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Executive Summary 

This work was performed at PNNL and funded through DOE-VTO LightMAT program in support of the 

USAMP Low-cost Magnesium Sheet (LCMS) project.  The goal of this work was to perform mechanical 

characterization of Mg sheet alloys that were identified by USAMP as candidates for stamping an 

automotive door inner and outer panels.  The resulting data was then provided to project partners for 

modeling and other tasks within the LCMS project.  While the scope of this work was broadly defined at 

the project outset, detailed test matrix and specific test approaches were developed as the project 

progressed and in discussion with the USAMP leadership team and project partners.  Microstructural 

analysis and modeling activities complementing this experimental work were performed by other 

supporting tasks within the LCMS project and are not included in this report. 

The experimental work was performed in two main tasks comprising tensile testing and formability 

testing and both tasks employed stereo-digital image correlation (DIC) technique to capture the 

deformation behavior at high spatial and temporal resolution.  Tensile testing involved extensive 

characterization of Mg E-form Plus (EFP) alloy sheet as a function of temperature, strain-rate and 

orientation, as well as a limited set of elaborate tests on Mg ZEK 100 alloy sheet at room-temperature.  

Formability testing involved room-temperature and elevated temperature limiting dome height (LDH) 

tests on Mg EFP under different strain states. 

The results from tensile tests on Mg EFP demonstrate its anisotropic behavior that is more pronounced at 

higher strain-rates or lower temperatures.  Further, for any given test temperature and orientation, strain-

rate seems to have a significant effect on its tensile stress-strain behavior.  Capturing such anisotropy and 

strain-rate effects were essential for developing new material cards that otherwise lack these 

dependencies.  Evidence of micro-yielding plasticity was also observed at low strains at which most 

metals and alloys would otherwise be considered elastic.  LDH testing showed that Mg EFP has low 

formability at room-temperature, thus, necessitating that door stamping be carried out at elevated 

temperatures. 

These results, complemented with detailed DIC deformation data, were key to moving the existing 

knowledgebase towards new and improved material card that will enable more accurate stamping 

simulations of lightweight Mg alloy automotive components.  This work also spawned efforts to perform 

advanced in-situ experiments that will help develop a fundamental understanding of dislocation behavior 

and slip-systems in Mg alloys. 
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Description of Key Accomplishments/Results Relative to Objectives 

Approach: The goal of this project was to perform mechanical characterization of Mg-alloy sheets and 

provide resulting data for input to the modeling tasks.  All the sheet materials were provided by USAMP.  

Initial room-temperature tension experiments were performed on ZEK 100 Mg alloy sheets.  

Subsequently, room-temperature and elevated temperature tension tests and limiting dome height tests 

were performed on Mg EFP sheets.  The experimental work was performed under the following two 

tasks:  

Task 1 (USAMP Subtask 2.16): Mechanical Properties Testing: The objective of this task was to 

determine the mechanical properties of the Mg-alloy sheets in tension. 

Tension Tests on ZEK 100: The objective of these tests was to determine the evolution of symmetry axes 

upon tensile testing and use the resulting data to develop a model along the lines of prior work on steel 

[1].  The testing approach is shown schematically in Fig. 1 and comprises “primary” and “secondary” 

specimens.  The primary specimens were designed to enable multiple secondary specimens (ASTM-E8 

sub-size geometry) [2] to be machined from their gauge length region.  For a given test condition, the 

primary tension sample (grey region) was oriented at an angle  (=60°) to the original ZEK 100 sheet 

rolling direction (RD).  The primary tension specimens were pre-strained (2% and 6%), unloaded, and 

subsequently, secondary tension samples (schematically shown in light green color in Fig. 1) were 

extracted from the pre-strained region and at various orientations,  relative to the original loading axis 

of the primary specimen.  In addition to the primary + secondary tests, conventional tensile tests on the 

as-received sheet were also performed to evaluate anisotropy.  All tests were performed at room-

temperature at an initial strain-rate of 5x10-4/s. 

 

Fig. 1: Schematic of testing scheme using ZEK 100 Mg sheet to understand the evolution of symmetry 

axes in Mg alloys during tension testing. 

Tension Tests on Mg EFP: The objective of these tests was to understand the strain-rate dependence and 

in-plane anisotropy of Mg EFP under tensile loading.  The resulting data will enable development of 

accurate material models and stamping simulations that may capture strain-rate and anisotropy effects 

during stamping.  Mg EFP (USAMP Batch #1) was tested at elevated temperatures in air and the test 

matrix comprised three temperatures (150, 200 and 250°C), four strain-rates (0.004, 0.01, 0.1 and 0.5/s) 

and three in-plane orientations (0°, 45° and 90°).  A minimum of three specimens were tested at each test 

condition.  Supporting room-temperature tension tests were also performed on Mg EFP, typically at 0.01 

or 0.001/s, to ascertain the extent of anisotropy and develop a general understanding of the its behavior 

(e.g. yield stress, work-hardening, ductility).  All test samples were provided by USAMP and were water-

jet cut in ASTM E8 geometries (either full-size or sub-size).  Strain during elevated temperature tests was 

measured by the stereo-digital image correlation (DIC) technique, and by mechanical extensometer or 
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stereo-DIC for room-temperature tests.  Vic-3d software by Correlated Solutions was used for DIC data 

analysis. 

The need to accurately model the stamping behavior required the plastic stress-strain curves to be 

appropriately calculated, especially during elevated temperature testing due to non-uniform deformation 

at large strains.  Thus, the specimen axial strain for elevated temperature tests was calculated in two main 

ways: The virtual extensometer approach and the necked-region approach.  Using the virtual 

extensometer feature of the Vic-3D software, virtual initial gauge lengths of 1”, 2” or 3” were created 

during DIC data processing and the specimen axial strain was defined as the average axial strain over the 

respective virtual gauge lengths.  Although the virtual extensometer approach is suitable to plot axial 

strain for homogeneous deformation, it may not the best approach once the specimen begins to neck and 

the deformation is localized.  Thus, the “necked-region” approach to measure specimen axial strain was 

implemented to take into account strain localization.  First, the region of eventual necking failure was 

identified in the DIC images.  A rectangular box-shaped “area-of-interest,” centered over the failure 

region and 0.5 mm axial height x full width of the DIC-processed region, was defined.  The axial strain 

value for each time step was then defined as the average axial strain within this box region.  It is noted 

that at large axial elongation of the Mg EFP during elevated temperature testing, the painted speckle 

pattern was unable to sustain large strains and peeled off from the sample.  Paint peeling, therefore, 

resulted in excessive noise in the DIC measured strain towards the end of the test. 

Task 2 (USAMP Subtask 2.15): Experimental Forming Limit Diagram (FLD) Determination: The 

objective of this task was to help determine if the Mg EFP sheet alloy has sufficient formability to be 

stamped into the target automotive components (door inner and door outer) identified by USAMP for this 

project.  In the first step, the “limiting direction”  for Mg EFP i.e. the in-plane direction with least 

formability, and plane-strain formability (i.e. FLD0) were determined through room-temperature LDH tests.  

In the second step, elevated temperature (200°C and 250°C) LDH tests were performed in the limiting 

direction to determine the FLD0.  An Interlaken LDH test machine with a 4” diameter hemispherical punch 

and an elevated temperature capable die-set was used for this work.  Testing was performed at a punch 

speed of 5 mm/s and stereo-DIC technique was used to measure surface strains (using Vic-3d software).  

Various lubricants (e.g. boron nitride, oil, Teflon sheets, and Fuchs Renoform) and specimen geometries 

(e.g. rectangle, dog-bone shape, etc.) were used to minimize friction effects and enable specimen fracture 

at the dome apex location. 

Key Findings/Results/Illustrations 

The main results of this work are presented below. 

Tension Tests on ZEK 100: The key result of these tests are shown in Fig. 2.  Fig. 2a shows that the 

tensile stress-strain behavior of the as-received Mg ZEK 100 sheet under current test conditions is quite 

anisotropic with the material having the highest and lowest yield strength in RD and TD directions, 

respectively.  Such anisotropic behavior is typical of rolled Mg alloy sheets and is generally attributed to a 

basal texture.  Figs. 2b and 2c show the results from the primary and secondary tension tests.  Fig. 2b 

shows an example of the stress-strain curves of the secondary tension specimens.  Fig. 2c shows the 0.2% 

offset yield stress of the secondary tension specimens as a function of the orientation angle, , at two 

levels of pre-strains and for primary specimen orientation, , of 60°.  The data in Fig. 2c shows that the 

yield strength varies in a sinusoidal-like manner as the sample orientation is systematically varied about 

the primary loading direction.  Such behavior is hypothesized to be associated with evolving texture and 

twinning and highlights the importance of modeling the evolution of the yield surface with strain.  
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Fig. 2a 

 

  
Fig. 2b Fig. 2c 

 

Fig. 2: Results from room-temperature tension experiments on Mg ZEK 100. (a) Quasi-static stress-strain 

curves showing significant anisotropic behavior.  (b) Stress-strain curves of secondary specimens.  (c) 

Dependence of yield stress of secondary specimens as a function of their orientation relative to primary 

specimen’s loading axis. 

Tension Tests on Mg EFP 

Figure 3 shows pictures of typical speckle-patterned tension samples before testing, and after straining to 

fracture at 200°C and 250°C.  The non-uniform deformation (and necking) in both the samples and 

peeling off of the speckle pattern paint near the necked region in the 250°C tested sample, were typical of 

elevated temperature tested samples. 

Figure 4 shows an example of a tension test where the strain in a given engineering stress-strain curve is 

plotted using the virtual extensometer and necked-region methods.  The graph shows that as long as the 

specimen deformation is relatively homogeneous, the stress-strain curves are identical irrespective of the 

strain calculation method.  However, once the necking becomes severe (e.g., after ~0.25-0.3 strain in the 

sample data shown here), the stress-strain curve deviate from one another and the behavior depends upon 

the strain calculation method.  For example, the apparent strain to failure increases with decreasing length 

of the virtual extensometer since the necked region becomes a significant fraction of the virtual gauge 

length.  Accordingly, the “necked-region” approach, that calculates strain based on the deformation in the 
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necked region only, results in a failure strain that is almost twice the value calculated using a 3” virtual 

extensometer.  The noise at the end of the curves is due to the paint peeling off as described earlier. 

Fig. 5 shows a collection of true stress-strain curves for Mg EFP (USAMP Batch #1) at 200°C as a 

function of strain-rates and in-plane orientations.  The data shows a significant increase in the flow stress 

 

Fig. 3: Images of typical Mg 

EFP samples (at different scales) 

inside the heated environmental 

chamber before testing (left) and 

after straining to failure at 200°C 

(middle) and 250°C (right) at 

0.004/s. 

 

Fig. 4: Engineering stress-strain curve of Mg-EFP (USAMP 

Batch #1) showing the influence of strain measurement method 

on the appearance of the curve. 

 

Fig. 5: True stress-strain for Mg EFP (USAMP Batch #1) at 200°C as a function of strain-rate and 

orientation. 
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with increasing strain-rate and similar strain-rate dependence was observed at other temperatures as well.  

The influence of strain-rate and orientation can be more clearly seen in Figs. 6a and b that show the true 

stress-strain behavior at 150°C at the minimum (0.004/s) and the maximum (0.5/s) strain-rates used in this 

work.  In general, the elevated temperature stress-strain data shows that the 0 deg. orientation (i.e. RD) 

shows the highest flow stress while the 45 deg. and 90 deg. orientations have a lower (than RD) and fairly 

similar flow stress.  The data also shows that the strain-rate has a significant effect on the initial work-

hardening rate for all the orientations with the work-hardening rate increasing with increasing strain-rate.  

However, after a strain of ~0.15, the work-hardening rate is similar for the three orientations i.e. the flow 

curves are parallel to each other.  Finally, the anisotropy (i.e. flow stress dependence on in-plane 

orientation) is more pronounced at the higher strain-rate and at lower temperature. 

In addition to the elevated temperature tension tests described above, a limited number of room-

temperature tension tests were performed on Mg EFP and evidence of micro-yielding plasticity was 

observed.  For example, Fig. 7a shows the overall stress-strain curve (0.01/s, TD) with a yield stress of 

~150 MP.  However, upon careful examination of the initial loading curve (as shown in the inset), Mg 

EFP is seen to undergo micro-yielding at a stress of ~50 MPa corresponding to a strain of ~0.1%.  Fig. 7b 

shows another test (0.001/s, RD) where the sample was unloaded at ~0.2% and subsequently reloaded.  

 

(a) (b) 

Fig. 6:True stress vs true strain curves of Mg-EFP (USAMP Batch #1) at 150°C and different in-plane 

orientations showing the influence of strain-rates (a) 0.004/s and (b) 0.5/s.  Some of the curves are 

truncated at large strains due to excessive noise in the DIC data on account of paint (speckle pattern) 

peeling off from the samples. 

 
(a) (b) 

Fig. 7: Room-temperature engineering stress-strain curve for Mg EFP (Batch #2) highlighting the 

phenomenon of micro-yielding. (a) Full stress-strain curve with the inset showing a magnified view at 

low strains with evidence of micro-yielding at ~0.1% strain. (b) Stress-strain curve showing the initial 

loading (path a-b), unloading (path c-d) and reloading (path e) during the tension tests to study micro-

yielding occurring at low strains. 
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Upon unloading, the data indicated a permanent plastic strain of 0.02% suggesting that micro-yielding 

involved plasticity in what would otherwise be considered as the elastic loading regime.  This micro-

yielding behavior was further investigated in other sub-task using beam-line experiments to determine 

which slip system(s) were responsible for this behavior. 

Forming Limit Measurements in Mg EFP (USAMP Batch #1) 

Fig. 8 shows three Mg EFP samples tested at room-temperature under equi-biaxial strain condition in the 

LDH.  Although these samples failed at the dome apex (as desired), the crack orientation at the apex did 

not show any specific correlation with the RD which was contrary to the expectations.  It was conjectured 

that second phase particles (e.g. observed in microstructural analysis by the team from University of 

Michigan) may be controlling the sheet fracture behavior resulting in apparently random crack 

orientation, as opposed to the crack orientation being determined by the sheet texture.  The lowest major 

strain (~12.4% true strain), just prior to fracture, was observed in the sample (Fig. 8a) where the crack 

orientation was along RD.  Hence, the direction 90° to the RD, i.e. transverse direction (TD) was 

identified as the limiting direction and subsequent experiment to determine FLD0 were performed in the 

TD orientation. 

 
(a)  b) (c) 

Fig. 8: Images of LDH tested Mg EFP with three separate equi-biaxial samples at room-temperature, 

overlaid with DIC strain contours, showing variability in the crack orientation upon fracture. 

 
(a) (b) (c) 

Fig. 9: Images of LDH tested three plane-strain geometry samples in the limiting direction (TD) at 

room-temperature, overlaid with DIC strain contours just prior to fracture.  Top row: major strain; 

bottom row: minor strain. 
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Fig. 9 shows three samples tested at room-temperature in the LDH under plane-strain condition and in the 

limiting direction.  The samples showed a similar major true strain of ~14% FLD0) (Fig. 9 top row) in the 

major direction (TD) while the minor true strain was ~-1.3% (Fig. 9 bottom row) on average.  Although, 

Mg EFP was expected to have “high” formability, its room-temperature FLD0 (~14%) is insufficient for 

the stamped door design selected for this project.  Thus, elevated temperature LDH were performed to 

determine FLD0 (at 200℃ and 250℃). 

Initial attempts at using a rectangular plane-strain specimen geometry (as used for room-temperature 

LDH tests) in combination with boron nitride lubricant was found to be unsuitable to ensure sample 

failure at the dome apex.  Consequently, non-rectangular specimen geometries, such as “dog-bone” type 

and those similar to ISO 12004 standard [3] were fabricated and tested.  However, irrespective of the 

geometry and lubricants (e.g. boron nitride, Teflon films, Fuchs Renoform, etc.), these samples did not 

fail at the apex.  E.g. Fig. 10 shows a dog-bone geometry sample tested at 200℃ that failed with a single 

crack along the rolling direction.  Although the failure location was closer to the apex relative to that in 

rectangular geometry specimens, the strain state near the crack was not one of plane strain, as evidenced 

by a large, non-zero minor strain (exx = -11.33%). 

 

  

    

(a)  b) (c) 

Fig. 10: Images of an LDH-tested plane-strain sample At 200°C with a “dog-bone” geometry: (a) 

speckled image showing the crack after the test; (b) major (eyy) and (c) minor (exx) Hencky strains 

adjacent to the crack and in the image frame just before the sample cracked as shown in (a). 
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Comparison of PNNL-Experimental Task accomplishments and variance to project goals and 

objectives 

Statement of Objectives Accomplishments & Metrics Variance 

 

Determine tensile 

stress-strain behavior 

of Mg ZEK 100 sheet 

alloy to assist in model 

development 

• Developed specimen geometry and test 

procedures to help understand the evolution of 

symmetry axes in Mg under tension, using Mg 

ZEK 100 as a surrogate 

• No variance 

 

Determine tensile 

stress-strain behavior 

of Mg EFP sheet alloy 

to assist in model 

development 

• Determined stress-strain curves at elevated 

temperatures comprising a test matrix of three 

temperatures, four strain-rates and three in-

plane orientations (over one hundred tests and 

~1 TB data) 

• Determined stress-strain curves at room-

temperature to understand the phenomenon of 

micro-yielding at strains much lower than 

macro yield strain 

• No variance 

 

Determine forming 

limits of Mg EFP 

sheets at stamping-

relevant temperatures 

and under plane-strain 

condition 

• Determined limiting direction and room-

temperature FLD0  

• Performed elevated temperature LDH tests 

using various specimen geometries and 

lubricants 

• While forming limits at 

elevated temperature were 

measured, a “true” plane 

strain (i.e. FLD0) could not 

be achieved as the samples 

failed at locations away 

from the dome apex 

 

Conclusions 

The scope of this work was to perform mechanical characterization of Mg alloy sheets and provide the 

necessary data that could serve as input for the modeling effort.  Under the test conditions employed in 

this research, the following conclusions can be drawn: 

1) For elevated temperature tension loading of Mg EFP sheet, the strain-rate has a significant effect 

on the initial work-hardening rate for the orientations tested: For a given test temperature, the 

initial work-hardening rate increases with increasing strain-rate upto a strain of ~0.15; with 

further straining, the work-hardening rate is roughly similar across the strain-rates. 

2) The anisotropy (i.e. flow stress dependence on in-plane orientation) in Mg EFP sheet is more 

pronounced at the higher strain-rates and at lower temperatures. 

3) For room-temperature tension loading, Mg EFP shows clear evidence of micro-yielding plasticity 

at strains as low as ~0.1% that would otherwise normally be considered as elastic loading regime 

for most metals and alloys. 

4) Preliminary room-temperature tension testing on Mg ZEK 100 suggest an evolution of the 

symmetry axis with loading akin to that reported in literature for steel. 

5) For room-temperature LDH testing, the transverse direction in Mg EFP sheet was found to be the 

limiting direction and the corresponding plane-strain formability (FLD0) was measured to be 

~14%.  This level of FLD0 is too low to stamp the door at room-temperature. 

6) For elevated temperature LDH testing, the FLD0 could not be determined as the sheet samples 

tended to fail away from the plane-strain location i.e. the dome apex.  (Similar experimental 

issues were encountered in parallel efforts by other project team partners as well.  The problem 
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was solved by deforming the sample in in-plane configuration as opposed to out-of-plane 

configuration used in LDH). 

Contribution to the State-of-Art 

The results from this work provided the tensile stress-strain data (for Mg EFP sheet) that was instrumental 

in developing a new material card to enable stamping simulations of the door inner and outer for this 

project.  Specifically, this work was the primary source for the strain-rate dependent tensile behavior that 

was incorporated in the new material card for Mg EFP at stamping-relevant elevated temperatures.  The 

stress-strain data showed a significant dependence of work-hardening over the two-orders of magnitude 

strain-rate range used in this work.  Additionally, this work produced detailed DIC-based deformation 

data that was essential to accurate finite element modeling.  Thus, the combination of stress-strain 

behavior, complemented with detailed DIC deformation data, were the key to move the existing 

knowledgebase towards new and improved material card leading to more accurate stamping simulations. 

This work provided evidence for micro-yielding plasticity in Mg EFP at small strains that would 

otherwise normally be considered as elastic loading regime for most metals and alloys.  These 

observations have spawned efforts to perform in-situ experiments in a beam-line to elucidate fundamental 

dislocation behavior and slip-systems activation associated with micro-yielding.  Such knowledge is 

expected to be help explain the post-yield work-hardening and microstructural evolution. 

Technological Gaps  

While room-temperature FLD0 was easily obtained for Mg EFP, obtaining the same at elevated 

temperatures was a challenge despite the use of a variety of specimen geometries and lubricant 

combinations.  Thus, though formability testing provided valuable insights into Mg EFP behavior at room 

and elevated temperatures, the results suggest the need to design specimen geometries to determine 

elevated temperature FLD through the LDH method. 

References 

1. K.H. Kim and J.J. Yin.  Evolution of anisotropy under plan stress. J. Mech. Phys. Solids, Vol. 45, 

No. 5, pp. 841-851, 1997. 

2. ASTM E8 – Standard test methods for tension testing of metallic materials. 

3. ISO 12004-2 – Metallic materials – Sheet and strip – Determination of forming-limit curves – 

Part 2: Determination of forming-limit curves in the laboratory. 


