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Abstract. Magnesium and its alloys are widely used in the aerospace, automotive and defense industries, taking advantage of its 

high strength to weight ratio. However, these materials show strong anisotropy with its hexagonal close packed structure and 

texture. The experimental investigations probing the behavior of these materials at high pressures and strain rates are limited. In 

this study, experiments are conducted on extruded commercially pure magnesium using pressure shear plate impact (PSPI) 

experiments. The strength and the behavior of the materials are measured at pressures up to 10.5 GPa and strain rates of 105 s−1. 

The PSPI experiments measure the materials under unique conditions, loading the material simultaneously in two directions. 

Experiments are conducted at two different pressures where the normal compressive stresses are aligned in one direction and the 

shear stresses, probing the material strength, are aligned perpendicular to the direction of the normal stress. The effect of pressure 

on the behavior of these materials under high pressures and strain rates are discussed. It was seen that magnesium exhibit higher 

strength at higher pressures due to the pressure hardening.  

INTRODUCTION 

Magnesium and its alloys are very attractive for automotive and aerospace industries due to its high specific strength 

compared to the traditional structural alloys. Materials in such applications are subjected to extreme strain rates and 

pressures during impact events. Therefore, it is essential to understand the deformation mechanisms and mechanical 

behavior of these materials under relevant loading conditions to develop materials of superior performance.   

      In the past decade, experiments have also revealed how strain rate affects the strength and deformation mechanism 

in magnesium and its alloys [1–4]. The plastic deformation of magnesium is observed to be accommodated through 

basal slip, non-basal slip, and extension twinning. It was seen that the strain rate affects the strength significantly 

when the non-basal slip becomes the dominant deformation mechanism in magnesium alloys. In addition, the volume 

fraction of the extension twinning increases considerably as the strain rate increases [5]. Note that, all these studies 

are focused on the effect of strain rate on the strength under low pressure, but in the high-speed impact scenario, 

pressure also plays an important role in the behavior of the material. Recently, Meng et al. performed the pressure 

shear plate impact (PSPI) experiments on AZ31B up to 3.8 GPa and rates up to 1.8×105/s to understand the effect of 

pressure and strain rate on strength. However, there are no experimental investigations to extract the strength of 

magnesium at pressures > 4 GPa, which is important in designing future magnesium alloys for aerospace and defense 

applications.   

       In this study, experiments have been conducted at pressures > 5 GPa and strain rates of ~105/s using PSPI 

technique to understand the effect of pressure on the strength of pure magnesium.  

  

MATERIALS AND METHODS 

The extruded polycrystalline magnesium of purity 99.99 % obtained from Good fellow corporation was used in 

this study. The average grain size of the sample was close to 68 µm. Samples of 300 µm thick and 30 mm in diameter 

were extracted from a rod of 50.8 mm diameter. It is well known that the magnesium has hexagonal close pack 

structure, and it was previously shown that in the extruded magnesium, the basal pole is aligned along the radial 

direction, whereas, the prismatic pole aligned along the extrusion direction as shown in Fig. 1(a) [6].  
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FIGURE 1. (a) Schematic of the extruded magnesium with the prismatic pole aligned along the extrusion direction, (b) schematic 
of the PSPI experimental configuration, sample assembly, projectile and the image of the diffraction grating on the back side of 
the sample.   

 

In order to measure the strength of the magnesium at high pressures and strain rates, pressure-shear plate impact 

experiments were conducted. A schematic of the conventional pressure-shear plate impact experiments [7] is shown 

in Fig. 1(b). The sample assembly shown in the figure is a sandwich configuration where the sample is placed between 

two hard plates named front and rear anvils, respectively, see Fig. 1(b). The dimensions of the anvil plates were 

selected in such a way that the duration of shearing is close to 1 µs before the lateral release waves reach the center 

of the sample. Both the anvils were 30 mm in diameter, and the thickness of the front and rear anvil plates were 1.9 

mm and 4 mm, respectively.  Complete design details of these type of experiments can be found in [7, 8].  Front anvil 

of the sample assembly is impacted by a flyer skewed at an angle 18o relative to the direction of the projectile travel. 

This generates both normal and shear waves that propagate though the front anvil plate. Since the shear wave is slower 

than the normal compression wave, the sample placed between the front and rear anvil will first be stressed in the 

normal direction, then the shear wave deforms the sample normal to the direction of the longitudinal wave. Note that, 

in this study, the normal shock direction was aligned along the extrusion direction whereas the shearing direction was 

normal to the extrusion direction. The free surface normal and transverse velocities were measured simultaneously 

using modified photonic Doppler velocimetry, which employs a diffraction grating on the back side of the anvil plates 

as shown in Fig. 1(b). Complete details of the technique for simultaneously measuring normal and transverse free 

surface velocities can be found in [9].   

      The PSPI experiments are conventionally performed at velocities within which the anvil plates remain elastic 

during the entire loading duration [7, 10], however, at high pressures (beyond HEL) the anvil plates do not remain 

elastic. Therefore, the plasticity of the anvils needs to be considered in the PSPI analysis to extract a reliable stress 

strain behavior of the material. For that, a new approach for extracting the equivalent stress strain curves in PSPI 

experiments is established. First, experiments are performed on just the anvil plates in a slightly different 

configuration at similar impact velocities. A material model is calibrated for the anvil plates and then direct numerical 

simulations are used to extract the stress-strain behavior of the material of interest. The procedure is briefly described 

in the following section.  
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CALIBRATION OF THE ANVIL PLATES 

 
      In this study, non-heat-treated D2 tool steel was used for the anvil plates. To calibrate the material model for the 

anvil plates, a symmetric impact experiment with the configuration shown in Fig. 2(a) was performed at an impact 

velocity of 539 m/s, resulting in normal and transverse impact velocities of 512 m/s and 166 m/s, respectively. The 

free surface normal and transverse velocity profile measured from the experiment is shown in Fig. 2(b). Pressure in 

the sample at this normal impact velocity was ~ 10 GPa. The normal particle velocity has a typical profile of elastic-

plastic materials in shock experiments. Normal particle velocity corresponds to the Hugoniot elastic limit ~ 80 m/s 

(GPa), therefore, it is evident that the anvils were plastically deforming at pressures considered in this study. The 

transverse velocity profile shows a relatively linear increase in particle velocity with the peak close to 40 m/s.  It is 

worth noting that PSPI experiments provide more constraints for the calibration of the material model because of the 

simultaneous matching of the normal and transverse velocity profiles. A simple power law strain hardening and 

Cowper Symonds strain rate hardening (Fig. 2(c)) were used to calibrate the strength of the D2 steel under high 

pressures and strain rates. It can be seen from Fig.2(b) that the simulated free surface velocities match well the 

experimentally determined velocity profile. The strain and strain hardening parameters which provide the best match, 

and the equation state are shown in Fig. 2(c).  

 

 

FIGURE 2. a) Schematic of the symmetric PSPI experiment, b) experimental free surface normal and transverse velocity and the 

simulated velocity profiles from the calibrated material model, c) the strain and strain rate hardening laws and the final calibration 

parameters. Equation of state and the parameters used in the simulation are also shown. 

 

RESULTS AND DISCUSSION 

Sandwich configuration PSPI experiments, with 300 µm thick magnesium between the anvil plates were conducted 

at impact velocities 298 m/s and 549 m/s. The pressure in the sample corresponds to 5.5 GPa and 10.6 GPa for the 

two experiments. The normal and transverse velocities measured at the free surface for both the experiments are 

shown in Fig. 3. For both the experiments, the normal velocity profiles have very similar features to that of steel (Fig. 

2(b)). The transverse velocity profile shows distinct behavior at two impact velocities considered in this study. The 

high impact velocity experiment shows a linear transverse velocity profile in contrast to the sigmoidal shape seen in 

the low velocity impact experiment. However, it is difficult to interpret the features of strength behavior of magnesium 

from just the particle velocity profiles due to the plasticity of anvil plates. Therefore, numerical simulations are 

required to extract the stress-strain behavior from PSPI experiments with plastically yielding anvils [12].  
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FIGURE 3. Experimental and simulated free surface normal and transverse velocity profiles for impact velocities of 

298 m/s (5.6 GPa) and 549 m/s (10.5 GPa). 

 

The equivalent stress-strain curves obtained for pressures of 10.5 GPa and 5.6 GPa from the numerical simulation 

are shown in Fig. 4. The equivalent stress-strain curve shows a typical sigmoidal shape, which is a characteristic of 

magnesium and its alloys [1, 14]. Two characteristics of the stress-strain curve are noteworthy: 1) the stiffer response 

at 10.5 GPa pressure compared to the 5.6 GPa pressure (point A in the stress strain curve), 2) strain at which the slope 

of the stress strain curve changes (point B in the stress strain curve) which corresponds to the twinning saturation [1] 

that is delayed in the 10.5 GPa pressure experiment. The shearing rate in both the experiments was close to 1.5×105/s 

due to the higher degree of plasticity in the anvils at higher impact velocity. Therefore, the observed behavior of 

strength was attributed to the pressure dependence of the deformation mechanisms in magnesium. However, the micro 

mechanisms that dominate at high pressures are not clear and needs further study.   

  
FIGURE 4. Equivalent stress-strain curves for magnesium at pressures of 5.6 GPa and 10.5 GPa. 
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SUMMARY AND CONCLUSION 

Pressure-shear plate impact experiments were conducted on extruded pure magnesium at high pressures to 

understand the effect of pressure and strain rate on its strength behavior. A hybrid method using numerical simulations 

was developed and used to extract the strength of pure magnesium at high pressures. The equivalent stress-strain 

curves were extracted at pressures 10.5 GPa and 5.6 GPa using the proposed method. It was observed that higher 

pressures delay the twinning saturation and also increase the strength of the material.  
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