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Abstract: Iron-boron based bulk metallic glasses (BMG) development has been initiated 
using Fe40Ni38Mo4B18 as precursor. Addition of zirconium up to 10 atomic % along with 
the reduction of Ni proportion improves the glass forming ability (GFA), which is optimum 
when Ni is suppressed in the alloy. However melting instability occurred during the 
materials fabrication resulting in the formation of residual crystalline phases closely related 
to the amorphous phase. Microstructure study shows an evolution from amorphous 
structure to peculiar acicular structure, particularly for Fe50Ni16Mo6B18Zr10, suggesting the 
amorphous structure as interconnected atomic sheets like “atomic mille feuilles” whose 
growth affects the alloys’ GFA. 
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1. Introduction 

Bulk metallic glasses still have promising applications owing to their remarkable properties [1], 
although the size limitations have not been overcome. As regards applications, casing for high 
technology devices and corrosion resistance as for instance Zr-based BMG [2], can be foreseen despite 
their high production costs. For the compositions of BMG, Fe-based alloys have higher potential for 
magnetic devices [3]. However, major breakthroughs are expected to raise understanding of the 
formation of the metallic amorphous structure significantly, which will lead to the designing of easy 
processing techniques. These need probably to redefine the way we were mentally describing the 
atomic organization in metallic amorphous structure with regard to crystal and liquid. Whatever the 
importance of the physical properties is, there will be a necessity to access the microstructure’s 
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Figure 13. TEM-BF micrographs of Fe50Ni16Mo6B18Zr10 (C8) thin specimen from the  
8 mm diameter ingot: (a) Image of acicular microstructure; (b) Image of an amorphous 
pocket; (c) Image of acicular microstructure with bending contrast and dislocations;  
(d) Image of needles network. (e,f) Image of row of lamellae within a needle and needles 
crossing angle. 

 

 

 

Needles in agreement with observations in Figure 6 cover all the area. Variable tilt plane angle 
interception of this needles’ network area form the annular and the lenticular grains observed in 
Figures 4–6. Black arrow indicates how the needles assemble like a mechanical shaft and bore. A 
sketch of this image is shown in Figure 14. Needle (2) goes through (1) that enters (3) and (4) is 
directed out of the plane of the image. This observation demonstrates a liquid-like behavior, meaning 
the needles owned their morphologies before solidification. Otherwise, they will not go through but 
stop at the intersection to form twins. These latter can be observed within the needle (1), which is 
likely formed by a row of quadratic (see cross section A-A in Figure 14) plates. Moreover, needles (1) 
and (2) are twisted in Figure 13d. Transversal lamella (see the circle and the square in Figure 13e) is 
probably the initial state of the quadratic plates. The double arrow in this image shows row of lamella 
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The microstructural model of amorphous structure (MMAS) states that: (i) the mechanical effects 
on atomic scale are on chain of atoms and atomic layer than on single atoms resulting in wrinkled 
atomic layers (mesowrinkles); (ii) the mixing and merging network of the wrinkled atomic layers or 
lamella form the cells network (nanowrinkles); (iii) the association and organization of cells (c) form 
wrinkled lamella (microwrinkles) that are constitutive of BMG material. Thus, it is necessary to 
generated enough stress relieves on the wrinkles surface during casting to obtain larger diameter and 
avoid brittleness. The mechanical effect on atomic layer can be observed on the sketch in Figure 15a. 
A wrinkled atomic layer can be easily constructed within the classical representation of disordered 
atomic organization. The wrinkling of the atomic layers can follow the description in Figure 15b where 
a three-axis system can be connected to the layers; the z-axis represents the thickness t of the layers. 
Figure 16 presents the mechanism of the formation of the lozenge-type cell—in fact a polyhedron—by 
the crossing and the merging of two wrinkles, the multiple wrinkles network (a), and its representation 
on the amorphous pattern of the Figure 13b. Since the wrinkled surfaces are formed by lamella, the cell 
(c) is a bunch of wrinkled atomic layers, its SEAD pattern would shows rings like a curved atomic 
sheets [35]. The various wrinkles thickness has to be determined in order to estimate the Young 
modulus of the layers according to the scaling laws described by Cerda et al. [36] or other laws. This 
must be done also at atomic level on high-resolution electron transmission images. In the case of these 
latter, the observation of the same wrinkling patterns and associated peculiar features in optical 
micrographs (Figure 13b) would undoubtedly help depict the right microstructure of amorphous phase. 
The SAED rings and the X-rays haloes would be correlated to the wavelengths of the wrinkles at 
atomic scale.  

Figure 15. (a) Sketch showing the classical representation of crystalline and amorphous 
atomic organizations; (b) Sketch showing the wrinkling of atomic layers under strains and 
the direct axis that can be linked to the wrinkled atomic layers. 

 

Figure 16. (a) Sketch showing crossing of two wrinkled surfaces to create a cell (c), the 
constitution of the cell (c) (following Figure 11a(1)) with lower lengthscale wrinkles and 
wrinkles network; (b) Equivalent representation on the amorphous pattern in Figure 13b. 
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4. Conclusions  

We have investigated the iron-boron based bulk metallic glasses (BMG) development from 
precursor Fe40Ni38Mo4B18 alloy. The addition of Zr enhances the GFA of the Fe45Ni21Mo6B18Zr10, 
Fe50Ni16Mo6B18Zr10, and Fe66Mo6B18Zr10, which were processed by different casting techniques 
enabling different cooling rates. Microstructures studies reveal the homogeneity of the glassy-forming 
melt in terms of the uniform presence of probable crystalline phases that exhibit a unique morphology 
for various crystalline phases, a needle, when the critical cooling rate for glass formation was not 
achieved. The observed annular and lenticular grains are the cross sections resulting from the 
interception of variable tilt angle plane with the needles.  

Wrinkles are formed on the surface and within the bulk of the Fe66Mo6B18Zr10 BMG strip, 
characteristic of strained film that can account for the contribution of mechanical conditions inherent 
to amorphous casting techniques. These observations suggest that the amorphous is like a “mille 
feuilles” composed with wrinkled atomic layers. Random anisotropic nano-wrinkles would produce 
diffraction patterns similar to that of amorphous structure.  

A microstructural model of amorphous structure (MMAS) is proposed with three main features: (i) 
the mechanical effects on atomic scale are on chain of atoms which are wrinkled (mesowrinkles);  
(ii) the merging of the wrinkled atomic layers to form lozenge-type cells network (nanowrinkles);  
(iii) the association and organization of cells to form wrinkled lamella (microwrinkles) constitutive of 
BMG material.  

The atomic arrangements within the lozenge type cells will be described in further publications. 
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