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Abstract:

 Stress-corrosion interactions in materials may lead to early unpredictable catastrophic failure of structural parts, which can have dramatic effects. In Zr-based bulk metallic glasses, such interactions are particularly important as these have very high yield strength, limited ductility, and are relatively susceptible to localized corrosion in halide-containing aqueous environments. Relevant features of the mechanical and corrosion behavior of Zr-based bulk metallic glasses are described, and an account of knowledge regarding corrosion-deformation interactions gathered from ex situ experimental procedures is provided. Subsequently the literature on key phenomena including hydrogen damage, stress corrosion cracking, and corrosion fatigue is reviewed. Critical factors for such phenomena will be highlighted. The review also presents an outlook for the topic.
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1. Introduction

In the last few decades a remarkably growing understanding of the glass-forming ability (GFA) of metallic alloy systems and the optimization of casting techniques have enabled the production of bulk metallic glasses with up to several centimetres in thickness. This makes this new class of material very interesting for engineering applications, e.g., in electronic packaging, pressure sensors, sportive equipment, biomedical devices, or MEMS [1]. Compared to crystalline alloys, metallic glasses exhibit unusual chemical compositions and unique short- and medium-range ordered (SRO/MRO) structures. Similar to inorganic glasses, with their ideally single-phase nature, they lack defects like grain boundaries, dislocations, or second phases. In consequence, this particular alloy state yields some exceptional properties. Most importantly, the topology of SRO and MRO controls the material’s response to mechanical stress [2]. The room temperature mechanical performance is characterized by superior hardness and ultimate strength as well as large elastic strain limits enabling large reversible mechanical energy storage, for instance. But upon straining beyond the elastic limit metallic glasses fail with only limited macroscopic plastic deformation. In absence of the possibility for dislocation mediated crystallographic slip, the deformation mode of metallic glasses is very heterogeneous; it is based on the formation of localized shear bands, which result in catastrophic failure due to uninhibited shear band propagation. Meanwhile, the underlying deformation processes have been intensively studied in dependence on a wide parameter field and detailed mechanistic descriptions have been provided [3,4]. New concepts refer to improvement of plasticity by retarding shear band propagation, e.g., by development of “ductile glasses” and “glass-matrix composites” with different length-scales of constituent phases [5] or by mechanical pre-treatments like shot-peening [6] or cold rolling [7] causing shear-band multiplication.

For metallic glasses the resistance against crack propagation determining fracture toughness and fatigue resistance is a critical aspect [8]. Due to their single-phase, quasi-brittle nature, behaviour similar to that of oxide or silicate glasses is expected, but several metallic glasses behave nearly like crystalline alloys. Studies dealing with those phenomena are still limited and the results obtained so far are not very consistent. Besides limited availability of material and use of non-standardized testing methods this is mostly attributed to the large number of influencing parameters [9]. Not only materials properties were identified to be important, but also in particular environmental influences causing chemical reactions in the crack regions. Contradicting traditional opinions, recent studies have clearly demonstrated that bulk metallic glasses are prone to corrosion degradation mainly due to localized dissolution reactions [10]. Moreover, in particular the early-late transition metal glass formers are good hydrogen absorbers based on occupation of the interstitial sites of the SRO units by hydrogen atoms [11]. The superposition of those environmentally induced reactions to stress-driven degradation processes may give rise to environmentally induced cracking phenomena like hydrogen damage, stress corrosion cracking, and corrosion fatigue.

Studies of corrosion-deformation interactions in metallic glasses have been reviewed in several publications [10,12,13,14,15]. However, those review papers focused mostly on Fe- and Ni-based metallic glasses. The present review is dedicated to Zr-based metallic glasses, which have gained increasing attention in the last two decades and which form at present the most prominent alloy family of metallic glasses.



2. Mechanical Properties at Room Temperature

Macroscopic mechanical properties of multi-component Zr-based alloys mostly obtained from uniaxial compression tests are in typical ranges of 70–96 GPa Young’s modulus, 1400–1900 MPa ultimate strength and around 2% elastic limit, given for selected standard alloys Zr55Cu30Al10Ni5, Zr57Cu15.4Ni12.6Al10Nb5 (Vitreloy 106) and Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vitreloy 1) [1]. Zr-based alloys have been the main targets for principal analyses of deformation mechanisms of metallic glasses with special emphasis on the processes of shear band nucleation and propagation and for development of concepts for property improvements [3,4,5,6,7,16]. Recent studies focused on multi-axial loading conditions in bending tests. Wang et al. [17] described the inhomogeneous distribution of residual stresses in bent Zr–Ti–Al–Cu–Ni glass specimen and identified a high sensitivity of hardness to it, which is more pronounced in regions under tension. Zhao et al. [18] analyzed shear deformation mechanisms. The inhomogeneous stress distribution in a bent glass specimen led to regions which were still elastic whereby for others at the tension surface the critical shear stress was reached resulting in a regular pattern of shear bands. Introduction of significant stress gradients in a metallic glass specimen yields a larger plasticity than under uniaxial tension. Following this concept the surface imprinting technology was developed as new approach for making glasses more ductile [19].


Intrinsic Plasticity and Toughness of Metallic Glasses

Plasticity plays a key role in environmentally induced cracking of metals/alloys, in contrast to inorganic glasses and ceramics, which are brittle and crack by reaction of the environment with highly stressed bonds at an atomically sharp crack tip [20,21]. Metallic glasses may be considered as quasi-brittle materials because they do not possess sufficient intrinsic micro-mechanisms to mitigate high stress concentrations at crack tips. This is accompanied by lack of strain hardening and crack propagation barriers like grain boundaries and should result in “ideal brittle fracture” behavior. The same fact was derived for inorganic glasses based on a series of chemical bond rupture events and absence of plastic deformation giving rise to low toughness [8]. However, Lewandowski et al. [22] revealed that similar as for polycrystalline metals, for metallic glasses a correlation exists between the fracture energy G and the μ/B ratio (μ—elastic shear modulus, B—bulk modulus) with a critical ratio μ/Bcrit = 0.41–0.43, which determines their intrinsic plasticity (low μ/B) or brittleness (high μ/B). This relation can also be expressed in terms of the Poisson’s ratio ν, with νcrit = 0.31–0.32 and ν > νcrit indicating certain glass toughness. For example Mg-based glasses are “brittle”, whereas Zr-based glasses are “tough” with some variations among the particular compositions. Cast Zr-based glasses exhibit capability for high plasticity strongly localized in narrow shear bands. A high strength level combined with capacity for local plastic flow can give rise to high fracture toughness. But macroscopic plasticity in tension remains limited since fracture occurs under tension only in one dominant shear band. The fracture surface shows the characteristic vein-like morphology as result of the viscosity drop in the shear band. Annealing below the glass transition causing structural relaxation and densification can reduce the toughness of certain Zr-based BMGs.




3. Corrosion Aspects

The corrosion behavior of metallic glasses is determined by their composition, i.e., the reactivity of their constituent elements, by their thermodynamic metastability and their ideal single-phase chemically and structurally homogeneous nature. Zr–Cu-based bulk glass formers have been a main target for fundamental corrosion studies in different aqueous media. In a wide pH value range excellent passivation ability was detected [10]. This is based on the competitive processes of Cu dissolution and formation of barrier-type thin valve-metal (e.g., Zr, Al, Ti, Nb) oxide films which is determined by the Cu:valve-metal atomic ratio of the alloy and by the surface finishing state [23].

Zr-based glassy alloys exhibit in halide-containing solutions a high sensitivity for pitting which comprises local dissolution of valve-metal components and enrichment of Cu-complexes. TEM studies revealed Cu-rich nanocrystals at pit walls which govern the pit morphology evolution by (i) protecting capped areas against dissolution and (ii) speeding the dissolution of uncapped areas by local galvanic cells. This gives rise to rapid pit growth and low repassivation. Their pitting susceptibility and repassivation ability can be significantly influenced by alloying elements [24,25,26,27,28,29]. In a recent study, both these properties were found to depend strongly on Cu concentration [30]. High pitting resistance is achieved by decreasing the Cu and increasing the valve metals contents. The pitting susceptibility of samples prepared under real casting conditions is related with the presence of chemical defects, i.e., crystalline inclusions, or physical defects, e.g., air pockets or pores [10,31,32].


3.1. Pitting at Local Surface Defects

It is well known that stress corrosion cracking often initiates at preexisting surface discontinuities/defects or corrosion-induced features, e.g., pits [33]. Before attempting to understand the role of such surface defects on the stress corrosion cracking initiation process, it is useful to first evaluate how these influence the corrosion behavior of Zr-based BMGs, especially pitting. In a recent study, Vickers micro-indents were used as model surface defects to study their impact on the pitting susceptibility of a typical Zr-based BMG, i.e., Zr59Ti3Cu20Al10Ni8 [34]. Multiple micro-indents were created by applying various loads from 25 to 2000 g on a mechanically polished surface. The pitting susceptibility was evaluated by anodic potentiodynamic polarization in 0.01 M Na2SO4 + 0.01 M NaCl. As shown in Figure 1, for the reference as-polished state and for 200 g micro-indents no pitting takes place, whereas for 2000 g micro-indents pitting clearly takes place at a potential of about 0.44 V vs. SCE. Subsequent SEM analysis revealed pits were located preferentially inside or at the rim of micro-indents (see inset in Figure 1). This demonstrates that isolated mechanical surface defects can have a significant detrimental effect on the pitting susceptibility of Zr-based BMGs.

Figure 1. Anodic potentiodynamic polarization curves of bulk glassy Zr59Ti3Cu20Al10Ni8 alloy in the as polished state and after applying Vickers micro-indent arrays with two different loads.
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As mentioned above, one of the limitations of metallic glasses is their inhomogeneous plastic deformation behavior in shear bands and lack of strain hardening, which hinders their use in structural applications. Shot-peening induces surface compressive residual stresses and favors nucleation of shear bands near the surface, which in turn translates into larger macroscopic plasticity in compression and in bending [6]. The process of shot-peening severely alters not only the stress field and the surface topography, but also the structure of the metallic glass to a depth of up to 150 μm [35]. This in turn causes a slight improvement of spontaneous passivity in halide-free environments [36]. However, after prolonged shot-peening a decrease of the pitting resistance was detected. Figure 2 shows a SEM image of a shot-peened bulk glassy Zr59Ti3Cu20Al10Ni8 alloy sample surface after exposure to 6 M HCl for several seconds. One large pit and several smaller ones can be seen. Craters formed by shot-peening are preferentially attacked and are fully corroded. It was found that the degradation patterns are driven by local stress fields surrounding the craters and scratches. In conclusion, shot-peening is expected to have antagonistic effects on the environmentally induced cracking of Zr-based BMGs: it increases plasticity which should be beneficial for mitigating stress concentration at crack tips, but at the same time it decreases the resistance to pitting corrosion which can lead to initiation of cracking.

Figure 2. SEM image of a bulk glassy Zr59Ti3Cu20Al10Ni8 alloy sample surface after shot-peening for 30 s and subsequent exposure to 6 M HCl for several seconds.
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3.2. Pitting at Shear Steps and Shear Bands

Although shear steps at a surface created by shear banding can be regarded as surface defects, considering the focus of this paper, they are treated separately in this subsection. Already early in the history of metallic glass research, it has been recognized that shear bands in metallic glasses can be preferentially etched [37]. More recent studies demonstrated that shear steps at the surface produced by shear banding are preferred initiation sites for pitting corrosion. Gebert et al., carried out uniaxial compression loading to generate multiple shear bands in a bulk glassy Zr59Ti3Cu20Al10Ni8 alloy samples [34]. These samples were subsequently exposed to an aggressive 12 M HCl solution for 1 to 2 min. As shown exemplarily in Figure 3, pits preferentially initiate at shear steps. This may be explained in terms of the passive film being mechanically broken down along the shear step. Additionally, pits have a tendency to grow along the shear steps creating elongated attack features with a width comparable to that of the heat affected zone of shear bands, i.e., 4–10 μm [38]. In the vicinity of shear bands chemical and structural changes and sometimes crystallization can occur due to the shearing process and the associated heating [39]. Moreover, near shear bands local residual stresses may be expected, which can accelerate dissolution [40]. Similar preferential pitting corrosion at shear steps was observed for the Zr64.13Cu15.75Ni10.12Al10 BMG [41]. The shear bands/steps were generated by cold rolling. However, preferential pitting at shear steps was observed only in chronopotentiometric tests. No clear preferential pitting occurred under free corrosion conditions, i.e., at the open circuit potential. In this study, structural changes in shear bands, more than the surface shear offset or the residual stresses, were assumed to be the main factor for preferential pitting at shear bands. On the contrary, Wang et al. [42] found for the (Zr62Cu23Fe5Al10)97Ag3 BMG that the shear offset (step), rather than the structural changes in the shear bands, is responsible for pitting initiation. Supporting this conclusion was the observation that preferential pitting does not occur at shear bands when the surface was polished. In conclusion, it is clear that shear steps at the surface of Zr-based BMGs are preferential sites for initiation of pitting corrosion. However, there is disagreement regarding the main reason and further work is necessary to explain this observation.

Figure 3. SEM image of a pit on the lateral surface of a bulk glassy Zr59Ti3Cu20Al10Ni8 alloy sample compressed to fracture.
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In the above paragraph only ex situ studies were presented, i.e., first shear steps were created at the surface of metallic glass specimens by mechanical loading in air and their corrosion behavior was subsequently analyzed in electrolyte. In a very recent work, Grell et al. [43] carried out in situ electrochemical experiments during quasistatic three-point bending of flat bulk glassy Zr52.5Cu17.9Al10Ni14.6Ti5 alloy (Vitreloy 105) samples in 0.01 M Na2SO4. Open circuit potential as well as potentiostatic measurements reveal clear transients corresponding to the exposure of bare alloy when shear bands create a step at the surface causing breakdown of the passive film followed by repassivation. However, to the authors’ knowledge in situ tests of pitting susceptibility during shear step formation have not yet been carried out.




4. Environmentally Induced Cracking

Most work related to environmentally induced cracking of Zr-based BMGs was done on hydrogen effects (e.g., [44,45,46,47,48,49,50,51,52]) and on corrosion fatigue [53,54,55,56,57,58,59,60]. Studies on stress corrosion cracking of Zr-based BMGs are rather scarce [9,10,13,53,61].

According to general knowledge gained from studies on conventional crystalline metals and alloys, as the yield strength increases, the resistance to environmentally induced cracking decreases [62]. If this holds also for metallic glasses, they should have lower resistance to the various types of environmentally induced cracking, e.g., stress corrosion cracking or hydrogen damage.


4.1. Hydrogen Effects

Zr-based metallic glasses exhibit significant capability for absorption of hydrogen. Hydrogen atoms occupy interstitial sites in the SRO structure with different energy levels being determined by the local atomic environment and the hydrogen affinity of the constituents. Preferential occupation of interstitial sites of polyhedra formed by Zr atoms was verified [11,63]. The incorporation of hydrogen leads to a reduction of free volume and the buildup of local strain which retards atomic mobility causing increased internal friction [64,65]. When the hydrogen concentration reaches a threshold locally, phase separation into regions of ZrHx and Cu-rich phases occurs [66,67]. For Zr–Al–Cu–Ni glasses H/M (M = metal) ratios of up 1.9 were measured and a significant effect on the thermal behavior was detected [67,68]. Based on these principal findings strong effects of absorbed hydrogen on crack initiation and propagation processes in Zr-based glasses can be predicted.

Absorbed (pre-charged) hydrogen has significant effects on the mechanical properties of Zr-based BMGs. For different alloy compositions an increase of hardness with increasing hydrogen content in the amorphous structure was evidenced and attributed to a restriction of shear band formation. This was compared with thermal relaxation effects causing embrittlement [34,46,69]. Wang et al. [70] investigated glassy I-shaped notched Zr57Cu15.4Ni12.6Al10Nb5 (Vitreloy 106) specimen (made from 1.5 × 10 × 12 mm3 plates) under sustained tensile load and severe hydrogen charging. Enhanced local shear band nucleation at the notch, but limited growth was observed with increasing charging time and interpreted as enhanced localized plastic flow. Shan et al. [48] observed the damage evolution during 3-point bending of notched bulk glassy Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vitreloy 1) samples (2 × 4 × 15 mm3) under sustained loading conditions and different hydrogen charging rates. Below a critical current density of 20 mA·cm−2, hydrogen is incorporated into the amorphous structure without hydride formation or blistering. Initiation of hydrogen-induced cracking and hydrogen-induced delayed fracture takes place at a stress value representing 63% of that required for fracture of uncharged specimens. Above the critical charging rate, blistering and micro-cracking occurred causing a relative stress for crack initiation of 26%. Suh and Dauskardt [44] prepared fatigue pre-cracked CT specimen of this bulk glass (from plates with 3 mm thickness) and investigated the effect of pre-charged hydrogen on fracture toughness and fatigue crack growth. Increased charging time was found to have a degrading effect on initiation fracture toughness. In contrast, fatigue crack growth rates were found to be retarded with increasing charging time. Microscopic fatigue crack analysis revealed a tortuous and deflected crack path of pre-charged samples in comparison to a straight crack path of uncharged ones. The contradicting results were interpreted as a competition between degradation of the inherent resistance to crack extension and increased crack tip shielding.

In summary, Zr-based metallic glasses exhibit significant capability for absorption of hydrogen, which in turn severely affects their mechanical properties depending on the concentration of absorbed hydrogen. On the one hand, increasing hydrogen concentration leads to increased hardness. On the other hand, hydrogen appears to enhance nucleation of shear bands at notch tips and to decrease the threshold intensity factor. Furthermore, hydrogen has a retarding effect on the crack growth rate under sustained or cyclic loading.



4.2. Chloride-Induced Stress Corrosion Cracking

Kawashima et al. [71] conducted slow strain rate (5 × 10−6 s−1) tensile tests on glassy Zr–Cu–Al(Ni) specimens (3.5 ÷ 8 mm diameter rods) in various aqueous electrolytes under free corrosion conditions. A significant reduction in fracture stress from more than 1800 to 880 MPa in NaCl solution was detected, while this effect was dependent on alloy composition. Cracks were found to initiate at pits. Brittle fracture features were observed close to the crack origin. These were attributed to presumed hydrogen-induced subcritical crack growth. In another study, Schroeder et al. [55] carried out crack velocity measurements on compact tension specimens of the bulk glass forming Zr41.2Ti13.8Cu12.5Ni10Be22.5 alloy in 0.5 M NaCl at constant stress and free corrosion conditions. Above a KISCC, a sharp increase in crack velocity of several orders of magnitude was observed. This was followed by a plateau at 10−5 ÷ 10−4 m·s−1. It was assumed that crack propagation took place by an anodic dissolution assisted mechanism. Almost identical results were reported by Nakai and Yoshioka [58] for a different Zr-based BMG, i.e., Zr55Cu30Ni5Al10, in 3.5 wt. % NaCl.

Gostin et al. [61] recently investigated stress corrosion cracking phenomena in bulk glass forming Zr52.5Cu17.9Al10Ni14.6Ti5 alloy (Vitreloy 105) in 0.01 M Na2SO4 + 0.01 M NaCl solution. Experiments were carried out on 2 × 2.5 × 27 mm3 samples at constant deflection and constant anodic potential. Applied stress values were in the elastic regime, and applied potential values were in the interval between the repassivation and the pitting potential. Deflection, stress, and the current density were monitored in situ during the stress corrosion cracking process. Figure 4 shows exemplarily the evolution of deflection, stress, and current density for one experiment carried out at an initial applied stress of 30% of the yield strength at 0.2% offset, and an applied anodic potential of 50 mV vs. SCE. It can be seen that initially the current density is very low corresponding to a passive state. After a certain incubation time, i.e., in this case 133 s, the current density suddenly increases by several orders of magnitude. Since at this moment there is no significant change in the deflection and the stress signals, this sudden current increase is attributed to pitting corrosion. After another 1353 s, the stress starts to decrease signalling the initiation of the cracking process. As the crack propagates, the measured stress level continuously and rapidly decreases down to a value of 645 MPa, when catastrophic fracture by unstable crack growth occurs. Experiments performed at various stress and potential levels revealed two clear trends: (1) the time to fracture is shorter (SCC resistance is lower) for higher potentials or higher stresses; (2) the time required by a pit/a group of pits to turn into a crack is shorter at higher stresses.

Figure 4. The evolution of deflection, stress, and current density of a bulk glass forming Zr52.5Cu17.9Al10Ni14.6Ti5 alloy (Vitreloy 105) sample in 0.01 M Na2SO4 + 0.01 M NaCl solution under three-point bending at an initial stress of 30% of the yield strength at 0.2% offset, and an applied anodic potential of 50 mV vs. SCE.
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Fractography analysis revealed the presence of multiple pits typically located at sample edges. In all cases, one or more pits were found at the crack initiation location confirming that cracks originate at pits. This is shown in Figure 5a. In the stable crack propagation region of the fracture surface, two different zones were observed. As shown in Figure 5b, close to the lateral side of the fractured bending sample, the crack propagated mostly in a mechanical brittle manner: this zone is characterized by cleavage features and by the absence of corrosion signs. The other zone, which is close to the tension side of the fractured bending sample and shown in Figure 5c, is dominated by fine striations and crack branching. Observation of finer topographical features was impeded due to corrosion. One possible mechanism (explaining the striations and crack branches) could comprise alternate crack sharpening by anodic dissolution at the crack tip and crack blunting by formation of shear bands and/or crack branching. Anodic dissolution may take place preferentially along shear bands. As shown in the previous section, pre-formed shear bands can be preferential sites for pitting initiation and continued pit growth.

Figure 5. Fracture surface of a bulk glass forming Zr52.5Cu17.9Al10Ni14.6Ti5 alloy (Vitreloy 105) sample fractured by stress corrosion cracking in 0.01 M Na2SO4 + 0.01 M NaCl under three point bending and anodic polarization. (a) Crack initiation location; (b) Stable crack propagation region close to lateral side (perpendicular to tension side) of fractured bending sample; (c) Stable crack propagation region close to tension side of fractured bending sample.
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In conclusion, few Zr-based BMGs were investigated regarding their sensitivity to SCC. Those first works demonstrated clearly high susceptibility to SCC in chloride-containing aqueous environments. Pitting is a necessary initial stage and cracking by stress-corrosion interactions initiates at pits. The crack growth rate is usually high and is attributed to active anodic dissolution at the crack tip. However, one study claims hydrogen damage to be responsible for crack propagation. One possible SCC mechanism could consist of alternate crack sharpening by anodic dissolution at the crack tip and crack blunting by formation of shear bands and/or crack branching, but more detailed investigations are needed for a comprehensive description of the SCC mechanism in Zr-based BMGs.



4.3. Corrosion Fatigue

Schroeder and Ritchie [54,56] prepared fatigue pre-cracked CT specimen (4.4 × 20 × 20 mm3) of the Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG to investigate fatigue crack growth processes under the influence of aqueous media (de-ionized water, 0.5 M Na2SO4 or NaClO4 solution, 0.005–0.5 M NaCl solution). Fatigue experiments were conducted under increasing and decreasing range of stress intensity factor ΔK and under constant cyclic loading. A particular sensitivity of the fatigue crack growth to NaCl solutions under OCP conditions was detected with a crack growth rate being three orders of magnitude higher than that in air. The fatigue crack growth behavior in the da/dN vs. ΔK plot revealed for the salt solutions a medium-controlled characteristic of an abrupt threshold, whereupon the growth rate increased by 3–5 orders of magnitude to reach a plateau regime (region II) where the crack growth is relatively independent from the stress intensity range. Compared to the fatigue threshold ΔKth in air of 3 MPa·m1/2, the value was strongly reduced to ~0.9 MPa·m1/2 in salt solutions. The constant fatigue crack growth rates in region II were under OCP conditions directly proportional to the NaCl concentration, whereby ΔKth remained nearly constant. Under cathodic control the growth rates decreased, whereby no changes were observed under anodic control in a limited potential window. The poor environmental cracking resistance of this particular BMG was mainly attributed to stress enhanced anodic dissolution at the crack tip.

Morrison et al. [57] employed the Zr52.5Cu17.9Ni14.6Al10Ti5 (Vitreloy 105) BMG to analyze the corrosion-fatigue behavior in four-point bending tests. They used rectangular specimens (3.5 × 3.5 × 30 mm3) and tested them in 0.6 M NaCl solution. While at stress amplitudes of ≥800 MPa the corrosion-fatigue life was similar to that in air, an increasingly deleterious effect of the salt solution was observed as the stress amplitude decreased due to increasing length of exposure time. At 425 MPa the corrosion-fatigue life in NaCl solution was more than one order of magnitude lower than that in air. The fatigue-endurance limit reached in the salt solution ~50 MPa which relates to a decrease of ~88%. This behavior of the Zr-based BMG was found to be similar to that of crystalline Al. With SEM no significant effect of the test medium on fracture morphology was noticed. Crack initiation occurred on the machined and polished samples preferentially at the outer pins of the tensile surface. The corrosion-fatigue mechanism was concluded to be driven by anodic dissolution with no indication for hydrogen embrittlement.

Wiest et al. [59] used results of this study as reference data for their corrosion-fatigue studies on Zr–Ti(–Co)–Be rod samples (3 mm diam. × 6 mm, 2 mm diam. × 4 mm) in compression loading. These alloys with no or low late TM-content exhibit very low corrosion rates and strong barrier-type passive behavior, but a lower pitting resistance than Vitreloy 105. The latter explains their poor corrosion fatigue performance. Huang et al. [60] prepared Zr55Cu30Al10Ni5 + 1 at. % Y rectangular glass samples (3 × 3 × 25 mm3) for 4-point-bending in an artificial body fluid. They confirmed a low impact of the medium on fatigue lifetime at high stress ranges (≥450 MPa), but a detrimental effect in the lower range. The fatigue strength decreased by 40% compared to air tests. A degradation mechanism was proposed considering the random formation of a corrosion pit at the tension side, from where crack initiation takes place due to stress concentration and exposure of the bare metal surface. Crack propagation was stated to be driven by anodic dissolution resulting in a rough fracture surface.

All the above-described studies characterized the corrosion fatigue behavior in aqueous environments. However, for Zr-based BMGs ambient air can also cause corrosion fatigue phenomena leading to significant reduction of their fatigue resistance. The extent of degradation of fatigue properties by ambient air is strongly dependent on alloy chemistry. Philo et al. [72] analyzed the fatigue crack growth behavior of Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 BMG (Vitreloy 106a), and found a regime in the da/dN vs. ΔK curve, where the crack growth was relatively independent of ΔK, implying a controlling effect of the ambient air. This plateau occurs at 2.5·10−8 m·cycle−1 and is much higher than for Zr44Ti11Ni10Cu10Be25 BMG (Vitreloy 1b), i.e., 10−9 m·cycle−1 [73]. It is not yet clear what the mechanisms are involved in the observed corrosion fatigue effect in ambient air. Surface oxidation and/or hydrogen embrittlement were suggested as the main reason [9,74]. Studies regarding effects of hydrogen on the fatigue behavior of Zr-based BMGs were presented in the subsection Hydrogen Effects.

In summary, the corrosion fatigue behavior of several Zr-based BMGs was studied and all showed high susceptibility/poor resistance to corrosion fatigue cracking in chloride containing aqueous solutions. Some Zr-based BMGs exhibit a corrosion fatigue effect in ambient air, and this is strongly dependent on alloy chemistry. In chloride containing aqueous solutions, corrosion fatigue crack propagation appears to be controlled by anodic dissolution. It is not yet clear what the main reasons and the underlying mechanisms are for the observed corrosion fatigue phenomena in ambient air.




5. Outlook

Those first reported studies reviewed here clearly reveal a high sensitivity of Zr-based bulk metallic glasses to corrosion-deformation interactions in halide-containing aqueous environments. However, tests on these aspects were conducted so far only for a few selected alloy compositions with high GFA, e.g., on special Be-containing glasses, which enable the preparation of glassy samples in larger dimensions needed for tests with CT specimens or bending plates. Moreover, different mechanical loading procedures and conditions were applied under various environmental influences which do not permit a direct comparison of the results and which have led in part to contradicting conclusions. Therefore, more systematic studies are needed for a comprehensive mechanistic description of those environmentally assisted mechanical degradation phenomena. Considering general corrosion and hydrogenation studies, besides structural particularities the glassy alloy composition is expected to play a significant role in environmentally assisted crack initiation and propagation. This refers in particular to the Cu:valve-metal ratio which controls anodic and cathodic reactions rates. A reliable analysis of those compositional effects is still missing. Furthermore, introduction of finely dispersed heterogeneities into an amorphous phase like clusters/nanocrystals was demonstrated to be a successful strategy to increase macroscopic plasticity under compression or tensile load in air. But there is no clear understanding yet how this affects the environmental-assisted fracture and fatigue behavior. Also, the role of different types of surface defects, e.g., of notches or of micro-indents, is mostly unclear. Altogether, more detailed microscopic and spectroscopic studies of crack regions at different propagation states and of fracture surfaces are needed. These should be focused on analyzing processes on the sub-micron scale like shear band evolution or chemical reactions under the special conditions of highly localized stresses, crevice geometry, and varying media and polarization states. Such knowledge is the pre-requisite for mechanistic models of stress corrosion cracking and corrosion fatigue phenomena and their dependence on structural and compositional particularities of Zr-based bulk metallic glasses.
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