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Abstract: FeCo-based bulk metallic glass alloy materials with the compositions (Fe0.5Co0.5)69-xNb6B25+x (x = 0, 2, 4) were produced 
by using electric arc melting furnace and suction casting technique. The samples were studied and analyzed in as-cast, and sub-Tg 
annealed conditions. Fracture toughness of the bulk metallic glass alloys was estimated using the size of the plastically deformed 
zone that was produced through the bonded interface technique. The estimated values of fracture toughness obtained were 
comparable to tough bulk metallic glass materials. A maximum value of 93 MPa√m was obtained for the alloy with lowest boron 
content indicating a composition range with high fracture toughness. 
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1 Introduction 

Bulk metallic glasses (BMGs) are a group of materials 
possessing unique set of properties and have potential to be 
used in important applications but their Achilles heel is their 
poor fracture toughness [1-3]. Some Pd and Zr based BMGs 
possess high fracture toughness whereas other BMG materials 
are brittle, some of them with fracture toughness values that 
tend to approach toughness of highly brittle materials like 
soda-lime glass as reported in [4, 5]. However, testing of 
fracture toughness using ASTM standard (E399) requires bulk 
samples of a suitable size and shape for single edge notch 
beam (SENB) or compact tension (CT) [4]. Nevertheless 
indentation is one method that allows calculation of fracture 
toughness of brittle smaller samples through indent corner 
crack measurement [6-10]. For tougher materials, where 
microcracks do not form at the indent corners and the size of 
the sample is small for standard fracture toughness testing, it 
can be estimated through calculations incorporating plastic 
zone size (R). This plastic zone is produced underneath a 
hardness indenter like Vickers [11].  

FeCo based BMG alloys with composition (Fe0.5Co0.5)69-

xNb6B25+x (x = 0, 2, 4) possess high strength and good magnetic 
properties. A comparison of estimated fracture toughness of 
three BMG alloys, in both as cast and sub-Tg annealed 
conditions, is presented to correlate and optimize the 
composition for better properties. The plastic zones produced 
in the vicinity and underneath the hardness indent of the 
samples have been carefully evaluated for the measurement 

and comparison of fracture toughness in these BMG alloys.  
 
2 Materials and Methods 

Alloy buttons (nominal compositions (Fe0.5Co0.5)69-xNb6B25+x 
(x = 0, 2, 4)) were prepared by arc melting of high purity 
elements in a controlled atmosphere arc furnace. Highly pure 
argon was used for melting and casting of the BMG alloys. 
Button shaped alloy pieces were produced that were re-melted 
4 - 5 times to ensure homogenization. The Bulk metallic glass 
alloy materials were cast by copper mold suction casting 
technique in the form of strips that were 1mm thick, 5mm wide 
and ~20mm long. The samples were tested in as-cast and sub-
Tg annealed conditions. These bulk metallic glass (BMG) alloys 
with x = 0, 2, 4 will be referred to as A1, A2, A3 respectively. 
Sub-Tg annealing was performed in high vacuum for 30 
minutes at 723 K which is well below the glass transition 
temperatures of these BMG alloys. X-ray diffraction scans were 
obtained from Philips PW3710 X-ray diffractometer with a step 
size of 0.01o for 1 second. To observe the shape and size of the 
plastic zone underneath the hardness indenter, bonded 
interface technique was employed. Two adjacent surfaces of a 
sample of a BMG alloy were ground and polished to obtain 
smoothness and straight edges. Two of these polished samples 
of the same BMG alloy were bonded together by joining the 
flat polished sides through a strong polymeric adhesive. This 
polymeric bonding agent was subsequently dissolved in 
acetone to separate the polished surfaces after hardness 
indents were made at the interface with 9.8 N (1.0 kg) load 
applied for 20 seconds. The thickness of adhesive layer was 
maintained at 6 μm ± 2 μm. Images of the BMG samples were 
taken by using Philips XL 30 scanning electron microscope 
(SEM). 

3 Results and Discussion 

3.1 X-ray Diffraction 
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X-ray diffraction patterns of these alloys in the as cast and 
annealed conditions were obtained that are shown in figure 1. 
Absence of peaks in the patterns indicates amorphous nature 
of the structure in these alloys. 
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Fig.1 X-ray diffraction patterns of the BMG alloys in the as cast and 
annealed conditions. 

3.2 SEM Analysis 

Figure 2 (a) shows an indent produced in the BMG alloy at a 
load of 9.8 N while figure 2 (b) shows an indent produced at 
the interface with the same load in the bonded interface 
technique. No microcracks were observed in and around the 
hardness indents for all the hardness loads employed with a 
maximum value of 9.8N whereas shear bands can be seen 
around the indent in figure 2 (a). 

 

 

Fig. 2 (a) Hardness indent on the BMG alloy also showing shear bands 
around edges (b) Hardness indent at the interface of the bonded 
polished edges of the of the two BMG samples of the same alloy as 
used in the bonded interface technique. 

Figure 3 shows the deformed zones beneath the indents as 
obtained through the bonded interface technique. The length 
of the line shown in figure 3 (a)  is a measure of the size (R), in 
micrometers, of the deformed zone. Similarly, size of all the 
plastic zones of all the alloys were measured through SEM. 
Semicircular shear bands are visible in both the samples as 
shown in figure 3. These shear bands result from the localized 
deformation of the BMG under the applied load [12, 13]. No 
microcracks were observed within or originating from the 
deformation zone, an indication of better toughness of the 
BMG. Microcracking and fragmentation happens in case of 
brittle BMG materials [11, 14]. 

3.3 Fracture Toughness 

In the absence of corner cracks and a suitable sized specimen 
for standardized testing, the fracture toughness of bulk 
metallic glass can be roughly estimated through the use of 
eqn.1 [11, 15].   

𝑅𝑅 = � 1
6𝜋𝜋
� [𝐾𝐾𝐶𝐶
𝜎𝜎𝑦𝑦

]2    --------------------  (1) 

Where R is the plastic zone size, σy is the yield strength, KC is 
fracture toughness. 
 
Table 1 shows fracture toughness values based on the plastic 
zone size R, calculated using equation 1. Compressive yield 
strength σy has been obtained from the hardness data using a 
constraint factor of 2.5 [4, 5, 16]. 

a a 
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Fig. 3 plasticlly deforemed zones in the alloys that are formed beneath 
the hardness indent at the interface. Semicircular shear bands are 
visible both (a) in as cast condition (zone marked) and (b) in sub-Tg 
annealed condition. 

The fracture toughness values obtained from eq.1 are only 
estimates, which, reveal that these alloys are considerably 
tough, with values much better than Fe based BMG alloys 
reported in previous work [5-8, 17]. Even a 30% overestimation 
will produce a value near 50 MPa√m that is higher than brittle 
BMGs having values less than 20 MPa√m. 

TABLE 1 
Hardness, yield strength, and fracture toughness of the as 
cast and annealed BMGs. 

Alloy Condition σy 
(MPa) 

R 
(μm) SD KC 

(MPa√m) 
1 As Cast 4614 20.8 0.21 91 
  Annealed 4763 20.1 0.62 93 
2 As Cast 4373 20.0 0.28 85 
  Annealed 4618 18.8 0.70 87 
3 As Cast 4567 17.0 0.36 82 
  Annealed 4692 17.4 0.42 85 

 HV = Vickers hardness,   σy = Compressive yield strength,  R 
= Deformed zone size, SD = Standard deviation,  KC = Fracture 
toughness. 
 

3.4 Effect of Boron Content 

Fracture toughness has revealed a decreasing trend with a 
replacement of Fe and Co with boron. The Poisson’s ratio of 
boron is low (ν = 0.21) and an increase in the boron content of 
the BMG alloy decreases its Poisson’s ratio which in turn 
decreases the toughness [4, 17, 18]. 
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Fig. 4 Fracture toughness as a function of boron content of the BMG 
alloys in the as cast and annealed conditions. 

Sub-Tg annealing is expected to decrease the free volume of 
the BMG alloys and, therefore, results in an increase in fracture 
toughness as shown in figure 4. The decrease in toughness, 
according to equation 1, is due to a decrease in the size of 
plastically deformed zone (R) formed underneath the hardness 
indent, that is also given in the table 1. 

Increase in the boron content increases the tendency to 
compound formation thus reducing the toughness of the BMG 
alloys. There is a large negative difference in the mixing 
enthalpy values of B with Fe, Co and Nb (Fe-B= -26.5 kJ/mol, 
Co-B= -24.2 kJ/mol, Nb-B= -53.9 kJ/mol) that is an indication 
of its compound forming tendency [19]. 

4 Conclusions 

The following conclusions were drawn from this investigation; 

1. No microcracks found that were initiated from 
corners of hardness indents in both as cast and 
annealed bulk metallic glass alloy samples. Similarly 
no microcracks were observed within the deformed 
zone. 

2. High fracture toughness values in excess of 80 
MPa√m were estimated using size of the deformed 
zone for both as cast and annealed alloys. The 
maximum fracture toughness value of 93 MPa√m was 
obtained for annealed alloy A1. 

3. The fracture toughness has revealed an increasing 
trend with sub-Tg annealing. 

4. Fracture toughness values have shown a decreasing 
trend with an increase in the boron content of the 
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bulk metallic glass alloy both in as cast and annealed 
conditions. 
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