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Abstract 

Magnesium alloys have gained considerable attention in the last fifteen years for application in 
electronic and automotive applications due to their high strength to weight ratio. High‐pressure die 
casting is currently the predominant production technique with over 90% of magnesium products 
produced by casting. Forging provides many performance advantages over cast parts due to increased 
strength but the metal is difficult to form due to a limited number of slip systems active at room 
temperature and excessive oxidation at higher temperatures; alloys have been developed to improve 
forging characteristics. In the present investigation magnesium alloys AZ31 and ZK60 have been forged 
using a two step forging process. Difficulty was encountered in forming deep embossments due to the 
inadequate flow characteristics of the material. Microstructure analysis has been performed to 
determine the development of texture through the forging process. Mechanical testing has shown a 
significant improvement in mechanical properties after forging compared to the blank material.   

 
Introduction 
Application 

Magnesium and magnesium alloys play an important role in engineering applications because of 
their low density and high specific strength and stiffness. While historic demand for magnesium peaked 
in the 1940’s, in recent years there has been a resurgence in the use of the metal with current 
consumption significantly exceeding previous levels(1). There is particular interest in magnesium alloys 
for application in small electronic devices, lightweighting automobile components for improved fuel 
efficiency, and in other products where reduction in mass is desired.   

Currently the dominant production method for magnesium components is die casting with over 
90% of all magnesium products produced by casting(2). While casting provides a cost effective means 
for producing components and the process meets the requirements of current applications, casting 
defects and inadequate mechanical properties limit use of the alloys in a wider range of engineering 
applications. Wrought alloys typically have better mechanical properties than castings but special 
considerations and limitations encountered when forging and extruding magnesium make the processes 
less cost competitive. Improved understanding of these limitations and methods to overcome them will 
make magnesium forgings an attractive alternative to cast magnesium components or heavier 
aluminum, titanium, and steel forgings.  
Forging 

The primary roadblock to increased use forged magnesium components is the limited 
formability due to the small number of slip systems active during deformation in the hexagonal close‐
packed (HCP) crystal structure. According to the von‐Mises yield criterion, at least five independent slip 
systems must be active for uniform deformation to occur(3).The HCP structure has three classes of slip 



system: basal, prismatic, and pyramidal as shown in Figure 1. In magnesium, the critical resolved shear 
stress (CRSS) for basal slip is approximately one hundred times less than for pyramidal and prismatic 
planes indicating that basal slip is the primary mechanism for dislocation movement. The two 
independent basal slip systems do not satisfy the uniform yielding criterion(4). Increasing the 
temperature of the metal prior to working reduces the CRSS of the slip systems improving formability 
but rapid oxidation of the metal at high temperatures generally limits hot working to temperatures 
below 400°C. 

 
FIGURE 1: The three slip systems present in HCP metals are basal, prismatic, and pyramidal. Only basal 
slip is active in magnesium at room temperature.  

Basal slip, the predominant slip mode in magnesium alloys and prismatic slip, active in other 
HCP metals, operate on dislocations with Burgers vector (5). According to Koike, non‐basal 

dislocation slip, grain boundary sliding, and dislocation twinning also contribute to the deformation 
depending on the specific features of the microstructure. In fine grained material non‐basal slip is 
activated due to grain boundary compatibility and grain boundary sliding provides for c‐axis 
deformation. In courser material, the non‐basal slip is limited to near grain boundaries and <10 2> 

twinning occurs in tension to compensate for preferential basal plane slip(6). Wang reports that at 
higher working temperatures dynamic recrystallization also plays a role in deformation(7). This 
understanding, including the importance of grain size and orientation, has driven wrought alloy and 
process development.  

Alloys have been developed that can be used produce sound forgings with moderately complex 
features. Three alloy systems have seen particular interest. AZ series aluminum‐zinc alloys and ZK series 
zinc‐zirconium alloys were used in the present research. Lithium alloys have also been heavily studied 
because of the effects of lithium on the crystal structure and additional weight savings by using low 
density alloying but they have not found broad commercial application. The texture imparted to the 
metal by the deformation process often magnifies the effects of asymmetric mechanical properties by 
orienting the less ductile directions of grains. Even given this consideration, the mechanical properties of 
forged components are often higher than comparable castings. Table 1 summarizes literature data for 
common die cast and forged components. 

 
 
 
 
 



 

TABLE 1: Typical properties for forged and cast magnesium alloys(8).    
Alloy Condition TYS (MPa) UTS (MPa) % El 

AZ91A HP Die Cast 160 230 3 

AM60A HP Die Cast 130 220 8 

AZ31B As Forged 195 260 6 

ZK60A Forged + T5 205 305 7 

ZK60A Pancake Forged + T6, Radial Sample 240 315 11 

ZK60A Pancake Forged+ T6, Tangential Sample 260 330 10 

 
Alloying 

As with most metal systems, alloying is used in magnesium to improve mechanical properties 
through a variety of mechanisms. Alloy additions can be broadly broken into three categories, those 
which improve strength and ductility, those which improve only ductility, and those which improve 
strength at the expense of ductility(2). In many cases these additions lead to property improvement 
through traditional mechanisms of microstructure development and refinement through solidification, 
aging, and working. Specific to improving the formability of wrought magnesium alloys, important 
mechanisms are the modification of the a/c lattice parameter ratio and changes in the relative activities 
of the slip systems so that prismatic and pyramidal systems become active at lower temperatures(5).    

Aluminum‐zinc alloys are the most common wrought allows, combining a combination of high 
strength and ductility with relatively good forming characteristics when processed using optimal 
conditions. Unfortunately, the process window producing good results is rather small and the 
asymmetry of products is large compared to other magnesium alloys. Zinc‐zirconium alloys allow a wider 
process window and typically have better strength and ductility but require slower forming rates to 
minimize asymmetry. Mg‐Li alloys provide the best formability and lowest asymmetry in the resulting 
products, but have much lower strength than other wrought alloys(9).    
Procedure 
Forging 
 Two alloys, AZ31B and ZK60A, were selected for forging trials based on favorable results in trials 
discussed above and the commercial availability and use of the alloys. The nominal compositions of 
these alloys are summarized in Table 2. The die design used for this project incorporated simple, 
symmetric features with three distinct thickness levels to evaluate material flow while minimizing 
unwanted effects and defects associated with more complex geometries. Figure 2 shows a completed 
forging illustrating key features while Figure 3 illustrates the relative thickness of specific features. The 
design is a 7” diameter disk forged from a 6.95” diameter, 0.45” thick extruded blank. The top of the 
disk features a raised rim with three ribs radiating from the center. There are two thick embossments in 
each of the three webbed sections between the ribs alternating between the top and bottom of the 
disk.    
  
 
 



 
TABLE 2: Composition of AZ31B and ZK60A alloys.  

Alloy Al Mn Zn Zr Mg Other 
AZ31B 2.5‐3.5 0.2‐1.0 0.4‐1.4 ‐‐ Bal < 0.50 
ZK60A ‐‐ ‐‐ 4.8‐6.2 0.45 Bal < 0.30 

 

 
FIGURE 2: Forging illustrating key features of disk design.  

 
FIGURE 3: Schematic cross section of forging showing relative thickness of rim, ribs, web, and 
embossments.  
 
 Forging was performed at Precision Metal Products in El Cajon, CA. Eight disks were forged from 
each alloy using a two step process to achieve the desired dimensions. The blanks were broken into two 
groups. One group was first forged using a High Velocity Dynapak 1220 Forge Press while the other 
group was forged using a lower velocity hydraulic press. Both operations were performed at 375°C. The 
second forming step was performed at 315°C in a low velocity screw press.  
 
Analysis  

Metallography and mechanical testing were performed before and after forging to determine 
the change in texture and improvement in mechanical properties as a result of the deformation 



processing. Metallographic samples were prepared to reveal the microstructure of the rib material 
parallel (longitudinal) and perpendicular (transverse) to the axis of the tensile specimen for one sample 
in each condition. Samples were also prepared for the cross section of the thick embossments to reveal 
information about the flow behavior during the forming of these features. Samples were cut, mounted, 
polished according to standard magnesium sample preparation techniques(10). Samples were then 
etched using a solution of 60ml ethylene glycol, 20 ml glacial acetic acid, 19 ml H2O, and 1 ml nitric acid 
to reveal the grain structure.  

Mechanical properties were evaluated by performing tensile tests on samples cut from disks 
before and after forging. Due to the geometry of the forged disks the size of tensile specimens was 
limited. Initially a flat dog‐bone geometry was used to maximize the sampled volume but difficulty was 
encountered during testing as the specimens broke in the radius of the grips. A small, round sample 
geometry was then employed providing more consistent results. The specimens were nominally two 
inches long with a radius of 0.16”. Samples were cut from the ribs of the forged disks, shown in Figure 5, 
because these sections provided both sufficient length and thickness for machining the samples. To 
minimize the effects of sample location, a similar sectioning plan was used for the starting blanks, also 
shown in Figure 4. One disk yielding three specimens was used for mechanical testing for each alloy and 
condition combination.  

 

 
FIGURE 4: Location of tensile samples in blanks and forged disks.  
Results 
Forging 
 The press operator reported that the deformation behavior was similar both between the alloys 
and between presses used in the preform step. Difficulty was encountered when forming the 
embossments in both alloys. As shown in Figure 5, the material did not flow smoothly into these 
features creating an uneven appearance in the opposite surface with a seam through the center of the 
reverse of this feature. The cross sections of two embossments are shown in Figure 6, etched to reveal 
flow characteristics. Difficulty was not encountered on aluminum test pieces used to set up and test 
dies. It is expected that with proper die design and optimized parameters these defects could be 
eliminated but they are a demonstration of the effect of the poor flow characteristics of the metal.  



 
FIGURE 5: Poor metal flow leads to defects opposite embossments. 
 

 
FIGURE 6: Cross section of embossment showing metal flow path for ZK60A (left) and AZ31B (right).  
 
Microstructure 
 The results of the microstructure analysis are shown in Figure 7 and 8. In both the longitudinal 
and transverse orientations, the ZK60A alloy shows well defined, elongated grains before forging. After 
forging a similar grain structure is visible, but many of these long grains appear to be sheared into 
shorter sections with greater texture. It is difficult to discern specific features in the microstructure of 
AZ31B before forging, but the forged microstructure has similar features to the ZK60A forgings.  



 
FIGURE 7: Longitudinal microstructure for tensile samples showing microstructure before and after 
forging.  

 
FIGURE 8: Transverse microstructure for tensile samples showing microstructure before and after 
forging.  



 
 
Mechanical Properties 

Results from the mechanical testing are summarized in Figure 9, which presents an average of 
the mechanical tests performed on specimens of each alloy before and after forging. Also shown in 
these figures are literature values from Table 1 for the forged condition. The experimental and literature 
values for yield strength and ultimate tensile strength are comparable, confirming the results of these 
tests. The measured ductility is approximately twice the literature values. This could be an effect of the 
microstructure present in the forged specimens. A significant increase in yield strength through forging 
was observed for both alloys while the increase in UTS was less pronounced in both cases. There were 
not significant differences in the elongation observed for samples before and after forging.  

 

   
FIGURE 9: Results from mechanical testing of material before and after forging.  
 
Conclusions 
 This work has demonstrated the desirable mechanical properties can be obtained in magnesium 
alloys by forging. Due to the poor flow compared to other common wrought alloys, magnesium forging 
is most successful in simple geometries that do not require significant metal flow to fill all features. The 
deformation during forging appears to break up the consistent, elongated grains present in the extruded 
blanks.   
 
Acknowledgements 
The support of the Forging Foundation (FIERF) through the graduate fellowship program is gratefully 
acknowledged.  
 

 

 

 

 



References  

1. Polmear IJ. Magnesium alloys and applications. Materials Science and Technology. 
1994;10(1):1‐16.  

2. Yang Z, Li JP, Zhang JX, Lorimer GW, Robson J. Review on research and development of 
magnesium alloys. Acta Metallurgica Sinica (English Letters). 2008 10;21(5):313‐28.  

3. Koike J, Ohyama R, Kobayashi T, Suzuki M, Maruyama K. Grain‐boundary sliding in AZ31 
magnesium alloys at room temperature to 523 K. Materials Transactions. 
2003;44(4):445‐51.  

4. Koike J, Kobayashi T, Mukai T, Watanabe H, Suzuki M, Maruyama K, et al. The activity of non‐
basal slip systems and dynamic recovery at room temperature in fine‐grained AZ31B 
magnesium alloys. Acta Materialia. 2003 4/18;51(7):2055‐65.  

5. Agnew SR, Yoo MH, Horton JA. Texture analysis as a tool for wrought magnesium alloy 
development. In: Magnesium Alloys and their Applications. ; 2006. p. 117‐24.  

6. Koike J. Dislocation plasticity and complementary deformation mechanisms in polycrystalline 
mg alloys. Materials Science Forum. 2003;449‐452(1):665‐668.  

7. Wang CY, Wu K, Zheng MY. Compressive deformation of ZK60 magnesium alloy at elevated 
temperature. Key Engineering Materials. 2007;353‐358:631‐634.  

8. Busk RS, International Magnesium Association. Magnesium Products Design. New York: M. 
Dekker; 1987.  

9. Bettles C, Gibson M. Current wrought magnesium alloys: Strengths and weaknesses. JOM 
Journal of the Minerals, Metals and Materials Society. 2005 05/01;57(5):46‐9.  

10. Gale WF, Totemeier TC, Smithells CJ, ASM International. Smithells Metals Reference Book. 
8th ed. Burlington, MA: Elsevier Butterworth ‐Heinemann; 2004.  

 


