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Abstract

Because long period stacking ordered (LPSO) type magnesium alloys have the low density, excellent mechanical strength and
ignition resistance, LPSO-type magnesium alloys have a great potential as structural materials of satellites. Ejecta size and crater
shape were examined when spherical projectiles struck targets made of LPSO-type magnesium alloy at hypervelocities of 2 km/s
and 5 km/s. After impact experiments, crater surfaces and lips near craters were observed X-ray computed cosmography (CT) in 
detail. Ejecta collected from test chamber were measured. Results of LPSO-type magnesium alloy targets were compared with
those of aluminum alloy (A6061-T6). Fracture behavior of LPSO-type magnesium alloy targets seemed to be brittle and many 
small ejecta from LPSO-type magnesium alloy were observed.
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1. Introduction

Launching costs of satellites are roughly proportional to payload weight. Therefore, decreasing weight of
satellites brings reduction of launching costs. Many types of aluminum alloys have been widely employed for 
spacecraft and launch vehicles. Among many prospective materials, magnesium alloys have several advantages 
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such as low density, high vibration absorption, electromagnetic shielding and dimension stability. New-types of
magnesium alloys using rare metals overcame longtime disadvantages of conventional magnesium alloys such as 
fire hazard and low strength. Among them, Professor Kawamura of Kumamoto University developed magnesium
alloys with long period stacking order (LPSO) phase and alpha phase (dual phase) with high strength and thermal
resistance [1]. Many industrial applications such as automobiles, aircraft and spacecraft are being considered. In the 
case of space application, environment resistance such as the defense against and suppression of space debris, atomic
oxygen (AO), electron beam (EB) and vacuum ultraviolet radiation is crucial. 

Space debris often strikes space stations and spacecraft at hypervelocities over 10 km/s. The International Space
Station (ISS) employs bumper shields, such as the Whipple shield and the stuffed Whipple shield, which consists of 
thin plates to protect itself from space debris. Even though small space debris strikes satellites, mission failure might 
be triggered. Therefore many hypervelocity impact experiments have been carried out to understand the mechanism
of space debris impact. The authors are interested in ejecta from targets when projectiles struck targets in
hypervelocities [2, 3]. New types magnesium alloys have been developing. Many researchers have been studying
shock behaviour of magnesium alloys [4-6]  

In this study, a high strength magnesium alloy of LPSO-type magnesium alloy (hereinafter referred to as LPSO-
Mg) was used for the targets of impact experiments. Ejecta from LPSO-Type magnesium alloy targets were 
examined. Crater shape of LPSO-Mg was also compared with that of aluminum alloy.

2. Experimental Methods

Projectiles were made of aluminum alloy 2017-T4 with a diameter of 1.6 mm. Two-stage light gas guns at Japan
Aerospace Exploration Agency, (JAXA) [7] and Nagoya Institute of Technology was used for impact test. The
impact velocity was fixed at 2 km/s and 5 km/s. Thick plates of LPSO-type magnesium alloy,
Mg95.65Zn2Y2La0.1Al0.25 (at. %) (Fuji Light Metal Co.) [8-10], were used as targets. In order to compare results,
aluminum alloy, A6061-T6, was also used as target materials. Table 1 lists the values of the mechanical properties of
the target materials. After impact experiments, the length of ejecta collected from test chamber was measured using 
image analysis software (ImageJ).

(a)  LPSO magnesium alloy (5.5 km/s) (b) Aluminum alloy 6061-T6 (5.3 km/s) [11]

(c)  LPSO magnesium alloy (2.0 km/s) (d) Aluminum alloy 6061-T6 (2.1 km/s)
Fig. 1.  Photographs of craters after impact experiments.1877-7058 © 2017 The Authors. Published by Elsevier Ltd.
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such as low density, high vibration absorption, electromagnetic shielding and dimension stability. New-types of 
magnesium alloys using rare metals overcame longtime disadvantages of conventional magnesium alloys such as 
fire hazard and low strength. Among them, Professor Kawamura of Kumamoto University developed magnesium 
alloys with long period stacking order (LPSO) phase and alpha phase (dual phase) with high strength and thermal 
resistance [1]. Many industrial applications such as automobiles, aircraft and spacecraft are being considered. In the 
case of space application, environment resistance such as the defense against and suppression of space debris, atomic 
oxygen (AO), electron beam (EB) and vacuum ultraviolet radiation is crucial.  

Space debris often strikes space stations and spacecraft at hypervelocities over 10 km/s. The International Space 
Station (ISS) employs bumper shields, such as the Whipple shield and the stuffed Whipple shield, which consists of 
thin plates to protect itself from space debris. Even though small space debris strikes satellites, mission failure might 
be triggered. Therefore many hypervelocity impact experiments have been carried out to understand the mechanism 
of space debris impact. The authors are interested in ejecta from targets when projectiles struck targets in 
hypervelocities [2, 3]. New types magnesium alloys have been developing. Many researchers have been studying 
shock behaviour of magnesium alloys [4-6]   

In this study, a high strength magnesium alloy of LPSO-type magnesium alloy (hereinafter referred to as LPSO-
Mg) was used for the targets of impact experiments. Ejecta from LPSO-Type magnesium alloy targets were 
examined. Crater shape of LPSO-Mg was also compared with that of aluminum alloy.  

2. Experimental Methods 

Projectiles were made of aluminum alloy 2017-T4 with a diameter of 1.6 mm. Two-stage light gas guns at Japan 
Aerospace Exploration Agency, (JAXA) [7] and Nagoya Institute of Technology was used for impact test. The 
impact velocity was fixed at 2 km/s and 5 km/s. Thick plates of LPSO-type magnesium alloy, 
Mg95.65Zn2Y2La0.1Al0.25 (at. %) (Fuji Light Metal Co.) [8-10], were used as targets. In order to compare results, 
aluminum alloy, A6061-T6, was also used as target materials. Table 1 lists the values of the mechanical properties of 
the target materials. After impact experiments, the length of ejecta collected from test chamber was measured using 
image analysis software (ImageJ).  
 
 
 
 
 
 
 
 
 
 
 

(a)  LPSO magnesium alloy (5.5 km/s)                 (b) Aluminum alloy 6061-T6 (5.3 km/s) [11] 
 
 
 
 
 
 
 
 
 
 
 

(c)  LPSO magnesium alloy (2.0 km/s)                          (d) Aluminum alloy 6061-T6 (2.1 km/s) 
Fig. 1.  Photographs of craters after impact experiments. 
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Table 1. Mechanical properties of target materials.  

 LPSO-Mg 
Mg96Zn2Y2 

Aluminum alloy 
A6061-T6 [12] 

0.2% proof stress [MPa] 340 275 

Tensile strength [MPa] 376 310 

Elongation at break [%] 5 12 

Density  [g/cm3] 1.89 2.70 

 

3. Results and Discussion 

3.1. Observation of targets 

Figure 1 show photographs of the LPSO-type magnesium alloy target and aluminum alloy target after projectile 
impact of 1.6 mm in diameter at 2 km/s and 5 km/s. Enlarged images of the targets from directly above were shown 
in the figures. Regardless of impact velocity, the crater surfaces of aluminum alloy were smooth, whereas those of 
LPSO-Mg were relatively rough. The crater surfaces of LPSO-Mg seemed to be multilayers. Crater lips of 
aluminum alloys were clearly developed, whereas those of LPSO-Mg were not long. LPSO-Mg seemed to be brittle 
compared with aluminum alloy.  
 
 
 
 
 
 
 
 
 
 
 

(a) 2 km/s                       (b) 5 km/s 
Fig. 2.  Comparison of crater shapes. 

 
After the experiments, the crater shape was measured using a contour measuring instrument (Tokyo Seimitsu Co., 

600B). Fig. 2 shows the comparison of the crater shape profiles between the LPSO magnesium and the aluminum 
alloy. At the impact velocity of 2 km/s, the crater diameter of LPSO-Mg was smaller than that of aluminum alloy. 
The crater depth of LPSO-Mg and aluminum alloy was almost the same. At the impact velocity of 5 km/s, the crater 
depth and crater diameter of LPSO-Mg was clearly larger than that of aluminum alloy.   

Fig. 3 shows cross-sectional views using X-ray computed tomography (X-ray CT, Shimadzu inspeXio SMX-
100CT). Regardless of impact velocity, we can observe many cracks on the crater surfaces of LPSO-Mg and cannot 
observe any cracks of aluminum alloy targets. The crater surfaces of aluminum alloy were smooth. The cross-
sectional views by X-ray CT show that crater lips of aluminum alloys were largely developed, whereas those of 
LPSO-Mg were not observed as shown in Fig. 1. The shape of aluminum alloy was hemisphere regardless of impact 
velocity. The crater shape of LPSO-Mg at the impact velocity of 2 km/s was slightly circular cone rather than 
hemisphere, whereas that at 5 km/s was hemisphere. 

Fig. 4 shows photographs of fragments collected from test chamber after impact experiments. Many large 
fragments were collected in the case of LPSO-Mg and aluminum alloy. There was no special feature. In both cases, 
the fragment shapes were similar. After taking images, size of fragments collected from test chamber was measured 
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using image analysis software (ImageJ) as shown in Fig. 5. The length, a, width, b, and thickness, c, of fragments 
was defined as shown in Fig. 6. We measured only the fragments having length over 0.5 mm. 

 
 

   
(a)  LPSO magnesium alloy (5.5 km/s)        (b) Aluminum alloy 6061-T6 (5.3 km/s) [11]  

   
(c)  LPSO magnesium alloy (2.0 km/s)        (d) Aluminum alloy 6061-T6 (2.1 km/s) 

Fig. 3.  Cross-sectional images by X-rays computed tomography (CT).  
 
 
 
 
 
 
 
 
 
 

(a) LPSO-Mg (b) A6061-T6 
Fig. 4.  Photographs of fragments collected from test chamber (5 km/s).  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.  Analysis image of ImageJ.  
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using image analysis software (ImageJ) as shown in Fig. 5. The length, a, width, b, and thickness, c, of fragments 
was defined as shown in Fig. 6. We measured only the fragments having length over 0.5 mm. 
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(a) LPSO-Mg (b) A6061-T6 
Fig. 4.  Photographs of fragments collected from test chamber (5 km/s).  
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Fig. 6.  Definition of fragment size.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 2 km/s                       (b) 5 km/s 
Fig. 7.  Comparison of crater shapes.  

 
 

Fig. 7 shows the cumulative number distribution of the maximum length a. At the impact velocity of 2 km/s, 
the cumulative number distribution of LPSO-Mg was almost the same as that of aluminum alloy in a length range 
less than 0.7 mm. At the impact velocity of 5 km/s, the cumulative number of LPSO type magnesium alloy was 
always more than that of aluminum alloy. The maximum of the fragment length was 3.5 mm in the case of LPSO-
Mg, whereas that of aluminum alloy was 2.2 mm which is two-thirds of LPSO-Mg.  

4. Conclusions 

Ejecta size and crater shape were examined when spherical projectiles struck targets made of LPSO-type 
magnesium alloy at hypervelocities of 2km/s and 5 km/s. The crater surfaces of aluminum alloy were smooth, 
whereas those of LPSO-Mg were relatively rough. LPSO-Mg seemed to show brittle fracture compared with 
aluminum alloy. At the impact velocity of 5 km/s, the crater size of LPSO-Mg was large. The number of ejecta from 
LPSO-Mg was higher and the maximum length of ejecta was larger.  
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