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1. Executive Summary – include high-level statement of objectives of task performed by your 

organization and key results/outcomes and the significance/impact of your results on advancing 

the state-of-the-art in Mg technology. 

A major limiting factor in achieving low temperature formability in Mg alloys is the development of basal 

texture during traditional symmetric rolling and recrystallization processes used in the fabrication of Mg-

alloy sheet.  Recent work has shown that warm, asymmetric rolling can tilt this texture along the rolling 

direction thus improving formability [1-3].  The key to achieving low temperature formability however, 

will depend on the ability to decrease the intensity of the basal texture [4] and to achieve as close as 

possible, a random texture. Oak Ridge National Laboratory has developed a rolling process with the 

capability to control temperatures and rolling velocities and has successfully used this process to tilt the 

basal texture along the rolling direction in AZ31B. The goal of this task was to develop the best process 

for warm rolling of new Mg alloy composition(s) selected by the team.  

Rolling trials were conducted on Alloy 2 and Alloy 2+ ingots using the shear rolling mill available at ORNL. 

Results show that alloy 2 and alloy 2+ could be rolled to large reductions at 275°C while the edge quality 

of rolled Alloy 2+ was better than that of Alloy 2. In contrast to use of preheat alone where rolling had to 

be conducted at 360°C, rolling could be accomplished at much lower temperatures when the rolls were 

heated. It was observed that Alloy 2 could be rolled at larger reductions with only in the presence of 

shear with symmetric rolling resulting in centerline cracking. Within the limited processing paths 

evaluated, spreading of basal poles was observed in the presence of asymmetric rolling with reductions 

in texture intensities observed along certain processing paths. The beneficial effects of asymmetric 

rolling has been clearly identified but further comprehensive mapping of the effect of processing paths 

on texture evolution during rolling is required to identify the most promising processing window. Effect 

of post rolling annealing treatments must be evaluated and formability must be evaluated after 

recrystallization annealing.  

 

   



 

2. Description of Key Accomplishments/Results Relative to Objectives  

a. Describe Technical Methods/Approaches Used for conducting your research sub-task: 

 

A major limiting factor in achieving low temperature formability in Mg alloys is the development of basal 

texture during traditional symmetric rolling and recrystallization processes used in the fabrication of Mg-

alloy sheet.  Recent work has shown that warm, asymmetric rolling can tilt this texture along the rolling 

direction thus improving formability [1-3].  The key to achieving low temperature formability however, 

will depend on the ability to decrease the intensity of the basal texture [4] and to achieve as close as 

possible, a random texture.  In addition, work has also shown in alloys such as AZ31B that static 

recrystallization and grain growth results in an increase in the intensity of the basal texture, thus 

reversing any texture modification achieved through processes such as asymmetric rolling [5].  Although 

limited work on AZ31B has shown only modest tilting of the basal texture, the synergistic effects of 

composition modifications (rare earth additions for example) and rolling process 

(symmetric/asymmetric) is promising [1, 6].  It is proposed that a combination of texture modification 

using rolling processes along with alloying element additions will be required to modify the intensity of 

the basal texture and to maintain this modified texture through subsequent annealing/heat-treatment 

processes so that the benefits can be achieved during formability and that sufficient ductility can be 

retained in the final product.  

Oak Ridge National Laboratory has developed a rolling process with the capability to control 

temperatures and rolling velocities and has successfully used this process to tilt the basal texture along 

the rolling direction in AZ31B [1-3].  As part of the proposed work, ORNL will evaluate the effect of 

rolling process variables and rolling temperature on the texture and ultimately the formability of new 

Mg alloys of interest in this project.  Effect of rolling on texture and formability will be evaluated by 

partner organizations in the team and the feedback will be used to guide rolling process development 

and an initial model development for guiding future rolling trials.  

The goal of this task was to develop the best process for warm rolling of new Mg alloy composition(s) 

selected by the team.  Cast alloys supplied will be solution annealed and warm rolled, first using the 

symmetric rolling process and followed by asymmetric rolling. Effect of process variables such as 

temperature, shear (velocity ratios), reduction/pass, and total reduction will be evaluated on the texture 

developed on the basis of learning from Task 1.  Experimental and computational input from partner 

institutions and our own data will be used in fine tuning rolling process.  Simple texture characterization 

using x-ray diffraction or EBSD will be performed at ORNL. ORNL will provide rolled samples for 

recrystallization and other (such as age hardening) studies to partner institutions. Feedback on texture 

and microstructural evolution as well as formability characteristics from partner universities will be used 

to guide process development. 

 

 

 

 

 



b. Key Findings/Results/Illustrations:  

Homogenization: Several ingots of Alloy 2 and Alloy 2 Plus were received from the Ohio State 

University in the as-cast condition.  Initial ingot dimensions were 110 x 110 x 18 mm or (4.3 x 

4.3 x 0.7 inch). Two ingots of Alloy 2 and one ingot of Alloy 2 (Plus) were homogenized in a 

flat-bed infrared furnace. Table 1 shows the homogenization conditions used for Alloys 2 and 

Alloys 2 Plus based upon the suggestions provided by Dr. Renhai Shi and Prof. Alan Luo of 

Ohio State University.  

 

Table 1. Summary of processing parameters of Alloy 2 and Alloy 2 Plus. 

Processing\Alloy Alloy 2 Alloy 2 Plus 

Homogenization 

(1) 275C, 4h (1) 320C, 12h 

(2) 375C, 12h 

(2) 440C, 32h (3) 420C, 2h 

(4) 510C, 1h 

 

Rolling Trial #1:  The ingot that was about 0.7” thick was cut into three ~ 0.2” thick slices. This 

slice that was about 4.3” wide was then cut into three strips of ~ 1.4” wide. Rolling was initiated 

using symmetric rolling using preheating at the temperature provided by OSU but early trials 

using Alloy 2 resulted in edge cracking or surface cracking. Following initial failures, variations 

of time at preheat temperature, rolling speed, and reductions per pass were attempted during 

rolling but with no success.    It was then decided that a modified experimental matrix that varied 

the preheat temperature, preheat time, reduction per pass, and rolling speed would be attempted 

with narrow strips in our attempts to identify the process window. Slices from both alloy 2 and 

alloy 2 plus ingots were used in this process development effort. Reductions per pass from 5% to 

15% were attempted to ensure that large overall reductions could be achieved with a minimum 

number of passes. Preheat times of 15 min to 30 min were experimented with resulting in fairly 

long times to perform multiple experimental trials limiting the process window that could be 

sampled. This trial-and-error work required more than four days of continuous experiments 

before acceptable could be achieved. Results from this experimental matrix showed  reductions 

of ~12% at a preheat temperature of 360°C resulted in acceptable rolling behavior with limited 

edge cracking and no surface cracking. Once acceptable rolling parameters were identified no 

further optimization was attempted to optimize resource utilization. Rolling experiments with 

Alloy 2 Plus resulted in much better quality rolled sheets with minimum edge cracking and final 

experiments were performed only with Alloy 2 Plus. 



Rolling Trial #2: The aim of these experiments was to use symmetric only and symmetric + 

asymmetric rolling to 

achieve a comparable ~ 

1mm final thickness while 

starting with a thickness of 

~ 5 mm. A slice of 

~4.3”x4.3”x 0.2 was rolled 

using passes of ~12% 

reduction were used to 

achieve a thickness of ~ 

1.65 mm. Figure 1 shows 

the rolled sheet at this stage. 

This sheet was then cut into 

two pieces ~ 2.1” wide (half 

width). One of these two 

pieces was then selected 

and cut into two pieces normal to its longest direction. 

One of the two pieces for used subsequently used for 

symmetric rolling to ~0.05” thick while the other piece 

was used for asymmetric rolling using dissimilar sized 

rolls (See Figure 2). Asymmetric rolling was performed 

using the same preheat temperature and reductions/pass. 

The final thickness of the asymmetric rolled sheet was 

1.16 mm (0.046”), and the symmetric rolled sheet was 

1.27 mm (0.05”) thick. Pieces were cut from these sheets 

and sent to Ohio State University for characterization and 

testing. Figure 3 shows a picture of the sections of the 

sheets sent to OSU. Note that the asymmetrically rolled 

sheet shows some bending due to the two surfaces being 

rolled at different linear velocities. This bending can be 

reversed during shear rolling but was not attempted in this 

work so that the effect of shear rolling ONLY on the 

properties and texture could be evaluated. 

 

 

 

 

 

 

Figure 1. Rolled alloy 2 plus sheet, ~ 1.65 mm thick, ~ 4.3” (11 cm) 

wide.  

Figure 2. Shear roll arrangement 

available at ORNL  



 

Figure 3. Image of sections of symmetric+asymmetric rolled sheet (left) and symmetric 

rolled sheet (right) sent to OSU for analyses. 

 

Rolling Trial #3: Symmetric and Asymmetric Rolling with Shear Rolling Mill:  

Rolling trials were conducted on Alloy 2 and Alloy 2+ ingots using the shear rolling mill available at ORNL 

(Figure 4) after appropriate homogenization treatments. Table 1 shows a summary of selected rolling 

Figure 4. Shear rolling mill at ORNL with independently driven rolls. 



parameters used for rolling trials. All temperatures were estimated using temperature indicating 

crayons. 

Table 2. Summary of various process conditions used for rolling trials 

Temperatures Velocity ratios Reduction Passes 

135°C 

275°C 

1:1 (symmetric) 

1:2 

1:4 

10%-73% (Total 

reduction) 

Single pass  

Multi-pass 

 

The following are the major observations from these rolling trials.  

 

Figure 5 shows that both alloy 2 and alloy 2+ could be rolled to large reductions at 275°C. Edge quality of 

Alloy 2+ was better than that of Alloy 2.  

 

Alloy 2: It was observed that symmetric rolling at 275°C with a targeted ~35% reduction in thickness 

resulted in cracking along the center of the rolled piece but the piece could be successfully rolled using 

asymmetric rolling without cracking as shown in Figure 6. Thus asymmetric rolling was beneficial in 

targeting larger reductions. 

Figure 5. Alloy 2 and Alloy 2+ could be rolled to large reductions at 275°C. 



 

Figure 7 shows EBSD results from  Alloy 2 shear rolled at 135°C at 1:1.2 velocity ratio in two passes. Note 

the spreading of the (0001) poles along the rolling direction. Further work must be performed to 

understand the effect of recrystallization anneal on the texture after recrystallization. 

 

Alloy 2+:  

Figure 8 (a), (b), and (c) show the effect of asymmetric rolling and total reduction on texture and 

dynamic recrystallization. Figures (a) and (b) show the presence of partial recrystallization while figure 

(c) shows almost complete recrystallization. Figure 8 (b) shows a decrease in the texture intensity in the 

presence of shear while figure 8 (c) shows a dramatic decrease in the texture intensity in the presence of 

shear and dynamic recrystallization. Further work is required to separate the effect of shear and total 

reduction on texture evolution and dynamic recrystallization. 

 

(a)                                                                          (b) 

Figure 6. Alloy 2 rolled at 275°C with ~35% reduction. (a) Symmetric rolling, and (b) 

Rolled asymmetrically at 1:1.2 velocity ratio 

Figure 7. Inverse pole figures and (0001), (1010) and (1120) pole figures from Alloy 2 

shear rolled at 135°C in two passes to a total reduction of  32%. Rolling direction shown 

by the arrow.  



                                                        

Figure 8. Inverse pole figures and (0001), (1010) and (1120) pole figures from Alloy 2+ rolled 

at 275°C. (a). symmetric, single pass, ~36% reduction, (b) asymmetric, 1:1.2, 36%, and (c) 

asymmetric, 1:1.2, 56%. 

(a) 

(b) 

(c) 



3. Conclusions  

a. Developmental alloys (Alloy 2 and Alloy 2+) were successfully rolled using warm rolls and 

using different velocity ratios. It was observed that rolling could be accomplished at 

much lower temperatures with heated rolls than with preheating only. 

b. Asymmetric rolling was critical in achieving larger reductions in Alloy 2. 

c. Basal pole distributions were broader and  a decrease in texture intensity was observed 

in the asymmetrically rolled samples. 

d. Observation of dynamic recrystallization after asymmetric rolling was correlated with a 

decrease in texture intensity but further work is required to separate contributions from 

asymmetric rolling. 
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