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1. EXECUTIVE SUMMARY 

 

 
Magnesium is the lightest structural metal known: at approximately 1/5 the density of steel, 1/2 the 

density of titanium and 2/3 the density of aluminum.  Hence magnesium alloys represent potential 

weight savings across the entire transportation industry.  The major hurdle to the deployment of 

magnesium products by the transportation industry is the price barrier that exists due to the current 

high cost of producing magnesium alloy sheet on a volume basis.  Proven technology (e.g., twin roll 

sheet casting and hot reversing coil mill technology) exists which could lower the cost of magnesium 

alloy sheet by as much as 50%, but needs to be demonstrated and implemented in high volume 

production to achieve benefits.  In addition, the predominant basal texture (alignment of basal planes 

parallel to the sheet surface) that exists in magnesium alloy sheet results in poor low temperature 

formability resulting in added fabrication costs. Cost reduction achieved through energy efficiency, 

coupled with even greater energy savings by deployment of this “lightest of metals”, will help the 

United States achieve its goal to eliminate dependence on foreign fossil fuel.  Oak Ridge National 

Laboratory (ORNL), Magnesium Elektron North America (MENA), and FATA Hunter collaborated 

on this project to develop shear rolling technology of magnesium sheet to enable improvement of the 

formability of magnesium sheet while addressing cost and lower energy consumption.   

 

The key to improving the formability of magnesium sheet is to modify the predominantly basal texture 

that develops in magnesium alloy sheets due to traditional casting and rolling techniques. As part of 

this project, a new laboratory scale asymmetric rolling mill with unique capabilities was designed and 

fabricated to enable asymmetric rolling of magnesium alloy sheets. This mill won an R & D 100 award 

in 2012. Samples of magnesium alloys AZ31B and ZEK100 were asymmetrically rolled on three 

different mills to understand the effects of asymmetric rolling conditions on texture, microstructure, 

and formability. Microstructural studies showed that the grain structure, including the extent of 

recrystallization was affected by shear deformation, % reduction, and temperature. In addition, a 

distinctly different grain structure was observed close to the surfaces with the material adjoining the 

slower roll surface showing the presence of finer grains. Texture was significantly affected by 

asymmetric rolling, resulting in tilting of the basal poles towards the rolling direction. AZ31B showed 

a standard basal texture but ZEK100 developed a ‘rare earth texture’ after recrystallization, which 

would be expected to lead to better formability. Formability tests (dome tests) were performed on 

sheets to understand the effect of the shear rolling process conditions on the limiting dome height 

achieved at a temperature of approximately 175°C. Dome testing showed that formability measured by 

the limiting dome height is extremely sensitive to the asymmetric rolling path and formability testing 

procedures. Results showed that certain shear rolling paths resulted in improved formability of AZ31B 

sheet.  

 

Wide sheets (36”x72”) were rolled at MENA to investigate any issues arising from larger scale shear 

rolling. The wide sheet obtained from rolling at MENA was also successfully used to demonstrate the 

forming of two different demonstration automotive parts. Results from this project have thus clearly 

demonstrated that texture modification can be achieved through shear rolling and this process is 

amenable to high throughput industrial processing. 
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2. INTRODUCTION 

 

 
Higher cost of sheet production and the lower formability relative to steel and aluminum are two major 

factors inhibiting the widespread use of magnesium alloys in automotive applications. Magnesium’s 

lower formability is associated with its hexagonal closest packed (HCP) crystal structure, which has a 

relatively lower number of slip systems that are active to accommodate deformation when compared to 

aluminum and steel. Furthermore, conventionally rolled magnesium sheet has a strong basal texture 

component that results in anisotropy of its tensile properties. The conventional symmetric rolling 

process aligns the basal planes parallel to the rolling plane, with a 5-10 degree tilt forward and aft of 

the rolling direction
1
. It is this tilt that produces the anisotropy. Weakening or randomization of the 

basal texture in magnesium sheet will reduce this effect and improve formability. Asymmetric (also 

referred to as Differential Speed Rolling (DSR) or shear rolling) has been shown to tilt this basal 

texture away from the sheet normal along the rolling direction, resulting in improved formability
2
. 

Shear rolling uses two work rolls travelling at different speeds to impart a shear component to the 

stresses and strains experienced by the material. The purpose of this project was to demonstrate the 

feasibility of shear or asymmetric rolling of magnesium alloy sheets on the laboratory and industrial 

scale, evaluate the formability of such processed sheet and demonstration fabrication of trial industrial 

components. 

 
2.1 DESCRIPTION OF TASKS  

 

This project was initiated by Oak Ridge National Laboratory (ORNL) in collaboration with 

Magnesium Elektron North America (MENA), and was structured into five tasks: 

 
Task 1:  Design, fabricate, and install “Shear” roll mill: The primary focus of this task was to design 

and install a new “laboratory scale” shear rolling mill at ORNL. To enable industrial scale production 

and for effective transfer of technology, another focus of this task was to design and install a “shear” 

rolling capability on the factory floor in MENA.  

 

Task 2: Alloy selection for improved formability: While preliminary experiments in the literature show 

that shear rolling can improve formability in some commercial magnesium alloys, there was a need to 

explore materials that would tend to benefit the most from this technology. The purpose of this task 

was to down-select the most appropriate alloys for further process development based upon the data 

available and existing industrial needs. 

 

Task 3: Develop manufacturing shear rolling process technology for alloys: The primary goal of this 

task was to develop the parameters for processing of sheets of the alloys identified in Task 2. The 

focus of the processing was to achieve appropriate thicknesses, and to develop textures that would 

have the potential to improve formability of the sheets.  

 
Task 4: Demonstrate shear roll process technology in an industrial process environment: Based upon 

the processing trials performed at ORNL, it was proposed that industrial-scale shear rolling would be 

performed at MENA to enable completion of Task 5. 

                                                 
1 Agnew S.R. and Duygulu O. (2005) Plastic anisotropy and the role of non-basal slip in magnesium alloy AZ31B, Int. J. of Plasticity, 

21, pp1161-1193 

2 Xinsheng Huang∗, Kazutaka Suzuki, Akira Watazu, Ichinori Shigematsu, Naobumi Saito, Microstructure and texture of Mg–Al–Zn alloy 

processed by differential speed rolling, Journal of alloys and compounds, 457(2008), 408-412. 
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Task 5: Fabricate at least two components using materials processed with the newly developed 

manufacturing processing technology: It was proposed that two components would be fabricated with 

the magnesium alloys sheet materials manufactured using the newly developed shear roll processing 

technology outlined in Task 4. 
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3. RESULTS AND DISCUSSION 

 

 
3.1 TASK 1: DESIGN, FABRICATE AND INSTALL SHEAR ROLLING MILL 

 
3.1.1 New Asymmetric Rolling Mill at ORNL 

 

To reduce the conversion cost and make magnesium sheet truly competitive for automotive 

applications, the inefficiencies and high costs associated with the conventional warm rolling process 

and the resultant poor formability needed to be addressed.  The asymmetric rolling mill was 

specifically designed to address both these needs. In 2010 FATA Hunter cooperated with Oak Ridge 

National Laboratory and Magnesium Elektron North America to develop a pilot rolling mill for 

magnesium sheet, see Figure 1.  The purpose of this mill was to test a series of design concepts.  These 

concepts were critical to the development of a commercial rolling mill that could cost-effectively 

process high quality magnesium sheet for the consumer market. These two major concepts were: 

 

1. Rolling sheet between rolls that are rotating at different velocities-“Asymmetric Rolling” and 

2. Roll heating to accomplish rolling using warm rolls – up to a temperature of 300°C. 

 

Rolling is a process where the thickness of sheet or plate is reduced sequentially to a desirable 

thickness by inserting it between two rotating rolls that are separated by a “roll gap” that is smaller 

than the thickness of the incoming sheet. Symmetric rolling (or normal rolling) is accomplished when 

the two rolls are operated at equal velocities and the sheet or plate undergoes plane strain compression; 

see Figure 2 (a). Asymmetric rolling (or shear rolling) is accomplished when the two rolls are rotating 

at different velocities thus imparting shear component to the sheet or plate deformation in addition to 

the plane strain compression. Prior research has demonstrated that asymmetric rolling allows rotation 

of the basal planes away from the rolling plane, thus reducing the basal texture and improving 

formability. In particular, the improvement in formability implies that forming can be accomplished at 

lower temperatures than is currently feasible with a corresponding decrease in the cost of formed 

components.  

 

 

     Fig. 1. The new asymmetric rolling mill designed and fabricated by FATA Hunter in collaboration 

with ORNL. 
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Preliminary work on a laboratory scale mill equipped with unequal sized rolls showed that such shear 

deformation placed significantly higher demands on the torque requirements of the drivetrain and the 

ability of the rolls to accommodate such large torques. The new asymmetric mill was specifically 

designed with a large torque capability to accommodate a wide range of differential velocities and 

shear ratios. In addition, active dynamic braking was used to maintain the large difference in roll linear 

velocities. It should be noted that the mill is designed to accommodate up to a 5:1 velocity ratio with 

potentially higher values achievable with smaller reductions. 

 

    
(a)                                                                 (b) 

Fig. 2. Schematic of the (a) symmetric rolling and (b) asymmetric rolling process (adapted from [2]). 

 

Roll heating is another key component of the newly designed mill with the potential to achieve the 

desired texture and properties of the processed sheet. The deformation mode of magnesium alloys is 

very strongly dependent on temperature. While the magnesium sheet can be heated to desired 

operating temperatures and rolled using cold rolls, the contact of the warm sheet with the cold rolls 

results in roll chilling of the sheet, resulting in unpredictable consequences for the deformation 

behavior of the sheet produced using this process. While external roll heating can be accomplished, 

such heating cannot be controlled easily to maintain isothermal roll temperatures. Thus this mill was 

designed with internal roll heating that can be used to maintain the rolls at a desired temperature using 

Proportional Integral Derivative (PID) control, thus defining the process conditions precisely. This 

ability greatly enhanced the reproducibility of the process conditions, while allowing the widest 

achievable process window for development. 

 

The basic configuration of the laboratory scale mill consisted of a 2-Hi mill stand complete with 

hydraulic gap control, exhaust hood, side guides and pinch rolls mounted on a sub-base.  The roll 

changer rails were mounted on a separate assembly that attached to the main sub-base.  The mill 

incorporated asymmetric drives that were mounted on a separate base and connected to the mill via 

spindle couplings.  The drives featured two-speed gearboxes for quick changes between the 50 and 

500 feet per minute (fpm) speed range.  Material handling was by means of two powered roller tables 

on each side of the mill.  Each roller table can be controlled individually and the drives are interlocked 

and synchronized with the speed and direction of the mill.  Each roller table was provided with a 

hinged cover that contained a thermostatically controlled electric heater and blower motor to minimize 

heat losses from the rolled strip.  The main design features of the mill are summarized as follows: 

 

 The mill has H13 tool steel work rolls that were sized for the optimum combination of 

o Roll neck size (for bearing capacity and roll neck shear/torsional stress), 

o Roll body size (for roll rigidity and sufficient bite angle to take the required rolling 

reductions),  

o Contact length (to control heat transfer between the strip and the roll). 
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 The rolls incorporate high energy density internal electric roll heaters that were specially 

developed for this application.  The heaters incorporate a unique sheath that makes intimate 

thermal contact with the roll.  Implementing and proving this design feature was a critical step 

in advancing this technology to the industrial scale. Temperatures of up to 300
o
C can be 

achieved with the use of these internal heaters. 

 The mill had 245 tons of roll separating force to roll the hard magnesium alloys and to make 

the large reductions needed to ensure a fine recrystallized grain size. 

 Each mill drive has 545,000 in.-lb of torque to not only accommodate the high reduction 

capability of the mill, but also provide the capacity for high asymmetric rolling ratios.  In 

principle, the differential speeds between the two rolls can be very large, essentially limited 

only by this torque capacity. This was the first time that such a high ratio asymmetric drive had 

been used beyond laboratory table-top testing.  This asymmetry increases both the internal 

shear stress and internal heat for any reduction, thus reducing the basal texture of the 

Hexagonal Close Packed (HCP) metal and stimulating grain refinement.  This capability is 

critical in improving the formability of the magnesium alloy sheet produced on the mill and is 

an important factor in commercializing the technology. 

 The mill has a quick gear change feature that allows the mill to be used for investigating the 

effect of higher rolling speeds on the microstructure of the magnesium sheet. 

 The mill roll force cylinders are equipped with very accurate position transducers to enable the 

mill to operate in either gap mode or pressure mode with bumpless transfer between modes.  

The control system utilized for this mill is a simplified version of the controls found on FATA 

Hunter’s full-size industrial aluminum mills. 

 The mill incorporated a sub-base that not only allows for the mill to be pre-assembled, tested, 

and shipped as a unit, but it also greatly simplified the on-site installation at ORNL.  The sub-

base also acted as the mounting base to facilitate a future upgrade to coil-to-coil operation and 

as a drain pan for roll lubricant. 

 The heated roller tables have a modular design to allow for easy transportation and installation. 

 The roller table heaters use hot air to eliminate the inherent dangers associated with radiant 

heating of magnesium.  The heaters assist in maintaining the temperature required to roll the 

magnesium alloys in an isothermal condition. 

 The mill incorporates a roll-out type roll changer for easy access to the work rolls. 

 

3.1.2 MENA 8-Mill 

 
As part of the technology transfer process, 8-Mill at Magnesium Elektron North America was selected 

as the mill that would be modified to demonstrate industrial scale practice of asymmetric or shear 

rolling. 8-Mill was an industrial mill with 48-inch wide rolls, (Figure 3). It has a single drive motor 

and thus the conversion to shear rolling required different diameter rolls. The maximum shear ratio 

that could be carried out on 8-Mill was limited by the design of the mill; the small roll could be no 

smaller than the chocks in which it sits and the top backup roll could be raised no higher than the top 

of the screw, limiting the size of the large upper roll. This meant that the maximum shear ratio possible 

was 1:1.35 with rolls of 14.457” and 19.500”. To achieve this position of the upper roll, a new spindle 

was required as the old wobbler joint could not work at this angle. Therefore, a new spindle using 

universal couplings was acquired and the modifications were completed. 
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Fig. 3. 8-Mill at Magnesium Elektron North America’s facility. 

 

3.2 TASK 2: ALLOY SELECTION 

 

Four different magnesium alloys in the form of sheet were initially studied to develop an 

understanding of differences in behavior under shear rolling conditions. These alloys include AZ31B 

(Mg-3wt%Al-1wt%Zn-0.3wt%Mn), K1A (Mg-<1wt%Zr), ZK10 (Mg-1wt%Zn-<1wt%Zr) and 

ZEK100 (Mg-1wt%Zn-<1wt%Rare Earths-<1wt%Zr). The alloy sheets were supplied by MENA and 

are commercially available in bulk quantities. Preliminary trials on asymmetric rolling were conducted 

using the 3:1 sized rolls in the ORNL Fenn Mill. In these preliminary trials, it was found that when 

processed using a fixed set of parameters, AZ31B and ZEK100 performed the best amongst the four 

alloys as shown in Figure 4. It should be noted that ZK10 particularly showed significant cracking as 

shown in the figure. Thus, AZ31B and ZEK100 were down selected for further study in this project 

based upon the good surface quality and minimum cracking observed in the preliminary trials. 

 

  
(a)                                                               (b) 

 Fig. 4. Initial rolling trials for (a) symmetric and (b) asymmetric rolling showed that AZ31B and 

ZE10 (ZEK 100) showed minimum cracking and good surface qualities. Arrows shows sheet with cracks 

and the relatively rough (serrated) surface. 
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3.3 TASK 3: DEVELOP SHEAR ROLLING PROCESS 

 

The work scope of Task 3 was to develop an understanding of the conditions required to shear roll 

AZ31B and ZEK100 magnesium alloys to achieve a non-basal texture. Rolling was carried out on two 

different mills available at ORNL, the Fenn Mill, and the new asymmetric rolling mill co-designed 

with and built by FATA Hunter, using different rolling conditions and with different sized sheets as 

explained below. 

 

3.3.1 Fenn Mill 

 

 

Fig. 5. Fenn mill, available at ORNL. 

 

The Fenn Mill, located at ORNL, is an experimental mill with 11 inch wide rolls (Figure 5). To enable 

shear rolling on this mill, it was fitted with rolls 9 inches and 3 inches in diameter, giving a 

circumferential speed ratio of 3:1. It was noticed in very early experiments that a major difference 

between symmetric rolling and asymmetric rolling was the curl of the sheet as it exited the mill. The 

curling of sheet happens due to differential deformation across the thickness of the sheet with larger 

deformation occurring on the side of the sheet in contact with the faster roll. To counteract the curl, a 

stripper plate arrangement was fitted to the mill, forming a channel through which the curled sheet 

travelled to restrict the natural tendency for the sheet to curve during exit. The design of the stripper 

plates was part of a patent application filed with the United States Patent Office by ORNL.  

 

Initial rolling was carried out on the Fenn Mill at ORNL using 2” wide sheet. The first trials on 

AZ31B and ZEK100 were carried out using the parameters shown in Table 1. Following rolling, the 

sheets were characterized for their microstructure (in particular qualitatively for grain size and shape), 

homogeneity of deformation, presence/absence of recrystallization, residual deformation, 

presence/absence of cracking, and basal texture. Particular emphasis was placed on understanding the 

feasibility of modifying the basal texture using the asymmetric rolling conditions explored in this part 

of the study. 
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Table 1. Initial parameters employed on the Fenn Mill at ORNL with 3:1 roll speed ratio 

Alloy Temperature (°C) Total Passes Total Reduction (%) 

AZ31B 

135 

1 4 

1 9 

1 18 

5 24 

180 4 22 

225 7 38 

ZEK100 

135 

1 6 

1 13 

1 24 

1 38 

7 42 

180 8 43 

225 8 46 

 

3.3.1.1 Microstructural studies 

 

Samples of rolled sheet were prepared for analysis using standard metallography techniques. Samples 

for X-ray texture measurements were polished down to the center-line of the sheet, and finished with a 

3μm diamond polish. A 4-axis diffractometer was used with a cobalt x-ray source, and pole figures 

were measured for the (0002) reflections. EBSD was carried out using a JEOL 6500 Scanning 

Electron Microscope (SEM). All EBSD maps are shown using inverse pole figure (IPF) coloring with 

reference to the normal direction of the sheet. In the following sections several qualitative aspects of 

microstructure in the asymmetrically rolled sheet are discussed along with comparisons between the 

two alloys studied:  AZ31B and ZEK100. 

 
Shear bands were clearly visible in AZ31B samples as shown in Figure 6 indicating inhomogeneity in 

deformation within the material. In addition, shear bands were more defined at greater reductions, and 

were visible in AZ31B at all rolling temperatures. At lower temperatures, shear banding also was often 

related to crack formation during rolling as shown in Figure 6. Shear bands generally formed in 

opposite directions at each surface, pointing diagonally toward the center and away from the rolling 

direction. It was also often seen that the slow roll surface produced stronger shear banding, which at 

larger reductions could stretch across the entire sample. It should be noted from Figure 6 that cracks 

were occasionally observed at the interface of the shear bands, particularly at large % reductions and at 

low temperatures where ductility was quite limited.  
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 Fig. 6. A crack formed within a shear band in AZ31B asymmetrically rolled with a shear ratio of 

3:1 on the Fenn mill at 180°C with a total strain of 22%. 

Rolling temperature and % reduction had a clear effect on the microstructure and recrystallization 

within shear bands. Figure 7 shows the microstructure of AZ31B samples in three different specimen 

conditions showing that higher temperatures and greater deformation resulted in recrystallization, 

particularly within the shear bands.  No significant grain growth was observed under these rolling 

conditions. 

 

   
(a)                                        (b)                                             (c) 

 Fig. 7. Effect of temperature and deformation on recrystallization in asymmetrically rolled 

AZ31B (3:1) (a) 13% reduction at 135
o
C, (b) 18% at 180

o
C, and (c) 38% at 225

o
C. 

 
3.3.1.2 Bulk X-ray texture measurements 

 

X-ray texture measurements were performed on selected specimens at multiple locations through the 

sheet thickness by sequentially polishing the specimens. Figure 8 shows a typical {0002} pole figure 

from AZ31B in the as-received condition, processed using conventional symmetric rolling. Note that 

the shape is essentially symmetric with respect to the rolling direction with the peak intensity close to 

the center of the pole figure. Figure 9 shows the basal pole distribution obtained from the near surface 

region at the slow roll, the center, and surface near the fast roll on a specimen asymmetrically rolled to 

a reduction of 38% at 225
o
C without cracking. Note that there is an elongation in the intensity 

distribution along the rolling direction and the maximum intensity orientation is tilted away from the 

sheet normal towards the rolling direction. Also note that the shape changes from the surface to the 

center of the specimen. These results show that the basal texture of this magnesium alloy sheet can be 

successfully modified using asymmetric rolling. 

Crack 
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 Fig. 8. Typical {0002} pole figure from as-received AZ31B. Rolling direction is vertical (Intensity in 

arbitrary units). 

 

     Fig. 9. X-ray texture measurements from a specimen asymmetrically rolled to a reduction of 38% at 

225
o
C. {0002} pole figures obtained from (a) near the surface in contact with the fast roll, (b) centerline, and (c) 

near the surface in contact with the slow roll. Rolling direction is vertical. Intensity in arbitrary units. 

(a) 

(b) 

(c) 



 

13 

3.3.2 FATA-Hunter Mill 

 

Eight inch wide strips were rolled on the FATA Hunter mill (see Figure 1) using the conditions shown 

in Table 2. Reductions of 50% could not be achieved due to insufficient shape control at the exit side. 

It was found that slower rolling gave better shape control and surface quality when compared to higher 

speed asymmetric rolling. Rolled materials were characterized for their microstructure, texture, and in 

selected cases, formability using the dome testing as described later in section 4. 

Table 2. Rolling conditions for magnesium alloy strips rolled on the FATA Hunter mill 

Alloy 
Roll Temperature 

(°C) 

Metal 

Temperature (°C) 
Roll Speeds (rpm) Reduction (%) 

AZ31B 175 175 

300/300 

5 

7 

9 

10 

13 

27.6 

300/412.5 

 

3 

6 

7 

8 

220/604 
7.5 

15 

AZ31B 
200 200 

300/300 

8 

15 

22 

42 

300/405 12 

200/270 
15 

30 

200/600 
16 

41 

280 300 300/300 10 

ZEK100 200 200 

300/300 
14 

24 

200/270 
15 

32 

200/600 
12 

33 
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3.3.2.1 Microstructural analysis 

 

Figure 10 shows the microstructures of AZ31B sheets rolled at 200°C:  a) symmetrically rolled at 25% 

reduction, b) asymmetrically rolled by 25% at 1:1.35 shear ratio, and c) asymmetrically rolled by 40% 

at a ratio of 3:1.  Note that the asymmetrically rolled specimens shown in Figures 10(b) and (c) show a 

recrystallized grain structure which seems to have considerably coarsened, particularly in the specimen 

shown in Figure 10(c) which was subject to a 40% reduction at 200
o
C.  

 

       
 

 

  

 

 

 

   

 

   

      Fig. 10 Microstructure of AZ31B specimens rolled at 200°C (a) symmetrically rolled at 25% reduction 

(b) asymmetrically rolled by 25% at 1:1.35 shear ratio, and (c) asymmetrically rolled by 40% at a ratio of 3:1 

3.3.2.2 Bulk X-ray texture measurements 

 
Figure 11 shows the {0002} pole figures obtained from the centerline of three specimens:  a baseline 

AZ31B prior to shear rolling, AZ31B symmetrically rolled at 200
o
C, 25% reduction, and a specimen 

asymmetrically rolled by 25% at a 1:1.35 shear ratio and a temperature of 200
o
C. Note again that the 

asymmetrically rolled specimen shows asymmetry in the distribution of basal pole intensities in the 

rolling direction accompanied by a tilting of the poles resulting in the maximum intensity being away 

from the direction of the sheet normal. Thus asymmetric rolling clearly results in the modification of 

the basal texture and again demonstrates the fact that asymmetric rolling can modify the basal texture 

of magnesium alloy sheets. 

(b) (a) 

(c) 
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     Fig. 11. X-ray texture measurements from (a) a specimen prior to asymmetric rolling, (b) symmetrically rolled at 

200oC, 25% reduction, and (c) asymmetrically rolled by 25% at 1:1.35 shear ratio at a temperature of 200oC. Rolling 

direction is vertical. Intensity shown is normalized to intensity from a randomly oriented specimen. 

 

3.4 TASK 4: DEMONSTRATE SHEAR ROLLING IN AN INDUSTRIAL PROCESS 

ENVIRONMENT 

 

The scope of Task 4 was to demonstrate the feasibility of shear rolling magnesium alloy sheet in an 

industrial environment and in particular to demonstrate the rolling of wider sheets on an industrial 

scale mill. This was carried out at MENA using ‘8-Mill’ described earlier. Table 3 shows the matrix of 

rolling trials carried out on the 8-Mill with nominal temperatures and reductions. Both symmetric (1:1) 

roll speeds and asymmetric rolling was performed on this mill to understand the differences between 

the microstructures and textures of sheet that were rolled using these different processing conditions.  

Samples were used in formability testing as described in Section 4 and 36 inch wide sheets were also 

rolled to prove that shear rolling could be scaled up to an industrial sized process as described in 

section 5. 
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Table 3. Matrix of parameters used for rolling sheet using the 8-mill at MENA. 

Alloy Temperature (°C) Total Passes Total Reduction (%) 

AZ31B 

200 1 10 

200 1 25 

200 1 50 

250 1 10 

250 1 25 

250 1 50 

350 1 25 

425 1 10 

425 1 50 

ZEK100 

200 1 10 

200 1 25 

200 1 50 

250 1 10 

250 1 25 

250 1 50 

350 1 25 

425 1 10 

425 1 50 

 

It was encouraging to note that both AZ31B and ZEK100 sheets rolled using single pass reductions of 

10 and 25% produced good quality sheets, with no edge cracking and a relatively flat profile, see 

Figure 12 (left). At large reductions per pass (50% reduction), the shape control was much worse and a 

center buckle developed during the rolling of all sheets, especially at lower temperatures, see Figure 12 

(right). The AZ31B alloy also showed significant edge cracking at the lower temperatures when 

compared to ZEK100.  

 

 

     Fig. 12. Effect of processing condition on quality of sheet produced using the 8-mill. The photograph 

on the left shows ZEK100 rolled at 425°C with 10% reduction. The photograph on the right shows AZ31B 

rolled at 200°C with 50% reduction. 

 

Several practical difficulties and anomalies were encountered during the process development for the 

8-mill. For example, it was observed that the curling of sheet was not always predictable. Although the 

sheet was expected to curl away from the fast roll due to that surface encountering greater deformation, 

this effect was not always observed. The exact cause of the absence of curling is unknown, but two 
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explanations are possible. The first is that the sheet was simply sticking to the upper roll and was being 

bent after it had exited the roll gap, inducing an opposite curvature into the sheet. The second is that 

there was a difference in friction between the two rolls. At the very start of rolling this was unlikely 

since the rolls were ground to exactly the same finish. However, it is possible that after several passes 

were carried out, a build-up of magnesium and magnesium oxide occurred on the rolls modifying the 

surface finish and hence the friction coefficient. The amount of build-up is likely to be different on the 

upper and lower rolls due to the difference in the speeds of the two rolls and the contact length. This 

would change the friction coefficient between the roll and the material, which would alter the forces on 

the sheet, causing a variation of the total shear forces. It was also observed that the rolling of the 

narrow sheet and shape control was facilitated by the presence of the stripper plate.  

 

The next task was to develop the asymmetric rolling process for wider sheets (36”) of AZ31B and 

ZEK100. When scaling up to this wider sheet, more process difficulties were encountered. The main 

complications were with the shape and finish of the metal. These difficulties were again related to the 

direction of curling. As explained earlier, it was anticipated that the material would increase in length 

on the side of the fast roll, and thus curl downwards. This behavior had been observed in previous 

trials, and therefore the stripper plates were designed such that the lower plate was positioned very 

close to the roll to ensure the material did not wrap around the roll. However, it was found during 

rolling on 8-Mill that the material did not behave entirely as expected. In many cases, the material 

curved upwards. This caused problems with the stripper plates and certain sheets came into contact 

with the plate edges when they exited the mill. It was found that the positioning of the stripper plates 

was critical in controlling the sheet exit process in the shear rolling mill. The stripper plates needed to 

be shaped carefully and adjusted to fit less than 0.008 inches from the roll surface. 

 

Adding lubrication/cooling to the process greatly helped to decrease the shape problems and eliminate 

chatter. The narrow strips were rolled with no lubrication and thus the first wide sheets were rolled 

exactly the same way. It was thought that lack of lubrication would result in higher shear stresses on 

the material, due to higher friction. However, after a few sheets had been rolled, the material started to 

‘chatter’ very badly through the roll bite, with alternating regions of sticking and slipping, as a result of 

pickup on the rolls. This produced a very uneven surface, which was expected to give inconsistent 

amounts of shear deformation. For this reason, lubrication was used for the remainder of rolling. While 

there may have been more slipping at the roll surface, and consequently less shear forces applied to the 

metal, the overall quality was much better and more consistent. Shape control was also improved by 

the application of lubricant due to cooling of the rolls. Figure 13 shows a typical example of the type 

of problem that was encountered during the rolling process. The leading edge of the sheet is shown in 

the foreground. A clear line between good, flat material at the start and poorly shaped/warped material 

at the end was clearly visible. The initial good section was approximately one revolution of the rolls, 

and it is thought that heating from the rolls was responsible for the change in shape. The use of coolant 

minimized these issues by cooling the rolls during processing. It was also found that large reductions 

exacerbated the problems and it was not possible to deform greater than 25% on the wide material, 

limiting the process window available. Hence thirty-six inch wide sheets of AZ31B and ZEK100 were 

asymmetrically rolled nominally at 250°C with only a 10% reduction. These sheets were used for 

forming automotive components as described later in the report.  
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Fig. 13. Photograph of rolled sheets showing the difference in shape control along the length. 

 

It was realized that due to unpredictable friction conditions related to the temperature and the surface 

roughness that varied during the rolling process, there was a need to understand the amount of shear 

actually imparted to the sheet during asymmetric rolling. Two strips of AZ31B containing drilled holes 

were asymmetrically rolled on the 8-mill at 370°C, one by a 10% and the other by a 50% reduction. 

The sample rolled by a 10% reduction in thickness showed a small curl downward at the beginning, 

and an upward curl towards the end of the sheet whereas the sheet rolled to a 50% reduction showed a 

very strong upward curl along the full length. Although the sheet rolled by a 10% reduction showed a 

change in shape during rolling, the holes were found to be consistently angled in the same direction in 

both areas. Sections through the holes are shown in Figure 14 and Figure 15. It can be seen that in both 

samples, the hole was tilted in the direction that would be expected from a large (fast) roll on top, 

despite the curl of the sheet being opposite and that the tilting is larger in the sample reduced to a 

greater reduction in thickness. 

 

 

 Fig. 14. Section through a drilled hole in a sample deformed asymmetrically at 370°C with 10% 

reduction. The top surface was in contact with the fast roll and the bottom surface with the slow roll. The 

rolling direction was left to right. 
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     Fig. 15. Section through a drilled hole in a sample deformed asymmetrically at 370°C with 50% 

reduction. The top surface was in contact with the fast roll and the bottom surface with the slow roll. The 

rolling direction was left to right. 

In summary, it should be noted that although difficulties were encountered during the scale-up of the 

asymmetric rolling process, both AZ31B and ZEK100 sheets were successfully rolled using the 

modified 8-Mill and, as explained later, components were fabricated using the rolled sheet. 

 
3.4.1 Microstructural Analysis 

 
Figure 16 shows the microstructure of the starting sheet material prior to rolling. The microstructures 

were fully recrystallized and homogeneous through the full thickness. It was found that the rate of 

grain growth in AZ31B was faster than that of ZEK100 at high temperatures. Thus the initial grain 

sizes of the AZ31B and ZEK100 varied strongly as a function of rolling temperature since these sheets 

were preheated before rolling.  This grain growth and the grain size difference was particular 

significant in sheets that were asymmetrically rolled due to the following reason. In symmetric rolling, 

all samples were simply heated to the required rolling temperature and then rolled. However, all 

samples rolled asymmetrically were heated to 425°C and then cooled to the requisite rolling 

temperature. This preheat step caused more extensive grain growth in the feedstock for asymmetric 

rolling than symmetric rolling. Thus, the initial grain sizes before rolling cannot be directly compared 

between the symmetric and asymmetric rolling conditions even for the same alloy and nominally the 

same rolling temperature. This discrepancy was particularly serious in AZ31B due to the higher rate of 

grain growth when compared to ZEK100, where the differences were only slight. 

 

 
 

(a)                                                                     (b) 

Fig. 16. Optical micrographs of AZ31B (left) and ZEK100 (right) feed stock materials. 
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The microstructure following rolling (see Figures 17 and 18) contained the same basic features at all 

conditions, with little difference observed between the microstructures of the sheets rolled 

symmetrically and asymmetrically at the same temperature. The pre-existing grains were flattened and 

elongated by the compressive forces during rolling in both asymmetric and symmetric modes. Shear 

bands were formed in all samples and the grains within these shear bands were extensively refined. 

The samples rolled to 50% reduction showed much more extensive grain refinement when compared 

to the samples rolled by a 10% reduction in thickness. The samples rolled at 250°C are shown here as 

examples but similar differences were observed at all rolling temperatures, with the additional 

observation that more grain growth occurred at higher rolling preheat temperatures.  

 

 

(a)                                                                              (b) 

     Fig. 17. AZ31B rolled at 250°C with 10% reduction on 8-Mill in (a) symmetric mode and (b) 

asymmetric mode (right). 

 

(a)                                                                               (b) 

     Fig. 18. AZ31B rolled at 250°C with 50% reduction on 8-Mill in (a) symmetric mode and (b) 

asymmetric mode. 

The ZEK100 microstructure (see Figures19 and 20) showed similar behavior to AZ31B. Again, grains 

were elongated due to the rolling process and some shear banding occurred. With 50% reductions, it 

appeared that shear bands had consumed the majority of the material. The work carried out within the 

shear bands is, by definition, greater than that in regions outside these shear bands, and thus it appears 

that recrystallization was also much more active within this region. Recrystallization caused a large 

decrease in the grain size within this region, which is generally expected to improve formability. 
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(a)                                                                              (b) 

     Fig. 19. ZEK100 rolled at 250°C with 10% reduction on 8 mill in symmetric mode (left) and asymmetric mode 

(right). 

 
     (a)                                                                                     (b)  

      Fig. 20. ZEK100 rolled at 250°C with 50% reduction on 8 mill in symmetric mode (left) and asymmetric mode 

(right). 

The microstructures of shear rolled sheets were mostly homogeneous through the full thickness, with 

the exception of a very small region at each surface. This region was generally less than 100μm thick 

and contained finer grains, (Figure 21). In the AZ31B sample shown in Figure 21 the layer of fine 

grains was only present at the slow roll surface. In the ZEK100 sample, the layers were much thicker 

and were present at both surfaces. The layer at the fast roll surface was wider but a stronger grain 

refinement effect was seen at the slow roll surface. It is surmised that dynamic recrystallization 

resulted in the formation of small grains leading to grain size refinement during shear rolling with 

greater strains generally resulting in earlier onset and more extensive recrystallization. These results 

suggest that the surface layers experienced higher strains than the bulk of the sheets. It also suggests 

that the slow roll surface underwent a larger local strain than the fast roll surface. This region would be 

expected to play a greater role as the thickness of the rolled sheet decreases. 
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     Fig. 21. AZ31B (left) and ZEK100 (right) shear rolled in a multipass schedule at 225°C to a total strain 

of approximately 50% on the Fenn mill showing the microstructural variation close to the slow roll (top) 

and fast roll (bottom) surface. 

 

3.4.2 Bulk X-ray Texture Measurements 

 

Since modification of the basal texture is critical to improving the formability, the texture at the 

centerline was evaluated in all rolled samples. Figure 22 shows the texture of the AZ31B feedstock 

materials used for rolling experiments on the 8-Mill (initial sheet texture) for reference. The {0002} 

pole intensity was centered strongly on the normal direction in the sheet with a wider spread towards 

the rolling direction than the transverse direction (elliptical in shape). 
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Fig. 22. XRD 0002 pole figure for AZ31B feedstock (rolling direction is horizontal). Intensity shown in 

arbitrary units. 

Figures 23-26 show the texture after rolling in both symmetric and asymmetric modes, at temperatures 

of 250°C and 425°C and reductions of 10% and 50%. A split in the basal texture is often seen in 

symmetrically rolled magnesium alloy sheet and is particularly apparent in the textures of AZ31B 

shown in Figure 23 (a), which is from a sheet rolled by a reduction of 10% at 250
o
C, in Figure 24 (a) 

which is from a sheet rolled by a reduction of 50% at 250
o
C, and in Figure 26 (a) which is from sheet 

rolled by a reduction of 50% at 425
o
C. In contrast, Figures 23 (b), 24 (b) and 26(b) show that 

asymmetric rolling induces a tilt in the pole figure away from the sheet normal and towards the rolling 

direction. The differences between the symmetric and asymmetric rolling textures seem to be the 

lowest in sheets rolled at 425
o
C to a reduction of 10% perhaps due to extensive dynamic 

recrystallization at this temperature. These differences are again amplified in the sheet rolled at 425
o
C 

to a 50% reduction in thickness. From these results it can be concluded that asymmetric rolling can 

induce modification of the basal texture but this observation can vary depending on the temperature 

and amount of reduction achieved during the pass. 

 
(a)                                                                            (b) 

     Fig. 23. XRD 0002 pole figures for AZ31B rolled at 250°C with 10% reduction in (a) symmetric mode 

and (b) asymmetric mode. Intensity shown in arbitrary units. 
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(a)                                                                      (b) 

     Fig. 24. XRD 0002 pole figures for AZ31B rolled at 250°C with 50% reduction in (a) symmetric mode 

and (b) asymmetric mode (right). Intensity shown in arbitrary units. 

 

(a)                                                                      (b)  

     Fig. 25. XRD 0002 pole figures for AZ31B rolled at 425°C with 10% reduction in (a) symmetric mode 

and (b) asymmetric mode (right). Intensity shown in arbitrary units. 
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(a)                                                                         (b) 

     Fig. 26. XRD 0002 pole figures for AZ31B rolled at 425°C with 50% reduction in (a) symmetric mode 

and (b) asymmetric mode (right). Intensity shown in arbitrary units. 

Figure 27 shows the texture of the starting ZEK100 feedstock. It can be seen that this was very 

different from that of AZ31B feedstock as shown in Figure 22. The ZEK100 showed a split of the 

basal pole towards the transverse direction, and generally weaker intensities, a general texture known 

as the ‘rare earth texture,’ which is generally related to improved formability
3
. Figures 28-31 show the 

textures of sheets rolled symmetrically and asymmetrically at temperatures of 250°C and 425°C and 

reductions of 10% and 50%. During rolling, the basal planes rotated along the rolling direction to 

result in split in the distribution of basal planes along the rolling direction, known as a ‘standard split 

basal texture’. Deformation to a greater strain, especially at the lower temperatures, led to an almost 

fully standard split basal texture. Rolling in asymmetric mode caused only a small tilt with 10% 

reduction; however it significantly rotates the entire texture towards the rolling direction with 50% 

reductions. The maximum intensity of the pole figures is generally lower in the asymmetrically rolled 

samples, indicating that the overall texture is weaker. Thus, it has been clearly demonstrated that 

modification of the initial texture can be achieved in both AZ31B and ZEK100 (primarily tilting of 

texture away from the sheet normal) through asymmetric rolling. 

 

                                                 
3 Jan Bohlen et al., “The texture and anisotropy of magnesium–zinc–rare earth alloy sheets,” Acta Materialia, Vol. 56, No. 7, April 2007, 

p.2101-2112. 
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Fig. 27. XRD 0002 pole figure for ZEK100 feedstock. Intensity shown in arbitrary units. 

 

 

(a)                                                                               (b)  

     Fig. 28.  XRD 0002 pole figures for ZEK100 rolled at 250°C with 10% reduction in (a) symmetric 

mode and (b) asymmetric mode. Intensity shown in arbitrary units. 
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(a)                                                                             (b) 

     Fig. 29. XRD 0002 pole figures for ZEK100 rolled at 250°C with 50% reduction in (a) asymmetric 

mode and (b) asymmetric mode. Intensity shown in arbitrary units. 

 

    

(a)                                                                         (b) 

     Fig. 30. XRD 0002 pole figures for ZEK100 rolled at 425°C with 10% reduction in (a) symmetric mode 

and (b) asymmetric mode. Intensity shown in arbitrary units. 
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(a)                                                                        (b)   

     Fig. 31. XRD 0002 pole figures for ZEK100 rolled at 425°C with 50% reduction in symmetric mode 

(left) and asymmetric mode (right). Intensity shown in arbitrary units. 

 
3.4.3 EBSD Analysis of Microstructure 

 

Limited EBSD work was performed on cross-sections of the samples to relate the texture observed at 

small scales to the x-ray texture measurements performed on a large area of the specimen. Figure 32 

shows an EBSD map on the centerline of an AZ31B sheet that was rolled symmetrically at 250°C with 

10% reduction. Figure 33 shows the orientations of the grains corresponding to the colors. The 

majority of grains in this map are colored red, indicating that there was a very strong basal texture. It 

should be recalled that results from x-ray texture measurements shown in Figure 23(a) suggest a split-

basal texture for the same condition. The grains were mostly the same size as in the feedstock, and 

many were slightly elongated, indicating that they were original, non-recrystallized grains. There were 

also some much smaller grains around the original grain boundaries, most likely due to dynamic 

recrystallization during rolling.  

 

 

     Fig. 32. EBSD map (IPF coloring) of an AZ31B sheet rolled symmetrically at 250°C with 10% 

reduction (map taken at the sheet centerline.) 
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Fig. 33. Key for EBSD pole figure coloring. 

 

Figure 34(a) shows an EBSD map of a ZEK100 sheet rolled at 250°C and 10% reduction. This map 

contains a larger variety of colors compared to the AZ31B sample, indicating a larger spread in the 

texture. It was observed that there were more twins and less evidence of dynamic recrystallization. An 

EBSD map of the ZEK100 sheet rolled at the same conditions (250°C, 10% reduction) in asymmetric 

mode is shown in Figure 34 (b). The grains also had a slightly elongated shape with very little 

recrystallization. It should be noted that due to the relatively large deformation present in the samples 

following rolling some areas did not produce good EBSD patterns in certain regions and consequently 

were not correctly indexed by the software. These images would tend to suggest there were very little 

differences between the microstructure in this asymmetric sample compared to that rolled 

symmetrically at the same conditions at the 8-Mill (temperature and % reduction) at this length scale. 

Comparison with the corresponding results from x-ray texture measurements shown in figures 28 (a) 

and 28 (b) respectively, shows that the small changes in texture between these two conditions were not 

sufficient to reflect in significant changes in the EBSD measurements.  

 

 

(a)                                                                                  (b) 

     Fig. 34. EBSD maps (IPF coloring) of ZEK100 sheet rolled (a) symmetrically and (b) asymmetrically at 250°C with 

10% reduction. Maps taken at the centerline of the sheet. 

 

Figure 35 shows ZEK100 samples rolled in symmetric and asymmetric modes at 425°C with 10% 

reduction. Both samples still showed some elongated, non-recrystallized grains but, compared to the 

samples deformed at 250°C, there were more equiaxed, recrystallized grains indicating a significantly 
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larger extent of recrystallization when compared to the rolling at 250°C. There was also less twinning 

evident in these samples than those deformed at 250°C. In left side of Figure 35 at least one band of 

smaller grains can be seen running diagonally across the map. This is thought to be a shear band where 

the higher level of strain has initiated more dynamic recrystallization and thus decreased the grain size. 

Comparison between the textures of these samples shown in Figures 30 (a) and (b) suggests that the 

EBSD results are consistent with x-ray textures revealing very little difference between the textures in 

symmetric and asymmetric rolled samples. 

 

The only sample deformed to 50% reduction that has been properly studied using EBSD was a sample 

of ZEK100 rolled asymmetrically at 250°C, shown in Figure 36. This study was particularly difficult 

since the large deformation resulted in an EBSD pattern that was difficult to analyze, as explained 

earlier. This map was carried out with a higher resolution to allow all features in the microstructure to 

be analyzed. It can be seen that there were many grains in the material that had not undergone 

recrystallization; those showing an elongated shape and large angle rotations across the width. There 

were a larger number of fine recrystallized grains, particularly seen around grain boundaries and in 

bands across non-recrystallized grains. It is thought that the bands of fine grains across other grains 

were due to preferential recrystallization on either twins or slip bands. The level of twinning also 

appears to have been higher in this sample than those rolled with 10% reduction. 

 

In summary, the EBSD measurements showed results consistent with the bulk x-ray texture 

measurements. The quality of the EBSD measurements was observed to be poor due to residual 

deformation thus restricting the use of this technique to processing conditions that imparted little 

deformation. 

 

 

      Fig. 35. EBSD maps (IPF coloring) of ZEK100 sheet rolled symmetrically (left) and asymmetrically 

(right) at 425°C with 10% reduction. Maps taken at the centerline of the sheet. 
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      Fig. 36. EBSD map (IPF coloring) of a ZEK100 sheet rolled asymmetrically at 250°C with 50% 

reduction (map taken at the sheet centerline.) 
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4. FORMABILITY TESTING 

 

 
Formabilities of magnesium alloy sheet specimens rolled using MENA’s 8-Mill and the FATA Hunter 

Mill were assessed by dome testing using a 100 mm spherical ball and the fixture shown in Figure 37. 

The sheet to be tested of diameter 138.4 mm, was clamped between the two plates and the whole 

fixture was heated to a temperature slightly above the desired test temperature (about 3-4°C cool-down 

was observed during the formability tests). The ball which was maintained at the same temperature as 

the sheet was pushed into the plate from below until failure of the sheet occurred. The thermal inertia 

provided by the relatively large ball allowed the tests to be conducted in air without additional heating. 

However, since only one thermocouple placed under the sheet was used to monitor the temperature, it 

was later found that the temperature of the ball was subject to variations due to thermal history. This 

design was further modified and an additional thermocouple was used to monitor the temperature of 

the ball. Load and cross-head displacement were continuously recorded during the test. Surface 

displacement and strains were recorded using speckle reflectivity. The limiting dome height was used 

as a guide for formability of the specimens. Boron nitride was used as a high temperature lubricant for 

the tests. Tests were conducted on as-processed sheets and sheets annealed following rolling; thus 

depending upon the % reduction during the rolling process, sheets of different thicknesses were 

evaluated.  

 

 

Fig. 37. Fixture used for testing the formability of magnesium sheet. 

 

Figure 38 shows an example of sheets obtained after completion of formability tests performed at 

~175°C. The particular tests were conducted on sheets rolled by a reduction of 50% at 425°C.  It 

should be noted that the thickness of the sheets were not the same since these were rolled to different 

reductions Dome heights were compared to obtain an approximate guidance on the formability of the 

sheets subject to specified rolling conditions. Variables considered were symmetric vs asymmetric, 

shear ratio, rolling temperature, and % reduction in thickness. Tables 4 and 5 show a summary of the 

limiting dome height data for sheets subject to selected rolling conditions. 
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     Fig. 38. Typical formed sheets obtained from dome tests on AZ31B and ZEK 100 sheets rolled at 425
o
C 

to a 50% reduction in thickness. 
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Table 4. Effect of processing conditions on limiting dome heights at 175
o
C for AZ31B 

Temperature 

(
o
C) 

% 

Reduction 

Shear 

ratio 

Mill Condition Final 

Thickness 

Stroke 

Length at 

Failure 

(in.) 

Comments 

(Sheet 

Processing 

conditions) 

250 10 1:1 8-Mill As rolled 0.086” 1.3 Preheat only 

250 10 1:1 8-Mill Annealed 0.085” 0.6 Preheat only 

250 10 1:1.35 8-Mill As-rolled 0.09” 0.8 Preheat only 

250 10 1:1.35 8-Mill Annealed 0.09” 0.8 Preheat only 

425 10 1:1 8-Mill As rolled 0.088” 0.6 Preheat only 

425 10 1:1.35 8-Mill As rolled 0.088” 0.8 Preheat only 

250 50 1:1 8-Mill As rolled 0.05” 1.4 Preheat only 

250 50 1:1.35 8-Mill As rolled 0.064” 0.9 Preheat only 

425 50 1:1 8-Mill As rolled 0.046” 0.9 Preheat only 

425 50 1:1.35 8-Mill As rolled 0.051” 0.4 Preheat only 

200 10 1:1 FATA As rolled 0.092” 0.9 Isothermal 

200 10 1:1.35 FATA As rolled 0.087” 1.2 Isothermal 

200 10 1:3 FATA As rolled 0.096” 0.8 Isothermal 

200 25 1:1 FATA As rolled 0.079” 1.3 Isothermal 

200 25 1:1.35 FATA As rolled 0.071” 1.1 Isothermal 
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Table 5. Effect of processing conditions on limiting dome heights at 175
o
C for ZEK100 

Temperature 

(
o
C) 

% 

Reduction 

Shear 

ratio 

Mill Condition Final 

thickness 

Stroke 

Length at 

Failure 

(in.) 

Comments 

(Sheet processing 

conditions) 

250 10 1:1 8-Mill Rolled 0.084” 1.6 Preheat only 

250 10 1:1 8-Mill Annealed 0.084” 1.6 Preheat only 

250 10 1:1.35 8-Mill As-rolled 0.092” 1.6 Preheat only 

250 10 1:1.35 8-Mill Annealed 0.092” 1.6 Preheat only 

425 10 1:1 8-Mill As rolled 0.089” 1.4 Preheat only 

425 10 1:1.35 8-Mill As rolled 0.089” 1.5 Preheat only 

250 50 1:1 8-Mill As rolled 0.05” 1.5 Preheat only 

250 50 1:1.35 8-Mill As rolled 0.05” 1.5 Preheat only 

425 50 1:1 8-Mill As rolled 0.05” 1.1 Preheat only 

425 50 1:1 8-Mill Annealed 0.05” 1.5 Preheat only 

425 50 1:1.35 8-Mill As rolled 0.05” 1.1 Preheat only 

425 50 1:1.35 8-Mill Annealed 0.05” 1.5 Preheat only 

200 10 1:1 FATA As rolled 0.088” 1.6 Isothermal 

200 10 1:1.35 FATA As rolled 0.083” 1.4 Isothermal 

200 10 1:3 FATA As rolled 0.087 1.3 Isothermal 

200 25 1:1 FATA As rolled 0.076” 1.2 Isothermal 

200 25 1:1.35 FATA As rolled 0.069” 1.4 Isothermal 
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Significant conclusions from these tests include: 

1. High temperature annealing after asymmetric rolling appeared to reduce the formability of 

AZ31B (see Figure 39). 

2. Formability of AZ31B depended on the temperature, shear ratio, and % reduction, (Figure 40).  

3. There was a 28% improvement in formability of asymmetrically rolled AZ31B over annealed 

AZ31B. 

4. Formability of ZEK100 appeared to be less sensitive to processing conditions when compared 

to AZ31B. 

5. The average formability of ZEK100 was typically better than that of AZ31B. 

 

 
 

Fig. 39. Annealing of AZ31B results in decreased formability (annealed specimen on the right). 

 

 

     Fig. 40. Results from dome tests on AZ31-B in the annealed condition and in as-rolled condition 

(asymmetrically rolled). Asymmetric rolling can either improve formability (blue line) or decrease formability 

(red line) depending on the processing conditions.  
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5. FABRICATE COMPONENTS 

 

 

By using the wide magnesium sheet rolled in task 4 on the MENA 8-Mill, demonstration parts for the 

automotive industry were formed to provide an example of the application of the shear rolling 

technologies developed in this project. General Motors and Superform USA agreed to form these parts 

using existing tooling.  

 

The first demonstration part chosen was a section of the firewall for the Panoz Abruzzi sports car. The 

firewall was chosen as it is a reasonably large part (using a blank approximately 24x28 inches), with a 

variety of different strains experienced in different areas. An example of a formed part is shown in 

Figure 41. The parts were formed in a two-stage process, consisting of a deep draw followed by 

superplastic forming. Asymmetrically rolled sheets of both AZ31B and ZEK100 were successfully 

formed into the part as shown in Figure 41. 

 

 

Fig. 41. Photograph showing parts formed at Superform. 

 
The second demonstration of a formed part was the fuel filler cap shown in Figure 42. This work was 

completely coordinated by MENA in collaboration with their customer and our industrial partner 

General Motors.  

 

 

Fig. 42. Photograph showing a part formed at Superform for GM from shear rolled ZEK100. 
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6. BENEFITS ASSESSMENT 

 

 
Significant energy savings in automotive applications can be achieved through weight reduction due to 

the introduction of magnesium based components. For light duty vehicles, a 20% weight reduction is 

targeted by 2020
4
.  The weight reduction potential of magnesium vehicle components (vs. convention 

steel intensive structures) is about 60-75%. Thus significant benefits can be realized through 

introduction of magnesium-based components. A number of issues have to be solved including cost, 

availability, and improving corrosion resistance of magnesium components used in an automotive 

environment.   

 

This work has clearly shown that once optimized conditions are realized to improve formability, shear 

rolling has the potential to minimize the cost of magnesium sheet thus accelerating the introduction of 

magnesium sheet in automotive components. This would facilitate achieving the weight reduction 

goals targeted for 2020 and thus achieving energy and cost savings. In addition to the automotive 

applications, there is also interest from aerospace companies on selective use of magnesium 

components. The introduction of these components can also be facilitated by further success in the 

development of optimized shear rolling conditions and improved formability. 

 

In addition, this work has made a significant contribution in developing a new product, a unique 

asymmetric rolling mill that was not previously available on the market. Increased demand for 

magnesium alloy sheet will create demand for the manufacture and sale of the commercial scale mill 

resulting in manufacturing jobs within the United States.  

                                                 
4 

Carol Shutte and Will Joost, “Lightweighting and Propulsion Materials Roadmapping Workshop Outbrief,” Annual Merit Review 

Presentation, Vehicle Technologies Program, May 16, 2012. 
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7. COMMERCIALIZATION 

 

 
The following commercialization steps have already been accomplished: 

 

1. A patent application has been filed by ORNL for fixturing and process development. 

2. Based upon the developments achieved in this project, a new commercial scale asymmetric 

rolling mill has been made available for purchase by FATA Hunter. The design for FATA 

Hunter’s pilot scale shear rolling mill received an R&D 100 award in 2012. 

 

Several additional steps will be pursued to commercialize this technology. 

 

3. New asymmetric rolling processes being developed using the installed mill have shown 

significant promise in modifying the formability of AZ31B sheet. Patents will be filed as is 

appropriate and the processing conditions will be transferred to entities that are interested in 

licensing these patents. These included mill manufacturers like FATA Hunter, material 

suppliers such as MENA, and end-users in the automotive supply chain. 

4. Materials with modified texture will be made available to material suppliers such as MENA 

and potential end-users such as vehicle OEM manufacturers for them to independently 

evaluate formability. 

5. Peer-reviewed publications will be submitted to aid in the commercialization process. Other 

means to disseminate information, such as flyers, and exhibits at trade shows will be utilized 

in the commercialization process. 
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8. ACCOMPLISHMENTS 

 

 

• Laboratory-scale asymmetric rolling of shear rolling of magnesium sheet was demonstrated using 

3:1 rolls producing  2-inch wide sheet with modified texture 

• One patent application has been filed by ORNL for new fixture and process development 

• Tilting of basal poles away from  the sheet normal direction was clearly demonstrated by 

asymmetric rolling 

• A unique asymmetric rolling mill equipped with warm rolls for isothermal rolling was designed, 

manufactured, and installed at ORNL 

• A commercial scale mill designed for high throughput manufacture of asymmetrically rolled 

Mg-alloy sheet based upon this mill by industrial partner (FATA Hunter) won an R & D 100 

award as one of the most significant new products of the year. FATA Hunter has submitted 

quotations for the new mill design to many commercial entities interested in purchase of new 

large mills 

• Eight-inch wide sheet has been rolled at ORNL using the newly installed mill 

• Texture modification using asymmetric rolling was clearly demonstrated for sheet rolled 

using the new mill 

• Improved formability in biaxial testing was initially demonstrated for specific asymmetric 

rolling processing conditions. These conditions will be evaluated for patentability 

• An existing industrial scale mill was modified, and the feasibility of shear rolling wide sheet for 

commercial use was demonstrated at MENA’s facility 

• New technology (U. S. patent application submitted) developed at ORNL was implemented in 

the modification of the mill 

• Wide sheet was produced using the newly modified mill 

• Keynote presentation was delivered by MENA staff at the TMS Annual Meeting in March 

2012. 

•    Two demonstration automotive components, a firewall and a fuel cap filter, were fabricated using 

wide sheet manufactured at MENA 
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9. CONCLUSIONS 

 

1. A new asymmetric rolling mill was successfully designed and fabricated by ORNL and FATA 

Hunter. This mill won an award as one of the top 100 products developed in 2011 (R & D 100 

award given in 2012). 

 

2. Based upon preliminary rolling trials, commercial magnesium alloys AZ31B (with no rare 

earth additions) and ZEK100 (with rare earth additions) were selected for further evaluation. 

 

3. Magnesium alloys AZ31B and ZEK100 were successfully rolled in symmetric and asymmetric 

modes on three different mills with a wide range of processing parameters: 

a. Larger reductions caused worse shape control during rolling. Over 25% reduction did 

not produce acceptable sheets. 

b. ZEK100 could be rolled at lower temperatures than AZ31B. 

c. Shear rolling caused the sheet to exit the mill with a substantial curl that can be in 

either direction. Curling was controlled by a specially designed fixture (Patent 

Pending). 

d. Lubrication was required to roll wider sheet. 

 

4. Sheet microstructure was characterized using optical microscopy and EBSD 

a. Shear bands were visible in most rolled samples, more defined in AZ31B than 

ZEK100. 

b. Shear bands in shear rolled material were generally angled into the center of the 

material away from the rolling direction. 

c. There was little difference between the grain structure of samples rolled symmetrically 

and asymmetrically. 

d. A layer of fine grains was often observed at the surface of the sheets, particularly in 

the shear rolled material. 

e. It appears that the slow roll surface underwent more shear strain than the fast roll 

surface during asymmetric rolling. 

f. There was less dynamic recrystallization in ZEK100 than AZ31B. 

g. Dynamic recrystallization generally occurred at grain boundaries, twins and 

deformation bands. 

h. Twinning was observed in all samples. 

 

5. The sheet texture was analyzed using XRD and EBSD 

a. In AZ31B, lower temperatures and greater reductions of rolling often produced a 

weaker texture. 

b. Asymmetric rolling resulted in substantial tilting of the basal texture towards the 

rolling direction in AZ31B. 

c. Rolling changed the texture in ZEK100 to a more standard split basal texture. 

d. Asymmetric rolling with higher reductions significantly altered the texture in 

ZEK100. 

e. The texture was relatively homogeneous through the full thickness of the sheets, with 

the exception of a thin layer present at the surfaces of some samples. 

 

6. Formability of the sheets was assessed by dome testing at 180°C. Limiting dome heights were 

used as guidance for formability. Processing conditions had a significant effect (both positive 

and negative) on limiting dome heights.  
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7. Demonstration parts for automotive applications were successfully formed from shear rolled 

AZ31B and ZEK100 using sheets processed using conditions developed in this project. 



 

 

10.  RECOMMENDATIONS FOR FURTHER WORK 

 

 

6.1 PHASE 2: DESIGN FOR COIL-TO-COIL OPERATION  

 

The FATA Hunter mill at ORNL was designed such that the pilot mill could be upgradable to allow 

coil-to-coil operation.  This option includes the addition of hot coilers, with their associated pinch 

rolls, deflector rolls, and threading aprons, as well as an entry/exit reel assembly with coil car, a 

cooling unit and an upgrade to the mill control system for coiler tension control, plus miscellaneous 

items such as work roll brushes and hydraulic system upgrades.  As with the roller tables, the hot coiler 

boxes are heated with recirculated hot air to eliminate the dangers of radiant heating. 

 

In this coil to coil configuration, a slab of preheated magnesium would be placed on one of the roller 

tables and rolled in a reversing manner until it reaches a thickness of 0.25 in. (6mm).  At this point it is 

guided into one of the hot coilers and is then rolled in the coil-to-coil mode until the desired thickness 

is reached.  By selecting the correct starting roller table and pass schedule the final gauge is reached 

when the mill is running from the left- hand coiler.  On this final pass the strip is guided past the right-

hand hot coiler to the cooler and then the entry/exit reel assembly.  The cooler quenches the material to 

prevent grain growth in the slowly cooling coil. Cooling is through a water spray followed by an air 

knife to remove water from the strip surface; any remaining water being immediately evaporated by the 

residual heat in the strip prior to coiling.  Air cooling, however, is available as an option.  The finished 

coil is then removed from the mandrel by means of the coil car.  The coil car has an integral hold-down 

snubber roll to provide stability to the narrow coil.  The coil is then removed from the coil car using a 

forklift truck or overhead crane. 

 

Although the mill can work with slab as described above, it is more likely to be used with twin roll cast 

material.  In that case a 0.25 in. (6mm) thick coil of room temperature magnesium is placed onto the 

coil car by means of a forklift truck or overhead crane.  The coil is then loaded onto the mandrel of the 

entry/exit reel assembly and the coil is unwound through the mill (which operates in a pinch roll mode) 

into the left-hand hot coiler.  The metal is then preheated to the rolling temperature in the coil box 

before starting the coil-to-coil rolling process outlined in method (1) above.  Alternatively, to improve 

mill efficiency, the initial 0.25 in. (6mm) coil could be pre-heated off line and then loaded onto the coil 

car. While considerable progress was made during this project, more detailed studies are required to 

optimize shear rolling process for industrial practice. In order to more fully develop commercial shear 

rolling of magnesium more detailed study is needed. 

 

6.2 ASYMMETRIC ROLLING PROCESS DEVELOPMENT AND EVALUATION 

 

The following are suggested future work for process development and process evaluation. 

1. A thorough parametric study is needed to understand the effect of % reduction, temperature, and 

shear ratio on the development of texture. 

2. Effect of complex combination of processing paths (in contrast to simple paths outlined above) on 

texture development should be evaluated. 

3. Effect of rare earth elements additions to alloys in # 1 and # 2 should be evaluated. 

4. Effect of initial microstructure (in particular the grain size and initial texture) on #1, #2, and #3 

outlined above should be evaluated. 

5. The effects of processing and composition variables on formability should be better understood. 
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