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ABSTRACT 

 

The effect of gamma-ray irradiation on the mechanical properties of Zr55Ni5Al10Cu30 

bulk metallic glass (BMG) was investigated. The samples were irradiated with a 

gamma-ray dose up to 2090.24 kGy prior to mechanical property investigations. 

Vickers hardness test, nano-indentation test as well as speed of sound measurements in 

order to calculate the materialôs elastic moduli were conducted. An x-ray diffractogram 

device was also utilized to observe the BMGôs devitrification behavior. Results confirm 

that no significant changes were observed for any of the samples. XRD spectra of 

irradiated BMGs also show uniform broad peaks, indicating an amorphous structure 

inside the sample. This result indicates that a gamma-ray irradiation dose of up to 

2090.24 kGy does not change the mechanical properties and the microstructure of the 

material, thus making it a good future structural candidate for gamma-ray rich 

environments.   
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INTRODUCTION  
 

From its introduction in the early nineties, Zr-based bulk metallic glass has attracted 

much attention due to its unique properties, such as superior strength (up to 2 GPa), 

high elastic strain limit (~2%), relatively low Youngôs modulus (50ï100 GPa), excellent 

corrosion resistance and improved wear resistance (Bruck et al, 1994; Gilbert et al, 

1997; Inoue, 1995; Johnson, 1999; Liu et al, 2005; Pang et al, 2000; Wang et al, 2000). 

Due to its thermal stability and excellent mechanical properties, it is no wonder that 

such material is gaining popularity in various engineering fields, such as in biomedical 

applications (Liu et al, 2007) and in structural applications in irradiation rich 

environments (Shah et al, 2011). However, previous investigations conducted by 

Higashi (2005) reported that gamma-ray irradiation induced a suppression in Zr-Ni 

phase precipitation with a very low dose of 10 kGy during the annealing process of a 

Zr55Ni5Al 10Cu30 BMG sample [10]. This led to the conclusion that the local atomic 

structure of the sample was changed by gamma-ray irradiation. Furthermore, previous 

research conducted by Shah et al (2008) also reported the same finding for higher 
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gamma-ray doses, but noted that irradiation did not change the materialôs electrical 

properties or its super cooled liquid region, ȹTx (Shah et al, 2011). Coupled with scarce 

information, it is therefore of great interest to examine the effect that gamma-ray 

irradiation has on the mechanical properties of Zr-based BMGs. This study conducted 

several tests to observe any changes in the materialôs mechanical properties due to 

various doses of gamma-ray irradiation.   

 

EXPERIMENT S 

 

A Zr-based BMG with a composition ratio of Zr55Ni5Al 10Cu30 was used in this research 

due to its popularity as a metallic glass system which possesses high thermal stability 

and a large ȹTx (Iqbal et al, 2007). The bulk sample was prepared by casting the melt 

into a copper mold in an argon atmosphere. The bulk sample is then cut into several 

5 × 5 × 2 mm
3
 cuboids and 25 × 2 × 0.5 mm

3
 bars for experimentation, using an Isomet 

Buehler low speed diamond saw. Finally, the cut samples are cleaned with ethanol. 

 

Gamma-ray irradiation process 

 

The cuboid and bar samples were taken to the Japan Atomic Energy Agency (JAEA) 

Takasaki Advanced Radiation Research Institute for the gamma irradiation process in a 

Cobalt 60 irradiation facility, within the energy range of 1.17 MeV and 1.33 MeV. The 

various gamma doses were calculated to be up to 2090.24 kGy. The gray dose rate is 

related to the flux of the gamma ray photons 

 

   D = (ūĬɛa)/(ɟĬEɔ)                                (1) 

 

where  D is the gray dose [Gy] 

 ū is the photon fluence [photons/cm
2
] 

 ɛa/ɟ is the mass absorption coefficient [cm
2
/g] 

 Eɔ is the energy of incident gamma radiation,  

(1.17 + 1.33)/2 = 1.25 MeV = 1.25 × 10
6
 × 1.602 × 10

-19
 J = 2.0025 × 10

-13
 J 

 

With referrence to the mass absorption coefficient of Cu (Ishino, 1979) we obtain ɛa/ɟ = 

0.0247 cm
2
/g. Calculating the highest gamma ray dose of 2090.24 kGy ( = 2090.24 Jg

-

1
), from Eq. (1) we calculate the gamma irradiation fluence to be 

 

ū = (2090.24 Jg
-1

) ÷ (0.0247 cm
2
g

-1
× 2.0025 × 10

-13 
J) 

       = (2090.24 Jg
-1

) ÷ (4.9462 × 10
-15

 Jcm
2
g

-1
) 

       = 4.23× 10
17

 photons/cm
2
 

 

The cross-sectional displacement due to Compton scattering, ůp, for Cu (while assuming 

the displacement energy, Ed, to be 25 eV (Dienes and Vineyard, 1957)) is roughly 0.1 

× 10
-24 

cm
2
. Therefore the displacement per atom (dpa), N, for Cu with a gamma 

incident energy of 1.25 MeV is 

 

                        N = ū Ĭ ůp = 4.23× 10
17 

× 0.1× 10
-24

 = 4.23 × 10
-8

 dpa                         (2) 

 

Thus we can assume that the highest dpa for the gamma-ray irradiated Zr55Ni5Al10Cu30 

BMG sample to be of the order of ~×10
-8

 dpa. 



 

 

Shah et al. /International Journal of Automotive and Mechanical Engineering  6(2012) 713-721 

 

715 

 

 

Speed of Sound Measurements 

 

The speed of sound measurements was conducted using a Karl Deutsch D-56 

Wuppertal1 Echometer 1061 with a contact probe and probe gel, and a Tektronix TDS 

2012 two-channel storage digital oscilloscope. Two distinctive probes were used for the 

transverse and longitudinal waves. The spread time of the longitudinal waves, tl and the 

transverse waves, tt were measured by fixing the speed of sound dial at 0.200 cm/ɛs. 

 

Obtaining the value of tl and tt from the above experiment, we can calculate the 

speed of sound for the longitudinal waves of the samples, vl, to be 

 

                vl = (2×l)/(1000×tl)  msϊ1
                             (3) 

 

and the speed of sound for the transverse waves, vt, is 

 

            vt = (2×l)/(1000×tt)  msϊ1
                              (4) 

 

where l is the sampleôs thickness. From this result, the elastic moduli, namely shear (G), 

bulk (K) and Youngôs (E) modulus, as well as the Poissonôs ratio (ɜ) can be calculated 

by inserting the speed of sound values into the following equations (Kai et al, 2002): 

 

                                G =d×vt²
  
[GPa]                            (5) 

 

K =d×{  vl ²-(4/3) ×vt²}
  
[GPa]         (6) 

 

E = 3d×vt²×{  vl²-(4/3) ×vt²}/(  vl²- vt²)  [GPa]        (7) 

 

ɜ= (vl²-2 vt²)/(2 vl²-2 vt²)  [GPa]                   (8) 

 

where d is the density of the sample. 

 

Hardness Test 

 

In order to investigate the plastic deformation of the surface of the material due to 

gamma irradiation, a nanoindentation test and Vickers hardness test were conducted. 

The device used in this test was the Elionix ENT-1100a UMIS (Ultra-Micro Indentation 

System) and a Matsuzawa Vickers hardness device, located in Tohoku Universityôs 

Institute for Materials Research Facility in Ooarai. The x-ray diffraction experiment was 

conducted at the National Institute for Fusion Science (NIFS) in Nagoya, using an x-ray 

diffractogram device to observe any changes in the BMGôs amorphous structure after 

the irradiation process. 

 

RESULTS AND DISCUSSION 

 

The results of the speed of sound measurements are shown below. Figure 1 shows the 

longitudinal and transverse waves values, whilst Figures 2 and 3 show the calculated 

values of the elastic moduli, namely the bulk, Youngôs and shear moduli, and Poissonôs 

ratios for various doses of gamma ray up to 2090.24 kGy. All elastic modulus value 
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show relatively similar values, and did not present any changes due to gamma 

irradiation doses up to 2090.24 kGy. 

 
Figure 1. Speed of sound for various doses of gamma-ray up to 2090.24 kGy 

 
Figure 2. Elastic modulus for various doses of gamma-ray up to 2090.24 kGy 


