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Abstract. Hypervelocity impact phenomena of long period stacking ordered type magnesium alloys 
(LPSO-Mg) plates were examined at the impact velocities of 4 km/s and 6 km/s. Ejecta veil and external 
bubble of debris of LPSO-Mg were darker than those of aluminum alloy A6061-T6. The size of external 
bubble of debris of LPSO-Mg was slightly smaller than that of A6061-T6. The velocity reduction of LPSO-
Mg was slightly larger than that of A6061-T6. However, the scatter area of projectile and targets were not 
determined by electron probe micro-analyzer. 

1 Introduction  
The International Space Station (ISS) employs shields 
such as the Whipple bumper to protect from 
micrometeoroids and orbital debris (MMOD). The main 
bumper of ISS consists of aluminum alloy thin plates. To 
improve shielding efficiency, several studies using foam 
core sandwich panels [1-3], cellular structures [4], 
hybrid metal foams [5], ceramic plates [6], amorphous 
alloy reinforced aluminum alloy plates [7], and types of 
metallic glass [8-9] have been carried out.  
    Magnesium alloys show promise for space 
applications because of several advantages such as low 
density and high vibration absorption. New types of 
magnesium alloys using rare metals overcame longtime 
disadvantages of conventional magnesium alloys of low 
strength. Among them, magnesium alloys with long 
period stacking order (LPSO) phase and alpha phase 
with high strength have been developed [10, 11]. Many 
industrial applications such as automobiles, aircraft, and 
spacecraft have been being considered. In the case of 
space application, the impact resistance against space 
debris is very important because the typical impact 
velocity of space debris is around 10 km/s. 
   In this study, penetration phenomena of LPSO-type 
magnesium alloy plates were studied in hypervelocities. 
Pressure walls after impact experiments were observed. 
Results of LPSO-type magnesium alloy plates were 
compared with those of aluminum alloy plates.  

2 Experimental methods  

Plates of LPSO-type magnesium alloy, 
Mg95.65Zn1Y2La0.1Al0.25 (at. %) (Fuji Light Metal 
Co.), were used as targets (hereinafter referred to as 
LPSO-Mg). Aluminum alloy A6061-T6 plates were also 

used as target materials to compare with the results of 
LPSO-Mg. The target size was 150 mm in length and 50 
mm in width. The thickness of LPSO-Mg was 1.5 mm, 
and the aluminum alloy was 1.0 mm. The thickness was 
chosen so that the areal density was almost the same. 
The density of the magnesium alloy was 1.86 g/cm3, and 
that of the aluminum alloy was 2.70 g/cm3. In this study, 
LPSO-Mg plates and aluminum alloy plates with the 
same areal density were examined in terms of the basic 
properties of penetration mechanism to be considered in 
space application as substitute bumper materials.  

Projectiles were made of aluminum alloy 2017-T4 
with a diameter of 3.2 mm. The impact velocity was 5.0 
km/s. Two-stage light gas guns at the Japan Aerospace 
Exploration Agency (JAXA）were used for the impact 
test [3]. The debris cloud immediately after impact was 
observed using a high-speed video camera (Shimadzu, 
HPV-X). 

Projectile 
A2017-T4 

3.2 mm                    100 mm 
in diameter 

Target                                Aluminum alloy plate  
as pressure walls 

Camera                 A2024 (3 mm thickness) 

Fig 1. Setup for penetration experiments. 

3 Results  

Figure 1 is shadowgraph images of the high speed video 
camera. We could observe clear ejecta veil, external 
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bubble of debris, and internal structure of debris cloud in 
the case of LPSO-Mg as well as A6061-T6 of previous 
works [12, 13] and A6061-T6 of our results. In the case 
of LPSO-Mg, the front element of the internal structure 
was not clear. The size of the external bubble of LPSO-
Mg seemed to be slightly smaller than that of aluminum 
alloy. The debris cloud of LPSO-Mg was significantly 
darker than that of A6061-T6. In particular, ejecta veil of 
LPSO-Mg was darker than that of A6061-T6.  

Next, the velocity of the front element was compared 
with the impact velocity of the projectile using a high 
speed video camera. The velocities were calculated from 
seven flames (the impact velocity of 6 km/s) and two 
flames (the impact velocity of 4 km/s) before and after 
impact using image analysis software. In the case of 
A6061-T6, the velocity of the front element was 0.88 
km/s lower than the impact velocity of the projectile in 
Figure 2a. In the case of LPSO-Mg, the velocity of the 
front element was 1.30 km/s lower than the impact 
velocity of the projectile in Figure 2b. In Figure 2c for 
A6061-T6, the velocity of the front element was 0.78 
km/s lower than the impact velocity of the projectile. In 
Figure 2d for LPSO-Mg, the velocity of the front 
element was 1.0 km/s lower than the impact velocity of 
the projectile. The velocity reduction decreased with 
increasing impact velocity. This means that the velocity 
of the front element approached the impact velocity with 
increasing impact velocity. In both materials, the 
velocity of the front element and the size of the external 
bubble of debris increased with impact velocity. This 
tendency was the same in previous works [12, 13]. The 
reduction velocity of the front element for LPSO-Mg 
was greater than that for A6061-T6. It is a good property 
for bumper materials. 

Debris cloud impact patterns on aluminum alloy 
plates placed 100 mm behind each target plate were 
observed after impact experiments. In both cases, we can 
clearly see a white circle in the center of the aluminum 
alloy plates, which were made by the impact of the front 
element of the debris cloud. In the case of aluminum 
alloy, we can see clear radial lines that are a typical of a 
debris cloud impact pattern [14], whereas in the case of 
LPSO-Mg the radial lines become less clear. Instead, we 
can see a larger white circle like a fine mist.  

Weight percentage of aluminum and magnesium at 
each measure point were analysed by an electron probe 
micro-analyzer (EPMA, JEOL JXA-8230). Six small 
plates (15 mm by 15 mm) were place on the aluminum 
alloy plates to be able to be measured by the analyzer. 
The measured diameter of each plate was 20 µm. Tables 
1 and 2 show results of A6061-T6 and LPSO-Mg, 
respectively. Table 1 shows that weight percentage of 
magnesium was 2-5% even though the target was 
aluminum alloy. The main reason for this is that the 
target material, projectile material, and pressure wall 
materials include less than 2% magnesium. In the case of 
LPSO-Mg targets, Table 2 shows that weight percentage 
of magnesium was 5-12%. At the measured point 4, 
which is 40 mm away from the centre of the debris cloud 
impact patterns, weight percentage of magnesium was
12%. It was expected from the size of the debris cloud in 

Figure 2 that results of point 5 would show much 
magnesium, but the result was contrary to expectation. 

The scatter area of projectile and targets were not 
determined by electron probe micro-analyzer. 

 (a-1) 10 µs after impact           (a-2) 20 µs after impact  
(a) A6061-T6 (4.17 km/s) 

  
 (b-1) 10 µs after impact           (b-2) 20 µs after impact 

(b) LPSO-Mg (4.10 km/s) 

 (c-1) 7.5 µs after impact           (c-2) 12.5 µs after impact 
(c) A6061-T6 (6.08 km/s) 

 (d-1) 7.5 µs after impact           (d-2) 12.5 µs after 
impact 

(d) LPSO-Mg (6.11 km/s) 

Fig. 2. Shadowgraph images of high speed video camera. 

Table 1. Weight percentage of aluminum and magnesium for 
A6061-T6 target.

Element Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
Al 74.7 78.4 83.5 86.4 80.1 83.4 
Mg 5.5 2.7 2.6 2.7 2.5 2.4 

Table 2. Weight percentage of aluminum and magnesium at 
each measure points for LPSO-Mg target.

Element Point 1 Point 2 Point 3 Point 4 Point 5 
Al 73.0 77.1 73.0 67.0 73.1 
Mg 7.1 5.4 6.3 12.6 7.5 
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(a) A6061-T6 (6.08 km/s) 

(b) LPSO-Mg (6.11 km/s) 

Fig 3. Photograph of debris cloud impact patterns on 
aluminum alloy plate as pressure wall after impact.  

4 Conclusions 
The debris cloud of LPSO-Mg was significantly darker 
than that of A6061-T6. In particular, the ejecta veil of 
LPSO-Mg was darker than that of A6061-T6. The 
velocity of the front element for LPSO-Mg was smaller 
than that for A6061-T6.  

Debris cloud impact patterns showed a white circle 
in the center of the aluminum alloy plates placed behind 
the target in both cases. In the case of aluminum alloy, 
we can see clear radial lines, whereas the radial lines 
become less clear in the case of LPSO-Mg. It was found 
from the EPMA analysis that debris cloud impact 
materials of LPSO-Mg target included much magnesium.  
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