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Abstract
As a potential structural material, performance of Bulk Metallic Glasses (BMGs) under cyclic loading is critical in application. Among the mechanical properties of metallic glasses, the fatigue behavior received less attention and is not well understood. BMGs exhibit significant size effects on the mechanical behavior under monotonic loading, such as compression, tension, and bending. At the same time, different test-volume could lead to a distinct difference on the mechanical behavior of BMGs.
The fatigue behavior of Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at %) BMG alloy (Vitreloy 105) with different sizes has been investigated. The results indicate a size effect for fatigue behavior. The fatigue endurance increases with the increasing specimen thickness. Shear band spacing between was measured, and the apparent fracture toughness was calculated, both of them scale with the sample thickness. We suggest that this trend can be attributed to the reduced plasticity of the large-size sample, which highly localized in shear bands. Reduced shear bands provide some benefit to the fatigue initiation process.
Four-point bending and three-point bending fatigue tests were conducted on Iron (Fe)-based bulk-metallic glasses (BMGs): Fe41Co7Cr15Mo14C15B6Y2 (atomic percent, at%). The experiments were performed using an servo-hydraulic machine at a freuency of 10 Hz, with a R ratio (R = σmin./σmax., where σmin. and σmax. are the applied minimum and maximum stresses, respectively) of 0.1. The test environment is air. From the result of the fatigue test, under the four-point-bending fatigue test, the fatigue endurance limits of Fe41Co7Cr15Mo14C15B6Y2 is approximately 450 MPa. However, there is a significant difference between the fatigue endurance limit of Fe41Co7Cr15Mo14C15B6Y2 under three-point-bending and four-point-bending tests. Fatigue behavior exhibits test-volume effects, the fatigue endurance limit increases with decreasing test-volume. Following the completion of fatigue tests, the samples were examined by scanning-electron microscopy (SEM) to identify the fatigue and fracture mechanism. The fatigue-fracture morphology indicated that Fe41Co7Cr15Mo14C15B6Y2 has a significantly brittle fracture mode.
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[bookmark: _Toc320700992]CHAPTER I
[bookmark: _Toc320700993]Literature Review
[bookmark: _Toc320700994]1.1 Introduction
The conventional metallic materials have been studied and used by human beings for several thousand years in extremely wide fields. They have crystalline structure with period atomic arrangement on a long range scale when the metallic liquid with temperature above melting is solidified at slow cooling rate (~ 1 K/s) Fig. 1.1(a) [1]. At the same time, some defects also are introduced, such as dislocation, grain boundary, and precipitation et al. These defects bring negative effects on the materials’ property. Because dislocations can move at low stress, they may prevent the crystalline materials from achieving theoretical strength [1]. The motion of dislocations allows slip–plastic deformation to occur Grain boundaries and precipitates, which act as local electrochemically active sites, can reduce the corrosion resistance. However, these limits were broke through when first amorphous alloy was synthesized by Duwez’s group [2]. The amorphous Au75Si25 alloy was prepared by rapid quenching the metallic liquid at a very high cooling rate up to 106 K/s. The required extremely high cooling rate resulting amorphous alloys were usually limited to small size (0.02mm ~ 0.1mm). In the amorphous alloy, there are no dislocation and grain boundaries due to the randomly packed atoms Fig. 1.1(c). From then on, a significant amount of studies on the rapid solidification techniques, formation, structure and property have been carried out.  
[image: http://upload.wikimedia.org/wikipedia/commons/thumb/0/05/Crystalline_polycrystalline_amorphous2.svg/2000px-Crystalline_polycrystalline_amorphous2.svg.png]
[bookmark: _Toc320701949][bookmark: _Toc320703516]Figure 1.1 Schematics of (a) crystalline, (b) polycrystalline and (c) amorphous structure [1].
In the 1960s, amorphous alloys of Pd-Si-Au, Pd-Si-Cu and Pd-Si-Ag were developed by Chen and Turnbull [3], amorphous Pd-Si-Au alloy could be synthesized with the diameter of up to 1mm that could be considered to be a bulk metallic glass (BMG). Then, systematic studies on Pd-based alloys were performed. Amorphous alloy with diameter of up to 3mm was successfully made by quenching the melt, contained in a drawn fused quartz capillary, into water [4]. The synthesis of amorphous alloy of Pd40Ni40P20 with diameter of up to 5mm was reported by Turnbull et al. in the early 1980s. In 1984, Turnbull group extended the critical casting thickness to 1 cm by processing the Pd-Ni-P melt in a boron oxide flux. From the late 1980s, multicomponent alloy systems with lower critical cooling rate and bigger thickness were reported by Inoue et al. In 1992, the first commercial BMG, Zr41.2Cu12.5NI10Ti13.8Be22.5, known as VITRELOY 1 (Vit 1), was developed by Johnson and Peker [5]. Over last two decades, the critical casting thickness increased by more than three orders of magnitude as shown in fig. 1.2 [6]. To date, more than one thousand different BMGs were reported. The research on BMGs is growing on the basis of science and engineering interests.
[image: http://ars.els-cdn.com/content/image/1-s2.0-S0966979503000463-gr1.gif]
[bookmark: _Toc320703517]Figure 1.2 Critical casting thickness for glass formation as a function of the year the corresponding alloy has been discovered [6].
[bookmark: _Toc320700995]1.2 Bulk Metallic Glasses Formation
A number of BMGs have been successfully developed and commercialized for engineering application. However, one of the largest stumbling blocks for their use is still the low glass forming ability (GFA). There are two important indicators of GFA are critical cooling rate (  Rc), the minimum cooling rate required to form a glass, and critical dimension, the maximum dimension or thickness to form a glass under a certain cooling rate. Due to the Rc is difficult to measure experimentally, the simple and reliable criteria for glass formation is needed to established, and many efforts have been made.
Reduced glass-transition temperature, Trg , was reported by Turnbull [7] to predict the GFA. Trg = Tg/Tm or Trg = Tg/Tl, where Tg means glass-transition temperature, Tm means the melting temperature, and Tl means liquid temperature. Typical DSC curve of BMGs is showed in Fig. 1.3.
[image: ]
[bookmark: _Toc320703518]Figure 1.3 Typical DSC curves for BMGs showing the definitions of characteristic temperatures Tg, Tx and Tl measured upon reheating.
The Trg increases with decreasing interval between Tg and Tm, the probability of being able to cool through the interval between Tg and Tm without crystallization is enhanced. This criterion shows a good correlation with GFA, as shown in Fig. 1.4 [8]. 
[image: Full-size image]
[bookmark: _Toc320703519]Figure 1.4 Relation among the critical cooling rate for glass formation (Rc), maximum thickness for glass formation (tmax) and reduced glass transition temperature (Tg/Tl) for metallic glasses [8].
Since the late 1980s, a new GFA indicator, i.e., the supercooled liquid region ∆Txg has been proposed by Inoue, ∆Txg = Tx -Tg, where Tx means crystallization temperature, Tg means glass-transition temperature. This parameter indicates that the larger the accessible supercooled liquid region is, the greater GFA is. Fig .1.5 shows the relationship among Rc, Tmax, and ∆Txg for BMGs [9].
[image: Full-size image]
[bookmark: _Toc320703520]Figure 1.5 Relationship between Rc, tmax and the temperature interval of the supercooled liquid region between Tg and Tx, (ΔTx=Tx−Tg) for bulk amorphous alloys [9].
Although both Trg and ∆Txg were commonly used as the GFA indicators, they did show contrasting trend in many BMGs system [10]. Therefore, a better and reliable criterion is urgently needed to reflect the GFA of BMGs. Lu and Liu proposed a new indicator γ, which can be expressed as [11, 12]. 

GFA includes two important components: liquid phase stability and resistance to crystallization. The higher is, the higher Tx is, and the lower  is, higher Tx means higher resistance to crystallization, and lower Tg and Tl means lower stability at metastable state and equilibrium state, respectively, therefore, resulting goof GFA. The critical cooling rate, Rc and critical thickness t max correlates  well for typical BMGs, as shown in Fig.1. 6 and Fig. 1.7 [12].
[image: Full-size image]
[bookmark: _Toc320703521]Figure 1.6 Correlation between the critical cooling rate and the parameter γ for typical metallic glasses [12].
[image: Full-size image]
[bookmark: _Toc320703522]Figure 1.7 Attainable maximum size Zmax as a function of the γ parameter for BMGs[12].
Experimental date strongly support that is effective in predicting the GFA of various glass-forming systems.  can be treated as a tool useful for searching for high GFA alloys, however,  parameter is not applicable directly for alloy design. Developing a practical criterion related only to fundamental properties is necessary. Three empirical rules for developing amorphous alloy were proposed by Inoue and widely accepted [13]:
(1) multicomponent alloy systems consisting of more than three kinds of elements;
(2) significant atomic size mismatch above 12% among main constituent elements;and
(3) suitable negative heats of mixing among their main constituent elements.
These rules are useful for selecting alloying elements but not good for determining alloy compositions. At the same time, the effect of minor alloying addition has been investigated, which can provide benefits to destabilizing single-phase crystalline phase during cooling from liquids, due to the large atomic mismatch and low solid solubility [14-16]. 
Successful development of rapid solidification techniques and theory of GFA makes it is possible that the sample is larger enough for different mechanical test.
[bookmark: _Toc320700996]1.3 Fatigue Behavior
Due to the unique amorphous structure, BMGs exhibit excellent properties, such as high strength, large elastic limits, high toughness, low coefficient of friction, good wear and corrosion resistance, good soft magnetic, and almost perfect as-cast surfaces. They are typically much stronger and tougher than conventional crystalline metal counterparts and ceramics (see fig. 1.8).The mechanical behavior of BMGs under monotonic loading has been studied relatively more, however, the mechanical behavior under cyclic loading is still not well known. As a potential structural engineering material, the research on the performance under cyclic loading is quite important, which accounts for approximately 90% of all failures resulting from mechanical causes. 
[image: http://www.its.caltech.edu/~vitreloy/Images/developmentdiagram.jpg]
[bookmark: _Toc320703523]Figure 1.8 Typical strengths and elastic limits for various materials. Metallic glasses are unique [1].
[bookmark: _Toc320700997]1.3.1 Definitions
Fatigue is the progressive and localized structural damage that occurs when a material is subjected to repeated, cyclic, or fluctuating loading. The nominal maximum stress values are less than the ultimate tensile stress limit, and may be below the yield stress limit of the material. 
Historically, most attention has focused on situations that required more than 104 cycles to failure where stress is low, plastic deformation is small, and the deformation is primarily elastic, this is called High-cycle fatigue (HCF) [17]. While, in Low-cycle fatigue (LCF), the stress is high enough for plastic deformation. 
[bookmark: _Toc320700998]1.3.2 Fatigue Testing
In general, uniaxial tension-tension, compression-compression fatigue test, four-point bending and three-point bending test are conducted on BMGs. For tension-tension fatigue test, button-head fatigue specimen with a small radial sharp notch is usually used, as shown in Fig. 1.9 [18].

[bookmark: _Toc320703524]Figure 1.9 Specimen geometry and grips for tension-tension fatigue testing [18].
For rectangular beams, four-point bending and three-point bending fatigue test method are usually performed. The stress can be expressed as:

where P:  the applied load 
Si:the inner span
So: the outer span
 b: the specimen thickness
 h: the specimen height
 Si = 0 for three-point bending
Before the fatigue test, the specimen is polished using 1200 grit paper to minimize the surface effects. The fatigue dates are usually presented as stress versus number of cycles to failure (S-N), where stress can be maximum applied stress, applied stress range or stress amplitude. 
[bookmark: _Toc320700999]1.3.3 Fatigue-Failure Mechanism
1.3.3.1 Crack Initiation
Fatigue failure mechanisms of crystalline metals have been investigated well, slip bands (SBs)sn grain boundaries (GBs) and deformation bans (DBs) are generally the preferential sites for fatigue-crack nucleation. However, due to the amorphous structure, there are no crystal defects inside BMGs; the fatigue-failure mechanism of BMGs is totally different from that of crystalline materials. The basic mechanism is not well understood. Nevertheless, the presence of shear bands, which is a plastic flow in a small region, is considered to the main reason of the deformation of BMGs [19-21]. For the BMGs with distinct defects, the crack could initiate around these defects due to the raised stress concentration. 
According to the free-volume theory, there are large amount of free volumes inside BMGs. Small shear band will form at some local sites due to the movement of free volumes under the work of resolved normal and shear stress under the cyclic loading. The viscosity of shear bands decreases with the increasing free-volume during fatigue test. With the continued cyclic loading, the gradual weakening, dilation, tearing, and the final opening of the shear band will result in the formation of fatigue microcrack. Therefore, the nucleation of fatigue-crack can be attributed to the weakness of the shear bands. For rectangular beams, the corner is the preferential site of fatigue-crack nucleation due to the bigger stress concentration. And for bending condition, because of the tensile strength is lower than compression strength, the fatigue-crack could initiate from the corner in the tensile surface. It is important to future study and theoretically models the fatigue mechanisms in BMGs.
1.3.3.2 Crack Propagation
Under tension-tension and bending fatigue test, the fracture surface is basically perpendicular to the loading direction. Crack growth can be caused by cyclic loading, which called fatigue-crack growth. According to the observation of the fracture surface via SEM, the fatigue-crack growth region usually demonstrates the distinct striations [22]. A high-magnification picture from the crack-propagation region suggests that each striation is associated with the growth of the crack during some loading cycles. One possible mechanism is proposed by Wang et al [23]. to explain the fatigue-crack-propagation behavior, they indicated that when a fatigue-crack initiates in BMGs, fatigue crack will propagate in a direction perpendicular to the tension-stress direction. A plastic zone produces ahead of the crack tip, which contains many shear bands, as schematically shown in Fig. 10.The fatigue-crack growth prefers the shear bands at the crack tip since these shear bands become weaker than the bulk. In general, the crack may propagate for several cycles along one shear band, then, change to another shear band. Thus, a coarse striation forms, as indicated in Fig. 1.10. The Fatigue life of BMGs can be accounted for by considering only the growth of fatigue cracks [24]. Therefore, understanding the mechanisms and behavior of fatigue-crack propagation is very important.
[image: Full-size image]
[bookmark: _Toc320703525]Figure 1.10 Schematic illustration of the fatigue-crack propagation in BMGs [24].
[bookmark: _Toc320701000]1.3.4 Factors Affecting Fatigue Behavior
Fatigue behavior of BMGs was not investigated extensively, and the fatigue-fracture mechanism is not well understood. Meanwhile, the limited research on the fatigue behavior indicates that BMGs exhibit wide range of fatigue lives and limits (8% ~ 50% of the ultimate tensile strength) [19]. The difference in results can be attributed to the difference in test parameters, as we discuss below.
1.3.4.1 Effect of Preparation condition
Specimen fabricated by injection casting method exhibit a wide range of compressive strengths range (1 Gpa ~ 4 GPa). Meanwhile, samples from suction casting technique shows a narrow compressive strength range (4.0 GPa ~ 4.4 GPa) [25]. This situation can be attributed to the reduced sample defects in the form of porosity and internal cracks, which can be act as the nucleation site of fatigue site. Thus, the higher fatigue endurance limit of the specimen prepared through suction casting technique can be expected.
1.3.4.2 Effect of Composition
Chemical composition is an important factor that affects the fatigue performance. For example, the addition of B, C, and Mo leads to an improvement of microhardness and strength, which may provide some benefits to the fatigue-crack initiation [26]. The addition of Ni enhances the formation of oxidization film on the fatigue-fracture surface, which may retard the fatigue-crack propagation [27]. In addition, the different composition can result in different free-volume duo to the different atomic size. Yokoyama et al [28] indicates that there is a good linear relationship between the fatigue limits of Zr-Cu-Al-Pd BMGs and the volume change, which is probably corresponding to the excessive free-volume. Therefore, the improvement on the fatigue endurance limit can be achieved through changing chemical composition.
1.3.4.3 Effect of Temperature
The performance of engineering materials is temperature dependent. For metals, the increasing temperature may result in the reduction on the tensile strength, yield strength, and elasticity modulus. This phenomenon is associated with changes in the atomic diffusion, grain growth, and softening. Deibler et al. [29]29] indicated that mechanical behavior of Mg85Ca5Cu10 is dependent on temperature, the viscosity and fracture surface features reveal that as viscosity in the glass increases, fracture surface features decrease in size. Research related to the effect of temperature on the fatigue behavior is limited, more studies are required to understand the effect of the temperature on the fatigue performance.
1.3.4.4 Effect of Frequency
The comparison of fatigue behavior of（Zr55Al10Ni5Cu30）99Y1 at different test frequency was carried out by the author. It indicates that test frequency has a significant effect on the fatigue performance of BMGs, as shown in Fig. 1.11. The specimen exhibits lower fatigue endurance limit and short fatigue life when it subject to higher test frequency.  In general, the time for residual gas to adsorb on the exposed fatigue-crack surface increase with decreasing test frequency, this trend can lead to a reduction of the fatigue life. The high frequency (1000Hz) fatigue of Co-26Cr-9Ni (wt. %) alloy was carried out by [30]. They indicated that the temperature increase during fatigue test, and equilibrium temperature at 1000Hz was considerably higher than that for 20 Hz. Future research is required to understand the dominant factor which affects the fatigue performance, the heat introduce during fatigue test or the time to for residual gas adsorb on the exposed fracture-crack surface.


[bookmark: _Toc320703526]Figure 1.11 The effect of frequency on the fatigue behavior of （Zr55Al10Ni5Cu30）99Y1.
1.3.4.5 Effect of Surface Finish
In general, fatigue crack mostly like to initiate from corner of the specimen during the fatigue test due to the stress concentration, as the same time, the distinct defects also can act as the site of crack nucleation, such as the porosities, impurity inclusion and obvious surface scratch due to the raised stress concentration.  So the surface condition is important for fatigue-crack nucleation. Peter et al. reported BMGs seem to be highly sensitive to the surface finish with regard to fatigue endurance limit [31], as shown in Fig. 12. The fatigue endurance limit decreases with the increasing average surface roughness. The fatigue endurance limit decreases from ~900 MPa to 400 MPa when the average surface roughness increased from 0.16 μm (1,200 grit) to 0.67 μm (180 grit).
[image: ]
[bookmark: _Toc320703527]Figure 1.12 Comparison of the fatigue behavior of BMG-11 specimens with various finishes [31].
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[bookmark: _Toc320701001]CHAPTER II
[bookmark: _Toc320701002]Size Effects on the Fatigue behavior of Zr-based Vitreloy 105 Bulk Metallic Glass
[bookmark: _Toc320701003]2.1 Introduction
Bulk-Metallic glasses (BMGs) have been continually investigated during the past decades as new emerging engineering material with many desirable and unique properties including high strength, good hardness, good wear resistance, and high corrosion resistance that can be produced in near net shape components[1-4]. However, applications of BMGs are limited by the brittleness due to amorphous structure. They lack ductility, particularly under uniaxial tension or compression. Recent years, experiments have shown that testing sample sizes and aspect ratios (AR) have significant effect on the mechanical behavior of Zr-, Ti-, and Co-based BMGs and their composites [5-8]. Samples exhibited a ductile deformation behavior with small AR, while samples with AR in excess of 1.5:1 cannot. Similarly, thin films, wires or ribbons of metallic glasses show large plasticity while thicker plates fail catastrophically under bending. Katuya et al. [9] and Inoue et al. [10, 11] found that metallic glasses exhibited significant bend ductility only if the sample dimension is below a critical value, suggesting a size effect for bend ductility. Metallic glasses are significantly different from crystalline materials it has been recognized that the mechanism of inelastic deformation in metallic glasses is through the formation of shear bands, plastic deformation is accommodated through the generation of multiple shear bands [12-14]. Since they lack grain boundaries and any repeating periodic arrangement, crystal characteristics (e.g., dislocations and grain boundaries) are not present in metallic glasses. 
As a potential structural material, performance under cyclic loading is critical in application. Among the mechanical properties of metallic glasses, the fatigue behavior received less attention and is not well understood. Complicating the situation are discrepancies in the result from the limited various research on the fatigue behavior, which may be due to differences in specimen geometry and preparation [3]. Conner et al. [15] carried out a series of experiments in which the effect of sample size on both the shear band spacing and the bend ductility of amorphous plates, ribbons, and wires was investigated. They argue that the shear displacements in the shear band scale with the shear band length and plate thickness, which causes cracks to be initiated in thicker plates at smaller bending strain. This lead to fracture bending strains decrease markedly with increasing plate thickness. However the effect of sample size on the fatigue behavior under cyclic bending load was not studied until relatively recently. 
In the section, we study the effect of samples size on the fatigue behavior of Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (atomic percent, at %) BMG alloy (Vitreloy 105) under four-point-bending fatigue tests. The applied stress versus fatigue-cycle-life (S versus N) curve is presented. A mechanistic understanding of fatigue and fracture mechanisms of different size is investigated.
[bookmark: _Toc320701004]2.2 Experimental Procedures
Zr-based BMG alloy ingots with a nominal composition of Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at %), commonly known as Vitreloy 105 (Vit 105), were prepared from a mixture of these elements with elemental purities ranging from 99.5% to 99.99%. Are-melt suck-casting technique was employed to fabricate the alloys. Each alloy button was melted and flipped multiple times to promote homogeneity in a Ti-gettered argon atmosphere. The alloy button was then suck-cast into a water-cooled to produce a rectangular beam with the geometry of 3 × 3 × 50mm. Then an electric discharge machining (EDM) method was employed to cut these ingots into 2 × 2 × 25mm and 1 × 1 × 25mm for fatigue test. Each side of the samples was polished to a 1200 SiC grit using a polishing fixture (South Bay Technologies, San Clemente, CA) to ensure the sides were parallel and perpendicular.
The four-point-bend tests were used to study the fatigue behavior. The geometry of the fixture is shown in Fig. 2.1. The distances of the inner and outer pins are 5 mm and 15 mm, respectively. A computer-controlled INSTRON E1000 electrodynamic test instrument was used for fatigue experiments at room temperature. The specimens were tested at various stress ranges with an R ratio (R = σmin./σmax., where σmin. and σmax. are the applied minimum and maximum stresses, respectively) of 0.1, under a load controlled mode, using a sinusoidal waveform at a frequency of 10 Hz [16].  Testing was conducted until the sample failed or until the pre-defined runout of 1 × 107 cycles was attained. To obtain the stress versus fatigue cycle curve, the following equation was used to convert the load into the stress. 

[image: ] ,                       (1)
P:  the applied load
S1:the inner span
S2: the outer span
 b: the specimen thickness
 h: the specimen height
Upon failure, specimens were removed to observe the fracture surfaces using a Leo (LEO Electron Microscopy Ltd., Oberkochen, Germany) 1526 scanning-electron microscopy (SEM) to identify fracture mechanisms. The high-energy x-ray diffraction (HEXRD) measurements were performed to check the amorphous structure of the samples.

[bookmark: _Toc320703528]Figure 2.1 Fixtures for the four-point-bend fatigue test.

[bookmark: _Toc320701005]2.3 Results
[bookmark: _Toc320701006]2.3.1 HEXRD results of the Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 alloy
The HEXRD was employed to confirm the amorphous structure of samples before the fatigue test. The HEXRD pattern mainly consists of a broad peak (Fig. 2.2). There are no peaks of any crystalline phases were found, indicating that the present alloy is fully amorphous structure.
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[bookmark: _Toc320703529]Figure 2.2 The HEXRD curve for the Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 BMG sample.

[bookmark: _Toc320701007]2.3.2 Fatigue endurance limit and fatigue life
The four-point bend fatigue results of Vit-105 at different size are showed in Fig. 3. According to the results, larger samples exhibits higher fatigue endurance limit. The fatigue-endurance limit of 2.0 × 2.0 mm, in terms of the maximum stress, was determined to be approximately 700 MPa, while the fatigue endurance limit of 1.0×1.0 mm samples is approximately 600 Mpa. The fatigue results of 3.5×3.5 mm Vit-105 samples under four-point bending were investigated by [17], the samples were tested in air, with R = 0.1 and a frequency of 10 Hz, the four-point-bend fixture was designed wtith inner (Si) and outer (So) spans of 5 mm and 20 mm, respectively. The 3.5 × 3.5 mm samples exhibits higher fatigue endurance limit of approximately 940 Mpa. At a given stress level, the fatigue life of small samples is shorter than that of larger samples, although the fatigue results of small samples are significantly scattering. The relation between σmax and Nf can be described by regression analysis which only the date points above the endurance limits are included:
σmax ＝ －61.7 log(Nf) + 1186.6,         for 3.5×3.5 mm samples (2)
σmax ＝ －152.1 log(Nf) + 1436.5,      for 2.0×2.0 mm samples (3)
σmax ＝ －164.5 log(Nf) + 1441.0,       for 3.5×3.5 mm samples (4)


[bookmark: _Toc320703530]Figure 2.3 The applied maximum stress versus cycles to failure curves for Vit-105 with three different size samples under four-point-bending load.

[bookmark: _Toc320701008]2.3.3 Fracture morphology
Wang et al. [18]found that there are two types of failure modes under four-point-bending loading for small size BMGs during the fatigue test, flexural and fracture failure. In the current experiment, only the fracture failure mode was found, all the samples were broke to two pieces along the primary fatigue cracks.

During the four-point-bending fatigue test, the bottom surface experienced elongation, while the top surface experienced compression. Most of the samples appeared to failure due to the fracture initiated on the corner of the sample on the bottom side indicated in Fig. 4. Based on the observation of the fracture surface, the fracture mechanism is discussed in the later part. At the onset of the crack, the primary shear band exhibits an angle of approximately 45°with respect to the applied load direction Fig. 2.5. This phenomenon reveals that the shear band first formed due to the stress concentration on the corner of the sample. For the majority of the samples, the shear band zone can be observed on the bottom surface close to the fracture surface, while the observations of top surface which experienced compressive load did not reveal the formation of any shear bands. 



[bookmark: _Toc320703531]Figure 2.4 (a) Three-point-bend setup, (b) schematic of a fracture surface and (c) crack initiated from the corner of the 2.0 × 2.0 sample, when σmax = 750 Mpa.

[bookmark: _Toc320703532]Figure 2.5 A fatigue crack on the tension surface.
In general, the fracture surface is perpendicular to loading direction. Post-test SEM fractography demonstrated that the whole fracture surface consisted of four main regions regardless of sample size Fig. 2.6(a): the crack initiation site, relatively flat crack growth region with striation Fig. 2.6(b), a fast fracture region with vein pattern which occupy more than half fracture area Fig. 2.6(c), melting region in which droplets appear Fig. 2.6(d), this feature is typically observed in BMGs. It can be found that the crack initiated in the tension side of sample, this is because the stress is symmetrical along the neutral axis of the specimen under four-point-bending fatigue test. Moreover the tensile strength is lower than compression strength. Meanwhile, because of the more stress concentration in the corner, the crack initiate from the corner of tension surface. After the crack was formed, under the cyclic loading, the striation can be observed due to the blunting and re-sharpening of crack tip along with the propagation of crack. When the growth region overall a critical value, the specimen failed, final fracture event occurs with several ms. The released elastic energy result in a significant increase of specimen temperature, which melt the sample, so the droplets  can be observed [16, 19].
In several tests, the interior initiation sites were observed in Fig. 2.7. Obvious defects such as the porosity, oxidation, crystallization and inhomogeneity can act as the initiation site of the crack due to the weakness.

(a)                                                                  (b)
[image: ][image: ]
(c)                                                                    (d)
[bookmark: _Toc320703533]Figure 2.6 (a) SEM fractographs show the typical fracture surface, the arrow indicates the growth direction, (b) transition region from crack growth region to fast crack region, (c) fast crack region with vein pattern, and (d) melting region with droplets.
[image: ]
(a)                                                                    (b)
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(c)                                                                      (d)
[bookmark: _Toc320703534][bookmark: _Toc320701009]Figure 2.7 (a) Crack initiate from porosity, the red box in (a) was magnified in (b). crack initiate from inhomogeneous part, the red box in (c) is corresponding to (d).
2.4 Discussion
Fatigue fracture mechanisms of crystalline materials have been widely studied and well understood. In general, slip bands, grain boundaries, and deformation bands are thought to the preferential sites for the nucleation of fatigue cracks. However, due to the amorphous structure, the mechanisms of fatigue fracture in BMGs are still not well known. The widely accepted point is that the deformation mechanism of BMGs is attributed to the presence of shear bands, which are tiny plastic flows in small area, plastic deformation in metallic glasses is highly localized in shear bands [20, 21]. A fatigue crack mechanism based on the shear bands is proposed as Fig. 2.8 shows [16]. It is suggested that during cyclic loading, some shear bands produced on the outer surface of the amorphous structure. With further cyclic deformation, some of the shear bands result in the formation of shear-off steps [Fig. 2.8(b)]. The nucleation of fatigue cracks could be associated with the shear-off steps due to the weakness of the shear bands and shear-off steps. 

[bookmark: _Toc320703535]Figure 2.8  A proposed fatigue crack-initiation mechanism: (a) formation of shear band; (b) formation of shear-off step; and (c) microcrack initiation.
The fatigue cracks propagate along one shear bands in the crack path, then change to another shear band after several cycles Fig. 2.9. The experiment and simulation based on LEFM about fatigue initiation and propagation in BMGs were carried out by Wang et al. [22] fig. 2.10. It shows agreement with the current experiment. 

[bookmark: _Toc320703536]Figure 2.9 Shear bands around the crack-growth on the tension surface.

[image: ]
[bookmark: _Toc320703537]Figure 2.10 Modeling predictions based on LEFM carried out by Wang et al [22]. Showing agreement with the current experiment results [Figure 2.9].
The primary and secondary shear bands distribute very regularly around the fatigue-crack-propagation region and the shear band spacing were measure carefully in different size samples. Both primary and secondary shear band spacing increases significantly with the increasing sample thickness (Fig. 2.11). Here the average shear band spacing is measured via SEM. The date of primary and secondary shear band spacing is fitted by a linear relationship, respectively. The fitted results are listed in Table I.
[bookmark: _Toc320706252]Table 1 2.1 Linear fitting parameters (Y = A + BX) of shear band spacing and apparent fracture toughness on the tensile surface.
	
	A
	B
	R2

	Primary Shear Band Spacing
	-52.75633
	42.77587
	0.926

	Secondary Shear Band Spacing
	-86.13917
	94.48875
	0.98394

	Apparent Fracture Toughness
	6.89589
	5.2311
	0.92846



















[bookmark: _Toc320703538]Figure 2.11 The shear band spacing plotted with a function of sample thickness.
Referring to the development of shear band spacing in metallic glasses under bending by Conner et al. [15], the shear band spacing in bending is expected to scale with thickness of sample for symmetric bending:
,                                                (5)
Where 𝜆 is the shear band spacing, 𝜈 is Poisson’s ratio, the curvature k =1/Rn, the bend radius at neutral axis, ky is the curvature at the yield surface, and h is the distance from the neutral axis or centroid of the sample. 
It is demonstrated that bend ductility increases significantly with decreasing thickness [15]. Metallic glasses subjected to bending exhibit plastic deformation behavior due to the accumulation of multiple shear bands. During bending fatigue experiments, small size samples possess higher ductility; they are easier to form shears bands and gradually degrade when the shear bands form. When the maximum stress reaches the fatigue-endurance limit, shear bands transform to cracks and ultimately lead to fracture. While larger sample is harder to form shear bands due to the decreased ductility. Reduced shear bands may provide some benefit to the fatigue initiation process. The stress required for crack nucleation and extension in larger sample is higher, so the fatigue-endurance limit is higher, as observed in the current experiments. 
The apparent fracture toughness in tensile surface for different sample mentioned above was estimated by Newman’s stress intensity factor equation for a corner crack [23]:




K = HcSbFc(,,,)					(A1)

Q = 1 + 1.464							(A2)

Fc = 				(A3)

M1 = 1.08 - 0.03							(A4)

M2 = -0.44 + 							(A5)


M3 = -0.5 + 0.25 + 14.8				(A6)

g1 = 1 + 					(A7)

g2 = 1 + 				(A8)

f = 						(A9)
[bookmark: OLE_LINK5]fw = 1 - 0.2 + 9.42 - 19.43 + 27.14				(A10)

 = 								(A11)
Hc = H1 + (H2 - H1) sinp						(A12)

p = 0.2 + 							(A13)

H1 = 1 - 0.34						(A14)


H2 = 1 + G21 + G22						(A15)

G21 = -1.22 - 0.12							(A16)


G22 = 0.64 - 1.05+ 0.47				(A17)
where 
Sb is the bending stress, 3M/bt2.
a is the crack depth.
b is the specimen width.
c is the crack length.
M is the applied bending moment.
t is the specimen thickness.
 is the parametric angle of an ellipse, deg.
The estimated apparent fracture toughness, KIC, for samples with t = 0.91 mm, t = 2.09 mm, and t = 3.05 mm is 12.718 MPa∙m1/2, 15.194 MPa∙m1/2, and 23.953 MPa∙m1/2, respectively, as shown in fig. 2.12. The date of apparent fracture toughness is fitted by a linear relationship; the fitted results are listed in Table I. Apparent fracture toughness increases significantly with increasing sample thickness. Fracture toughness is a property which describes the ability of a material containing a crack to resist fracture. In current experiments, the larger sample shows higher fracture toughness. Fatigue life time mainly includes crack nucleation and growth of fatigue crack. At a given stress, the nucleation of crack for smaller sample is more easier and takes shorter time, meanwhile, due to the lower apparent fracture toughness, crack propagates in higher rate. So at a given stress, the larger sample has longer fatigue life.



[bookmark: _Toc320703539]Figure 2.12 The apparent fracture toughness plotted with a function of sample thickness.



[bookmark: _Toc320701010]2.5 Conclusion
A direct comparison of fatigue behavior of Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at %) at different size was conducted using materials that were fabricated and tested in same procedure and condition. It is found that BMGs exhibit size effect on fatigue behavior. The small-size sample shows lower fatigue endurance limit, at a given stress, the fatigue life is shorter than that of large-size sample. This trend can be attributed to the reduced plasticity of the large-size sample, which highly localized in shear bands. Reduced shear bands provide some benefit to the fatigue initiation process. Due to improved plasticity of the small-size sample, the easily formed shear bands gradually degrade its strength. In addition, the primary, secondary shear band spacing and apparent fracture toughness scale with the thickness of sample. 
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[bookmark: _Toc320701012]Fatigue Behavior of Fe41Co7Cr15Mo14C15B6Y2 Metallic Glasses under Three-Point bend and Four-Point Bend

[bookmark: _Toc320701013]3.1 Introduction 
Iron (Fe)-based bulk metallic glasses (BMGs) have received a significant amount of attention after the first ferromagnetic Fe–(Al, Ga)-metalloid bulk glassy alloy was synthesized since 1995 [1]. Due to the homogeneous amorphous structure, which lack micro structural features, such as precipitates and grain boundaries, Fe-based BMGs enjoy many interesting properties including superior wear resistance, good corrosion resistance, good glass-forming ability, rather low cost, and excellent soft magnetic property. Soft magnetic Fe-based glassy alloys in the Fe–Cr–P–C–B–Si system have been commercialized under the name “Liqualloy” [2]. It has been demonstrated that alloying minor alloy additions is very effective in the design of BMGS with super glass forming ability (GFA). Small atoms (such as B & Si with atomic radius < 0.12 nm) and large atoms (such as Y & Sc with atomic radius > 0.16 nm) are most effective in increasing GFA [3-6]. Gu et al. reported that the amorphous alloy Fe41Co7Cr15Mo14C15B6Y2 exhibits excellent GFA [7]; its critical diameter can reach up to 16mm, which make it possible to study the mechanical properties. 
There are two types of fracture modes of BMGs under deformation: ductile fracture, such as Zr-based [8, 9], Pt-based [10], and Cu-based BMGs [11]; brittle fracture, such as Fe-based [12] and Mg-based BMGs [13]. Compared to Zr-based BMGs, the mechanical behavior of Fe-based BMGs has received less attention due to the brittleness. Fe-based BMGs possess commercial and structural application potential. However, little date exits on the fracture behavior under cyclic loading. In general, fatigue accounts for approximately 90 percent of all service failure due to mechanical damages [14]. If the amorphous alloy Fe41Co7Cr15Mo14C15B6Y2 has excellent fatigue performance, it can be a strong candidate for structural material. Investigation on the fatigue behavior of BMGs indicates the wide range of fatigue endurance limit and life time, there are many factors can be contributed to the difference. Such as environment, cyclic loading frequency, temperature, composition, and test method [15]. However, it is not well known that which one is the dominant.
The purpose of this article is study the fatigue behavior of Fe41Co7Cr15Mo14C15B6Y2 under including four-point bending and three-point bending, the stress versus fatigue-cycle-life (S versus V) curve is investigated. A mechanism understanding of fatigue behavior of Fe41Co7Cr15Mo14C15B6Y2 is presented, and the effect of test method on the fatigue behavior is also proposed. 
[bookmark: _Toc320701014]3.2 Experimental Procedures
Amorphous alloy with composition of Fe41Co7Cr15Mo14C15B6Y2 (at %) were made by arc melting the industrial pure Fe, FeB alloy with a purity of 99 wt pct and pure Co, Cr, Mo, Y, and C (purity < 99.9 wt pct) in a Ti-gettered argon atmosphere and drop casting the liquid alloy. Square-shaped glassy samples with dimension of 3mm × 3mm × 25mm were prepared through the copper-mold-casting method.
The four-point-bend and three-point-bend tests were used to study the fatigue behavior. The geometry of the fixture is shown in Fig. 3.1. The distances of the inner and outer pins are 10 mm and 20 mm, respectively. For three-point-bending, the span of inner pins is zero. A computer-controlled MTS servo-dynamic test instrument was used for fatigue experiments at room temperature. The specimens, polished to 1200 grit, were tested at various stress ranges with an R ratio (R = σmin./σmax., where σmin. and σmax. are the applied minimum and maximum stresses, respectively) of 0.1, under a load controlled mode, using a sinusoidal waveform at a frequency of 10 Hz.  To obtain the stress versus fatigue cycle curve, the following equation was used to convert the load into the stress. 

[image: ]                                            (1)
P:  the applied load
S1:the inner span
S2: the outer span
 b: the specimen thickness
 h: the specimen height

Upon failure, specimens were removed to observe the fracture surfaces using a Leo (LEO Electron Microscopy Ltd., Oberkochen, Germany) 1526 scanning-electron microscopy (SEM) to identify fracture mechanisms.




[bookmark: _Toc320703540]Figure 3.1 Fixtures for the four-point-bend and three-point-bend fatigue test.

[bookmark: _Toc320701015]3.3 Results and Discussion
[bookmark: _Toc320701016]3.3.1 X-ray result of Fe41Co7Cr15Mo14C15B6Y2
Although no X-ray diffraction work was done in this study, Fan et al. [16] did perform XRD work on this material as shown in Fig. 3.2. XRD pattern of the Fe41Co7Cr15Mo14C15B6Y2 alloy, showing the typical broad peak around 2θ from 35 deg to 50 deg with no evidence of any crystalline Bragg peaks, which indicates that the alloy prepared is amorphous in nature.

[image: ]
[bookmark: _Toc320703541]Figure 3.2 XRD pattern of the as-cast Fe41Co7Cr15Mo14C15B6Y2 BMG.
[bookmark: _Toc320701017]3.3.2 Fatigue-endurance limit
The number of cycles of failure, Nf, measures as a function of the maximum stress, for each material and each set up are presented in Fig. 3.3. These tests resulted in a large amount of scatter at most stress level. However, for all stress levels tested, the fatigue endurance limit for three point bend condition tend to be higher than that for four point bend condition.  The fatigue endurance limit for three point bend condition, in terms of the maximum stress, was determined to be approximately 650 MPa, while the fatigue endurance limit for four point bend condition was determined to be approximately 450MPa. After fatigue test, it was found that the samples were broke into several small and sharp pieces.


[bookmark: _Toc320703542]Figure 3.3 The applied maximum stress versus cycles to failure (S-N) curves for both three-point band and four-point bend conditions. R ratio was 0.1 and frequency was 10 Hz in air.
Within Fig. 3.4, the fatigue results determined by others were plotted for comparison. The fatigue endurance limit of present alloy for four point bend condition, in term of maximum, is comparable with (Zr55Al10Ni5Cu30)99Y1 [17] (~ 450 Mpa), and is lower than that of Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 [18] (~ 945 MPa), high-nitrogen steel [19] (~ 680 MPa) and  Fe48Cr15Mo14Er2C15B6 [20] (~ 758 MPa). However, the fatigue endurance limit is well above that of Al 6082 T5 alloy [21] (~ 150 MPa) and (Cu60Zr30Ti10)99Sn1 [22] (~ 400 MPa).There are many factors can be attributed to the difference in fatigue endurance limit among BMGs. First, chemical compositions have significant effect on the fatigue behavior. The improvement of microhardness and strength can be achieved by addition of B, C, and Mo, which may provide some benefits to the fatigue-crack initiation [23]. The addition of Ni enhances the formation of oxidization film on the fatigue-fracture surface, which may retard the fatigue-crack propagation [24]. Second, materials preparation procedure also plays an important role on the fatigue behavior of BMGs. In general, the alloys from suction-cast method exhibit higher fatigue endurance limit due to the reduced sample defects, such as porosities, which usually was thought to be the fatigue-crack initiation site. The materials investigated in the current experiment were fabricated from drop casting method. Third, fatigue behavior exhibits size effects [25], the fatigue endurance limit increases with the increasing sample thickness. Larger samples tend to have higher fatigue endurance limit due to the reduced plasticity, which retards the formation of shear bands. During the comparison in Fig. 3.4, the sample thickness shows a wide range from 2.0 mm to 3.5 mm. Forth, the difference during test procedure also contribute a lot to the difference, such as the test frequency, setup dimension, and test volume, because bigger test volume contains more defects and free volume, which usually contribute to the nucleation of fatigue crack, and the detailed discussion is showed in following part.

[bookmark: _Toc320703543]Figure 3.4 Comparisons of fatigue behavior for different BMGs.
[bookmark: _Toc320701018]3.3.3 Fracture morphology
The fatigue fracture behavior of Zr-based BMGs have been investigated well compared to Fe-based BMGs, it exhibits ductile fracture model. The presence of shear bands in tensile surface is contributed to the fatigue crack initiation and propagation. Shear band is plastic flow in a small area, and may result in shear-off steps under cyclic loading, because of the weakness and raised stress concentration around them, micro-crack can be formed under future cyclic loading. However, Fe41Co7Cr15Mo14C15B6Y2 is brittle metallic glass; it is very difficult to find the shear band in tensile surface as shown in Fig. 3.5 (e).
Figure 3.5 shows an overall fatigue fracture surface of a specimen tested under four point bend condition at σmax = 800 MPa, it exhibit significantly different feature with ductile BMGs. It is difficult to identify the initiation site. For rectangular samples, corner in the tensile surface is the preferred fatigue-crack nucleation site. The strength under tension is lower than that under compression, at the same time; stress concentration is higher around corner. So fatigue crack initiates in the corner on tensile surface more easily.  Sometimes, fatigue crack will initiate form defects site, such as the porosity, oxidation and impurity due to the higher stress concentration and more free volume around them. Mirror and hackle region can be observed on the fracture surface of current material, this is the typical fracture feature of the brittle metallic glasses. In addition, there is no striation on the fracture surface, which results from the blunting and resharping of the crack tip. Fig.6 shows the typical compressive stress-strain curve of the as-cast Fe41Co7Cr15Mo14C15B6Y2 alloy performed by Chen et al [26]. The amorphous alloy exhibits an average elastic strain to fracture of 1.5% with no plastic strain prior to failure, and manifests a typical “fragmentation fratcure”, which was reported in other brittle BMGs [27]. The crack propagates rapidly after its formation due to the brittleness. There is no resharping and blunting of crack tips, so no striation is formed. Meanwhile, because of too little stored energy, there is no vein pattern can be observed, which is very common on the fatigue fracture surface from ductile BMGs. It demonstrates that no significant occurring at the final fracture.
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[bookmark: _Toc320703544]Figure 3.5 Overall fatigue fracture surface of Fe41Co7Cr15Mo14C15B6Y2, and (e) tensile surface.
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[bookmark: _Toc320703545]Figure 3.6 Compression stress–strain curve of Fe41Co7Cr15Mo14C15B6Y2 amorphous alloy.

[bookmark: _Toc320701019]3.3.4 Stress distribution in three-point bend and four-point bend setup
The fatigue endurance limit was found to be lower for four-point bend condition at all stress level tested. This difference is attributed to the stress distribution in different setup. The loading condition in both three-point bend and four-point bend condition are shown in Fig. 3.10. For three-point bend condition, in every section of the beam, there is a transverse force,
 ,                                                           (2)

resulting in an interlaminar shear tension, which can cause delamination. The moment is linear up until the centre. The stress for three-point bend and four-point bend is given by 
,                                                           (3)

where I is the moment of interia,  y is the distance from the neutral axis. M is the moment. So the maximum is only experienced at the center of the beam on the outset tensile surface. In four-point bend setup, there is a section of the beam in which the moment is constant and with no transverse force.  This section is experienced only to normal stress. Consequently, the volume of material expiring maximum is expected much greater for four-point bend condition.

[bookmark: _Toc320703546]Figure 3.7 Transverse force and moment for the two bending setups.
The weibull equation describes the fracture probability Pf as a function of a given uniaxial stress σ in the form of [3, 28, 29]:
,                                                (4)
where σ o is scaling parameter, m is the Weibull modulus and V is the volume of the tested sample. The parameter σ u denotes the stress at which there is a zero failure probability, which is usually taken to be zero. It demonstrates that the Pf scales with the volume of tested sample, Pf increases with the increasing tested volume. 
According to fatigue fracture mechanism of BMGs, the cracks could initiate from the distinct casting defects because of the raised stress concentration around these sites. The fatigue performance is sensitive to structural defects [30]. Fig. 3.11 shows the defects distribution on the sample tensile surface and fracture surface. We assume the defects distribute homogeneously. The greater the test-volume is, the more the defects it involved, the easier the cracks to form, so the smaller the fatigue endurance limit will be.  The idea seems to be consistent with the current experiment. Accordingly, compared to three-point bend condition, it is likely that fatigue endurance limit for four-point bend condition is lower due to the bigger test-volume. 
 
[bookmark: _Toc320703547]Figure 3.8 Distinct defects are distributed homogenelously on the fracture surface and tensile surface, such as the oxide inclusions and porosities.
[bookmark: _Toc320701020]3.4 Conclusions
A direct comparison of fatigue behavior of Fe41Co7Cr15Mo14C15B6Y2 under three-point bend and four-point bend condition was conducted, The Fe-based amorphous alloy exhibits higher fatigue endurance for three-point bend condition, in term of maximum stress, is approximately 650 MPa, while the fatigue endurance limit for four-point bend condition is approximately 450 MPa. The fatigue behavior of BMGs is sensitive to structural defects, and exhibits test-volume effects. The fatigue endurance limit increases with the decreasing test-volume. The current material exhibits typically brittle fracture model, no striations and vein pattern were observed on the fracture surface, which can be commonly found on the Zr-based and other ductile BMGs. Fatigue damage in the form of cracks initiates from stress concentrators. Fe41Co7Cr15Mo14C15B6Y2 could be a potential candidate as a structural material if the fabrication process could be improved.
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[bookmark: _Toc320701021]CHAPTER IV
[bookmark: _Toc320701022]GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES
This thesis investigated the effect of specimen size and test-volume on the fatigue behavior of BMGs. An obvious fatigue behavior difference was observed from both size effects and test-volume effect, and the mechanism is proposed. 
A direct comparison of fatigue behavior of Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at %) at different size was conducted using materials that were fabricated and tested in same procedure and condition. It is found that BMGs exhibit size effect on fatigue behavior. The small-size sample shows lower fatigue endurance limit, at a given stress, the fatigue life is shorter than that of large-size sample. This trend can be attributed to the reduced plasticity of the large-size sample, which highly localized in shear bands. Reduced shear bands provide some benefit to the fatigue initiation process. Due to improved plasticity of the small-size sample, the easily formed shear bands gradually degrade its strength. In addition, the primary, secondary shear band spacing and apparent fracture toughness scale with the thickness of sample. 
A direct comparison of fatigue behavior of Fe41Co7Cr15Mo14C15B6Y2 under three-point bend and four-point bend condition was conducted, The Fe-based amorphous alloy exhibits higher fatigue endurance for three-point bend condition, in term of maximum stress, is approximately 650 MPa, while the fatigue endurance limit for four-point bend condition is approximately 450 MPa. The fatigue behavior of BMGs is sensitive to structural defects, and exhibits test-volume effects. The fatigue endurance limit increases with the decreasing test-volume. The current material exhibits typically brittle fracture model, no striations and vein pattern were observed on the fracture surface, which can be commonly found on the Zr-based and other ductile BMGs. Fatigue damage in the form of cracks initiates from stress concentrators. Fe41Co7Cr15Mo14C15B6Y2 could be a potential candidate as a structural material if the fabrication process could be improved.
Despite the numerous mechanical behaviors have been performed, the fatigue behavior of BMGs is still poorly understood. The fundamental origins of fatigue in BMGs are not clear. A study to understand the fundamental origins of fatigue can enhance the fatigue resistance through controlling them. The characteristic of formation of shear bands in BMGs under cyclic loading remain largely a topic of speculation, thus how shear band initiate should be investigated.
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