"1, 5 s"1) and different temperatures (250 °C, 300 °C, 350 °C, 
400 °C, 450 °C) were obtained from ref. [17], It was assumed that 
there were guides after the roll stand, which can prevent the sheet 
from bending and lead sheet into the next roll gap. The schedule 
of multi-pass rolling simulation was same to the experiments. 

Results and discussion 

Fig.l supplies a first outlook of engraved-marks produced 
after the 4th rolling pass under symmetric and asymmetric (ASR-
1.25) conditions. The different profiles of marks generated at the 
roll gap by the two rolling conditions become clear after rolling. It 
is apparent that during ASR, the marks are not asymmetry with 
respect to the center plane of sheets compared with that after SR. 
Marks that are perpendicular to the rolling plane before rolling 
tend to incline towards the rolling direction and were stretched to 
almost 22 mm and 3 mm along rolling direction, and shown as 
"S"and "C" shapes after asymmetric and symmetric rolling, 
respectively. 

In addition, the accuracy of FEM simulation was also 
verificated through the profile of reference, the shear angles, (Θ / 

defined as the angle between the marks before and after rolling) 
obtained by FEM simulation and experiment, are 60.13 ° and 61.8 

respectively, as shown in Fig. 1 (b). The error is less than 3 %. 

Figure 1, FEM and experimental profiles of engraved-marks after 
4-pass SR (a) and ASR-1.25 (b) processing. 

Fig.2 (a) shows the deformed meshes after SR and ASR 
processing, corresponding to the engraved-marks shown in Fig. 1. 
It should be noted that the profile of elements produced by ASR is 
not symmetric with respect to the center plane of sheet, which is 
completely different from that induced by SR. This is consistent 
with the experimental results and the flection through the 
thickness becomes larger with increasing asymmetric ratios. The 
deformation of elements occurred during rolling with different 
asymmetric ratios can be simplified as depicted in Fig.2 (b). An 
initial element of 1 mm χ 1 mm at the surface layer or center layer 
is distorted to a parallelogram, in which the width (/), height (h) 
and angle (Θ) can be calculated through FEM results, as shown in 

the right table of Fig.2. The changes of width and height with 
increasing asymmetric ratios are not large, about 2.45 mm and 
0.40 mm, respectively. On the contrary, shear angle is increased 
along with increasing asymmetric ratios, especially at the center 
layer the difference of shear angles produced by SR and ASR-
1.25 can be up to 56 which means there is almost no shear 
deformation during SR compared with large shear deformation 
occurred in ASR. But the shear deformation at the surface could 
be occurred not only in ASR but also in SR processing, which can 
be mainly induced by friction between the rolls and sheet 
surfaces. The difference of shear angle between SR and ASR is 
caused by the redundant shear strain introduced by cross-shear 
rolling [15], which is a special type of deformation during ASR. 
In addition, the lengths of elements after rolled with asymmetric 
ratio of 1.0, 1.12 and 1.25 are 6 mm, 11.7 mm and 16.1 mm, 
respectively, which also indicates that more deformation in RD 
and ND can be generated with increasing asymmetric ratios. 

Shear and effective strains were always calculated by the 
embedded-pin method [18-21] based on equations proposed by 
Cui et al. [19]. But the method did not exhibit the exact strain 
values, because the effect of reverse shear deformation after the 
neutral plane (NP) was not considered in these equations [15]. 
The direction of shear strains will be changed through the NP, and 
sheets will experience positive and negative shear strains before 
and after the NP in the roll bite. Shear strains always are increased 
regardless of its direction, so the total shear strahl, γ , should 
contain both of them, and is expressed as follows[22]: 

Y = f ΛΥΛ=\t[NF)-^<h+ f ' ' V I Jo Af J t 

d„ 

dt 

ft (steady) 
Jt(NP) 

d„ 

dt 
dt (l) 

Here, y+ denotes a positive shear strahl induced by shear stress 
before NP and y~ is the negative shear strahl induced by shear 
stress after NP. In other words, the γ represents the total 
magnitude of shear strains under considering the deformation 
histories during rolling. 

Fig. 3 shows the histories of shear strahl at five locations 
through sheet thickness, i.e., TS, TQ, MT, BQ and BS, as shown 
in Fig.2 (a), during 1st pass rolling with asymmetric ratio of 1.0 
and 1.25, respectively. It can be obviously found that the 
distribution of shear strahl is symmetry to the center plane, and 
the value of shear strain at MT is almost zero during the whole SR 
processing (as shown in the Fig.3 (a)). On the contrast, the 
variation of shear strahl is no longer symmetry to the center plane, 
due to the presence of "shear cross zone", and more shear 
deformation is induced, promoting the easy penetration of 
deformation to the middle thickness, as shown in the Fig. 3(b). 
The shear strain at MT can intensely change the deformation zone 
during ASR processing. It should be noted that the magnitude of γ 
at TS (surface closed to the faster roll with larger roll biting 
geometry (Ld/td =1.11, ratio of projected contact length, Ld to 
average thickness of sheet, td)) is much larger than that of γ at BS 
(surface closed to the slower roll with smaller Là/tcl= 0.99) during 
ASR processing, which probably dues to the effect of roll biting 
geometry on the shear strain distribution. The tlirough-tliickness 
deformation during rolling depends strongly on LJ t j , and the 
strain can be increased with increasing Ld/frf[15], Also, Fig.4 
shows that the histories of strain in ND at center elements of 
rolled sheet with different asymmetric ratios. It can be seen that 
there is no significant difference in the strahl accumulation in ND 
for SR and ASR, which indicates that the asymmetric rolling main 
improve the shear strain at the same time there is no reduction in 
compressive strahl in ND. 
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Figure 2. (a) Initial and deformed mesh after rolling with different 
asymmetric ratios; (b) simplified description of deformed element 
after rolling and calculated values of parameters (TS and BS: top 
and bottom surfaces; MT: the element located at the center; TQ 
and BQ: 1/2 thickness located between center and top or bottom 
surface.) 
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The total shear strain after 4 passes was obtained by 
calculating the components of every pass, as shown in Fig. 5, and 
it is found that tlie total shear strain is increased with increasing 
asymmetric ratios through sheet thickness, but tlie increment of 
shear strain at tlie surfaces is much less than that at center, which 
means that tlie uniformity of strain distribution will be improved 
through sheet thickness. The uniformity improvement is 
consistent with tlie experimental results in ref. [11], in which the 
micro structural distribution was observed to be uniform through 
thickness of ASR processed sheet as tlie speed ratios were 
increased. The magnitude of γ at MT is 0.026, 0.52 and 0.836 
after 4 passes SR, ASR-1.12 and ASR-1.25 rolling, respectively. 

On tlie other hand, another phenomenon should be noted that tlie 
magnitude of shear strain increment from SR to ASR-1.12 (-0.5) 
is larger than that from ASR-1.12 to ASR-1.25 (-0.31). Also, 
according to tlie profile of engraved-rnark shown in Fig.l , tlie 
shear strain can be calculated using following functions given by 
[9,21] 

2 ( l - r ) 2
 Λ 1 1 

r = —rz—— tannin : (2) 
'(2-r) 1 -r 

Where # i s the shear angle shown in Fig.l , and r is tlie reduction 
ratio of tlie rolling process which is given by 

1 \ r = 1—L 

h. 
(3) 

Here Η and h are the thickness of the sheet before and after 
rolling, respectively. 
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Figure 4. Hie histories of strain in ND at center elements of rolled 
sheets 

The hollow circular symbol shown in Fig. 5 (a) is tlie 
calculated values through experiment results, and these results 
indicate that although there are some errors, tlie FE simulation 
results are still receivable. In previous studies [9, 15, 22], tlie 

strain in tlie rolling direction, S R D , is regarded as equal to the 

minus strain in tlie normal direction, S N D . But as shown in Fig. 5 

(b), S N D is larger than £ R D , and with increasing asymmetric 
ratios, tlie difference between tlie strain components is increased. 
The results may also be explained by tlie description of Fig.2 (a): 
the length of deformation bands in RD is increased with 
asymmetric ratio increasing, which indicates more deformation 
can be generated. 

The micro structures of SR and ASR-1.25 processed sheets 
(after solution treatment at 470 °C for 1 h) taken from the middle 
layer of RD-ND plane are shown in Fig.6. Compared with the SR 
processed sheet with coarse elongated grains, the ASR processed 
sheet exhibits tlie presence of refined grains. Because tlie 
deformation in ASR processing is not only compression but also 
much more additional shear deformation, and tlie grain refinement 
in ASR processed sheet mainly due to these shear strains [19, 23], 
Additional shear deformation can generate more internal shear 
bands in grains which contain more sub-boundaries, and grain 
refinement during ASR processing can be resulted from the 
development of sub-boundaries into high angle boundaries 
promoted by a simultaneous action of shear deformation [19]. 

0 24 (12(> 0 2,S fun 0.32 0.34 Oil, 
Rolling time Is 

Figure 3. Hie histories of shear strain at different locations 
through tlie thickness of rolled sheets: (a) SR; (b) ASR-1.25 
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Conclusions 
ASR processes with different asymmetric ratios were analyzed by 
FE simulation and experimental methods in terms of deformation 
pattern, components of plastic strain, through-thickness strain 
distribution as well as microstructures with comparing to SR 
process. The inclination of engraved marks is increased with the 
asymmetric ratio increasing, especially at the middle layer of 
processed sheet, the inkling angle is increased from 0° to 61.8° for 
ASR-1.25 processing. The ASR processed sheets undergo positive 
and negative shear strains before and after neutral plane during 
rolling, and with considering these two shear strains the total 
shear strahl at the middle thickness of rolled sheets can be 
increased with increasing asymmetric ratios. And the 
experimental results agree well with the FEM results. The 
introduction of additional shear strahl through the thickness of 
ASR rolled sheets would be beneficial to the gram refinement. 
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