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Deformation and Fracture of Silica Glass Fiber Under Sharp Wedge-Indentation
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Fiber or fiber tapers are the material of choice when studying the mechanical properties and intrinsic load-response of glasses at highest sample quality and experimental repeatability. However, surface curvature strongly complicates meaningful analysis using local (sharp) contact probes. Wedge-indentation provides a means for overcoming some of the problems of normal indentation on curved glass surfaces. In particular, it enables testing in comparably homogenous, two-dimensional stress fields, avoiding the effects of the sharp edges of pyramidal indenters and facilitating auxiliary in situ or ex situ structural mapping, for example, by vibrational spectroscopy. Adjusting the wedge’s opening angle, length and orientation relative to the fiber surface enables highly reproducible studies of material deformation, surface crack initiation, and effects of fiber anisotropy.
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INTRODUCTION

Despite superior intrinsic material properties, commercially available glass products usually exhibit very low practical strength. This is due to the defect susceptibility of glass surfaces. Paired with high brittleness, surface defects cause local stress amplification, and, hence, material failure (Wondraczek et al., 2011). Microscopic defects may already form during the manufacturing process (Varshneya, 2018), thus determining characteristic limits of practical strength for different glass products. For example, while untreated container glasses rarely reach tensile strength above 100 MPa, optical glass fiber may very well approach 10 GPa, or more (Kurkjian et al., 2003; Kurkjian et al., 2010). Defect susceptibility occurs across all length scales; ultimately, stress accumulation, and glass deformation are mediated by rigidity fluctuation which results from structural heterogeneity of the glass network itself (Benzine et al., 2018). The generation and growth of microscopic defects in glasses has been studied intensely over the past decades (Rouxel and Yoshida, 2017), in particular, using methods of micro or nanoindentation (Yoshida, 2019). However, indentation methods remain problematic and highly ambiguous when analyzing glass fracture and material toughness (Cook, 2020). Lateral indentation was introduced as a complementary method for assessing scratch hardness (Sawamura and Wondraczek, 2018; Sawamura et al., 2019) and surface cracking (Moayedi and Wondraczek, 2017), but requires flat and smooth specimen surfaces. On the other hand, fiber drawn from silica or aluminosilicate glass rods (Kurkjian et al., 2003; Kurkjian et al., 2010), or tapered silica (Brambilla and Payne, 2009) have been the closest in terms of reaching the limits of theoretical (intrinsic) glass strength in praxis. Carefully prepared glass fibers benefit from very high surface quality. This prevents stress amplification at surface flaws and enables very high levels of applied stress before fracture occurs (Wondraczek, 2019). Such conditions do not only allow for observing intrinsic strength, but also facilitate studies of plastic deformation processes. For example, thin films of flawless a-Al2O3 have been observed to exhibit pronounced plasticity when sufficiently high levels of stress are reached (Frankberg et al., 2019). Indentation studies on glass fiber remain challenging, though. In particular, surface curvature makes conventional testing protocols impractical, leading to systematic overestimation of contact area (Lonnroth et al., 2008; McAllister et al., 2012), and very strong sensitivity to tip-surface alignment.

Here, we employ wedge-indentation as a means to overcome some of the problems of normal indentation on curved glass surfaces. In particular, such indentation experiments enable testing in comparably homogenous, two-dimensional stress fields, avoiding the effects of the sharp edges of pyramidal indenters. Adjusting the wedge’s opening angle, length and orientation relative to the fiber surface provides for highly reproducible studies of material deformation, surface crack initiation, and effects of fiber anisotropy.



MATERIALS AND METHODS


Sample Preparation

The pristine silica glass fibers used for this study were provided by the Leibniz Institute of Photonic Technology (IPHT), Jena, Germany: individual glass fibers with diameters of d = 440 μm, 220 μm, and 125 μm, respectively, were drawn from a vitreous silica glass rod (Suprasil F300, Heraeus Quarzglas GmbH & Co. KG) on an optical fiber drawing tower. A flat slide of vitreous silica (Suprasil 2B, Heraeus Quarzglas GmbH & Co. KG) was included into the study for reference. Prior to the mechanical analysis, the polymeric fiber coating was removed by etching for 20 s at 100°C in concentrated sulfuric acid. After etching, the uncoated silica glass fibers were rinsed for 10 s with deionized water and subsequently dried in flowing nitrogen. Segments of the bare silica glass fibers (20 mm) were then glued on microscope slides (Carl Roth GmbH & Co. KG) in horizontal direction using a thin film of an acrylate adhesive (Verifix MV 760, Bohle AG, and Young’s modulus E = 1.2 GPa). The adhesive was cured for 10 min under a UV-A lamp. To ensure that each fiber segment was glued to the substrate over its entire length, an auxiliary glass slide was temporarily placed on top of the fiber segment as a counter weight during UV exposure. After removing the supporting glass slide, the polymer was allowed to cure for another 12–16 h in laboratory air under ambient conditions before mechanical characterization was conducted.



Nanoindentation

Instrumented indentation testing was carried out using a nanoindentation platform (G200, KLA Co.) equipped with a high-load option for loads up to P = 10 N. Young’s modulus E and hardness H were determined from indentation experiments with a Vickers diamond tip (Micro Star Technologies). On each glass sample, at least five indents were created with a maximum load of 2.94 N. The loading duration and dwell time were kept constant at 10 s and 5 s, respectively. The values of H were determined from the maximum load Pmax divided by the projected contact area of the indenter tip Ac (Oliver and Pharr, 1992):
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The values of E were estimated from the combined elastic response of the diamond tip (Ei = 1141 GPa and vi = 0.07) and the material tested (Johnson, 1985):
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with the reduced elastic modulus Er (Pharr et al., 1992)
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The parameter S denotes the contact stiffness, i.e., the initial slope of the load-displacement P-h curve upon unloading (Oliver and Pharr, 1992). The tip area function and instrument frame compliance were calibrated prior to the first experiments on a silica reference glass sample (Corning Code 7980, Corning Inc.). In order to derive the values of E from Er (Eq. (2)), a constant Poisson’s ratio of v = 0.17 (Limbach et al., 2015) was assumed for all glass samples examined in this work. All Vickers indentations on the silica glass fibers were realized with one diagonal oriented parallel to the fiber axis.

Wedge-indentation experiments were conducted on the silica glass fibers using sharp wedge-shaped diamond tips (Synton-MDP, Switzerland; Figure 1). Two different wedge indenters were employed: (i) a tip with an opening angle of θ = 90° and an effective length of L = 215 μm and (ii) another tip with θ = 60° and L = 180 μm. Indentation experiments were conducted with defined indenter displacement h ranging from 0.5 to 10 μm in the high-load mode and with a constant strain-rate of [image: image] = 0.05 s–1 (defined as the loading rate dP/dt divided by the actual load). If not otherwise stated, wedge indentations were realized with the wedge tip aligned at 90° with respect to the fiber axis (see, e.g., Figure 1). All indentation experiments were carried out in laboratory air under ambient conditions and with thermal drift rates of <0.05 nm/s. After indentation, the residual imprints were analyzed by standard optical microscopy and widefield confocal microscopy (Smartproof 5, Zeiss AG).
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FIGURE 1. Schematic representation of a nanoindentation experiment on a silica glass fiber using a wedge-shaped tip with the opening angle θ and the effective length L.




Raman Spectroscopy

Raman spectroscopic analysis was carried out post mortem using a confocal Raman microscope (inVia, Renishaw Inc.) in scanning mode. Raman spectra were collected across a surface area of 30 μm × 10 μm with 1 μm spacing between individual measurement positions and a focal depth of 0–6 μm using an Argon laser (λ = 514.5 nm) and a 50× microscope objective. All spectra were recorded for wavenumbers ranging from 150 to 1500 cm–1 and with an accumulation time of 60 s per spectrum.



RESULTS


Vickers Indentation on Silica Glass Fiber

In this section, we first illustrate the differences in the contact behavior between a sharp pyramidal Vickers indenter tip and a flat (Figure 2A) or a curved glass surface (Figure 2B). Exemplary P-h curves recorded during nanoindentation experiments on silica glass fibers with d = 440; 220; and 125 μm, respectively, are shown in Figure 2C. Experimental data from Vickers indentation on a bulk silica glass sample is added for reference. Regardless of the surface curvature, reproducible and smooth parabolic P-h curves were obtained. However, at any given load, consistently higher indenter displacements are recorded on the silica glass fibers in comparison to the flat bulk glass specimen. The magnitude of this effect increases with increasing surface curvature, i.e., decreasing fiber diameter: at Pmax = 245 mN, the values of h gradually increase from 1503 ± 4 nm (bulk silica glass) to 1520 ± 1 nm (d = 440 μm), 1528 ± 4 nm (d = 220 μm), and 1565 ± 1 nm (d = 125 μm), respectively. This trend is more obvious when P is plotted against h2 (Figure 2C, inset). Since the slope of the P-h2 curve directly scales with hardness H, this observation indicates that H is systematically underestimated with decreasing d. The same effect was observed for the whole load range up to 2.94 mN. For verification, the values of the apparent hardness Ha were estimated following the protocol described in section “Nanoindentation.” The results of these calculations are shown in Figure 2D. Corresponding data on apparent Young’s modulus Ea are provided for comparison. In accordance with a previous report (Lonnroth et al., 2008), both Ea and Ha scale linearly with 1/d.
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FIGURE 2. (A) Schematic illustration of the contact behavior between a Vickers tip and (A) flat or (B) curved glass surfaces. The contact areas projected on the original surfaces are marked in red. (C) Representative load-displacement P-h curves as recorded from nanoindentation experiments on bulk vitreous silica and silica glass fibers of varying diameter d using a Vickers tip. The inset displays P as a function of h2. (D) Apparent Young’s modulus Ea and hardness Ha as a function of fiber diameter.




Wedge-Indentation on Silica Glass Fiber

In contrast to standard nanoindentation protocols on flat glass surfaces, where only the distance between the individual indents needs to be considered in order to avoid cross-interaction (Phani and Oliver, 2019), the mechanical characterization of silica glass fibers by instrumented indentation testing offers further challenges. This is not only due to surface curvature and its implications for the contact behavior (Lonnroth et al., 2008), but also because even small offsets between the tip position and the fiber apex may lead to strongly varying experimental results (Dabbs and Lawn, 1985; do Nascimento and Lepienski, 2006; Lonnroth et al., 2008; McAllister et al., 2012). We demonstrate this by intentionally misaligning the Vickers indenter on a 125 μm silica glass fiber (Figure 3A): post mortem optical inspection of the residual imprint reveals a highly asymmetric shape (the micrographs recorded by widefield confocal microscopy only display the illuminated area which was in focus during image capture). Nanoindentation testing using a wedge-shaped tip, on the other hand, usually resulted in repeatable, highly symmetric indents (Figure 3B). Apparent self-alignment of the wedge indenter relative to the fiber apex occurs for as long as the effective length of the wedge-shaped tip exceeds the contact length Lc during indentation (e.g., Lc ∼ 83 μm for a 3.26 N indent on a 440 μm silica glass fiber produced by a wedge indenter with θ = 90° and L = 215 μm). This provides for highly reproducible contact conditions for any given orientation between the wedge and the fiber axis (Figure 3C).
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FIGURE 3. (A) Surface visualization of a residual Vickers hardness imprint created at a normal load of 2.94 N on a 125 μm silica glass fiber. The asymmetric shape results from intentional misalignment of the Vickers tip relative to the fiber apex by about 7 μm. (B–C) Optical micrographs of residual imprints on a 440 μm silica glass fiber produced with a wedge-shaped tip with an opening angle of 90° and an effective length of 215 μm in (B) 90° and (C) 45° orientation relative to the fiber axis. The maximum loads were 3.62 N and 4.06 N, respectively.


Representative P-h curves of wedge-indentation (θ = 90° and L = 215 μm on a 440 μm silica glass fiber, Figure 3B) are presented in Figure 4, recorded during indentation to maximum normal loads ranging from 290 mN up to 8.98 N. Similar to indentation with the sharp Vickers tip (Figure 2C), repeatable and smooth parabolic P-h curves were obtained over the full range of loads. This directly reflects the aforementioned self-alignment of the wedge indenter leading to highly reproducible contact conditions. Optical inspection of the residual imprints (Figures 4B–E) indicates a gradually increasing imprint size with increasing maximum load, on first view without any further variations in the overall material response. In particular, no cracking is observed up to Pmax = 8.98 N [for reference, vitreous silica starts to crack at ∼0.25 N (Li et al., 2019) to 1.50 N (Mound and Pharr, 2019) when sharp Vickers or Berkovich tips are used].
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FIGURE 4. (A) Representative load-displacement P-h curves recorded during wedge-indentation on a 440 μm silica glass fiber using a wedge with an opening angle of 90° and an effective length of 215 μm. Optical micrographs of the corresponding residual imprints (after unloading) are shown for indentations with maximum normal loads of (B) 2.34 N, (C) 4.26 N, (D) 6.52 N, and (E) 8.98 N.


In Figure 5, post mortem Raman mapping data are presented for the imprint shown in Figure 4E, with exemplary individual scans in Figure 5A collected at the rim (red curve) and at a distance of 15 μm from the center of the indent (blue curve). For a qualitative assessment of spatial variations in the indentation-induced structural modifications, individual Raman spectra were evaluated in terms of the spectral center of gravity (COG). For this, each Raman spectrum was integrated over the spectral range of 200 to 700 cm–1 after baseline subtraction (Figure 5A, blue curve, and shaded area) following the protocol of Deschamps et al. (2013). Positive shifts in the COG of the silica Raman spectrum were previously assigned to congruent densification of the glass network during sharp contact loading (Bruns et al., 2020; Gerbig and Michaels, 2020). In the present case, the values of COG cover the range of 433 to 477 cm–1 (Figure 5B). The highest degree of densification is found in the flanks of the residual wedge imprint, gradually decreasing toward the value of bulk silica glass with increasing distance from the wedge apex. While we do not intend to go into detail here about the nature of structural densification in terms of the underlying molecular reactions, we note that wedge-indentation provides a homogeneous stress field, and resulting Raman map in the direction of the wedge over a length of several tens of μm. In comparison, the widely employed Vickers or Berkovich indentation studies (Winterstein-Beckmann et al., 2014a, b) produce significantly more complex stress fields and low spatial accuracy in the Raman spectroscopic evaluation of residual imprints (Bruns et al., 2020).
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FIGURE 5. Raman spectroscopic analysis of a residual imprint on a 440 μm silica glass fiber, produced under a normal load of 8.98 N with a wedge with an opening angle of 90° and an effective length of 215 μm. (A) Individual Raman spectra recorded at the rim (red curve; inset: red dot) and at a distance of 15 μm from the center of the imprint (blue curve; inset: blue dot), respectively. The shaded section on the blue curve shows an example of the determination of the spectral center of gravity (COG); COGs are marked with dashed lines. (B) Three-dimensional representation of the COG mapped across an area of 30 μm × 10 μm from the fiber surface (z = 0) and down to a depth of 6 μm.


It is well-established from experiments (Yoshida et al., 2010; Gross, 2012; Mound and Pharr, 2019) and finite element simulation (Bruns et al., 2017, 2020) that sharper tips (pyramidal indenters with lower center-axis-to-face angle) produce higher local stress, thereby reducing the load threshold for indentation cracking in vitreous silica. In order to assess the influence of the opening angle of a wedge-shaped tip on the indentation response of curved glass surfaces, a second wedge indenter with θ = 60° and L = 180 μm was employed for comparison to the 90° wedge. Indents were created with maximum normal loads of up to 1.67 N on the same set of silica glass fibers as with the 90° wedge. While crack-free imprints were received from indentations with Pmax = 8.98 N on a 440 μm silica glass fiber when θ = 90° (Figure 4E), on the same fiber, indentation-induced cracking was noticed already at loads ranging from 25 to 813 mN when using the wedge with θ = 60° (Supplementary Figure S1). Crack initiation was detected not only from post mortem optical inspection, but also reflected in the occurrence of sudden displacement bursts or “pop-ins” in the P-h curves recorded in situ during nanoindentation testing. This phenomenon is shown in Figure 6 on the examples of two individual indentation experiments on a 220 μm silica glass fiber using a wedge-shaped tip with θ = 60°, i.e., for a crack-free indent (Figure 6A, blue curve) and for an indent where pronounced chipping was noticed (Figure 6A, green curve). Optical micrographs of the corresponding residual imprints are provided in Figures 6B,C, respectively. In the absence of cracking, a smooth, parabolic P-h curve was recorded during progressive increase of normal load up to Pmax = 490 mN (Figure 6A, blue curve). Cracking materialized as an abrupt increase of the indenter displacement at almost constant load (in the shown example, this occurred at P ∼ 405 mN, Figure 6A, and green curve). Furthermore, a large number of small serrations was observed in the P-h curve upon unloading (Figure 6A, green curve, and inset).
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FIGURE 6. (A) Representative load-displacement P-h curves as recorded from nanoindentation experiments on a 220 μm silica glass fiber using a wedge-shaped tip with an opening angle of 60° and an effective length of 180 μm. The sudden displacement burst at around 405 mN indicates the onset of fracture (green curve). In this case, multiple serrations occur upon unloading (green curve, inset). Corresponding optical micrographs of residual imprints are provided in (B) for the crack-free indent with a maximum load of 490 mN (blue curve), and (C) for the cracked specimen with a maximum load 405 mN (green curve).


Following these observations, series of up to 25 indentations were created on silica glass fibers with d = 440 μm, 220 μm, and 125 μm, respectively, using the sharper wedge with θ = 60°. The corresponding P-h curves obtained on the 220 μm silica glass fiber are shown in Figure 7A (experimental data recorded for the 440 and 125 μm silica glass fibers are provided as supplementary information in Supplementary Figures S1, S2, respectively). Even under identical experimental (ambient) conditions, there is a strong variability in the loads at which the first pop-in occurred, denoted Ppop–in, as well as in the magnitude of the displacement bursts. For example, on the 220 μm fiber, the first pop-in was observed within a load range of 13–784 mN (Figure 7A). On first view, the magnitude of the displacement bursts seemed to scale with Ppop–in (Figure 7A), where larger pop-ins were found for higher values of Ppop–in. The latter suggests a relation between Ppop–in and the size of the deformed volume. In order to emphasize this argument, the experimental values of P were converted into a representative mean indentation stress σr:
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FIGURE 7. (A) Examples of load-displacement P-h curves recorded from nanoindentation experiments on a 220 μm silica glass fiber using a wedge-shaped tip with an opening angle of 60° and an effective length of 180 μm. (B) Corresponding depth profiles of the representative mean indentation stresses σr. In (B), data are presented up to the occurrence of the first pop-in event.
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Neglecting the effects of sink-in and pile-up, Ap represents the projected contact area of the wedge indenter (Figure 7B and Supplementary Figure S4A),

[image: image]

This approach resolves the apparent scatter in the Ppop–in data: when normalized to the projected contact area, the first pop-in event is observed within a relatively narrow range of representative stress, i.e., within 7–8 GPa (Figure 7B). Further evaluation will require accurate knowledge of the true contact area. In the absence of such knowledge, the above approach is employed for approximation. For low fiber curvature or low indentation depth, Ap is very close to the enveloping cylinder section As (i.e., the cylinder surface section opened by the wedge, see Supplementary Figure S4). The lateral contact area A relative to Ap is constant for any given wedge opening angle, e.g., A/Ap = 2 for θ = 60°.



DISCUSSION

Evaluation of the deformation behavior and fracture processes in glasses by (nano) indentation testing typically relies on rigid, ideally sharp pyramidal Vickers or Berkovich tips penetrating a co-planar, and optically polished glass surface (Taylor, 1949; Rouxel, 2015; Sawamura and Wondraczek, 2018; Cook, 2019). In practice, however, indentation experiments are often performed on rough and slightly tilted surfaces (Xu and Li, 2007). Surface asperity usually leads to low data reproducibility (Kim et al., 2006). A tilted surface would cause a systematic deflection of the load-displacement curves recorded in situ during indentation (Oliver and Pharr, 2004; Wang and Liu, 2019); its effects can be analyzed post mortem on the shape of the residual imprints (Kashani and Madhavan, 2011). Accurate knowledge of the tilt angle allows for data correction in terms of the asymmetric contact between the indenter tip and the tested material (Kashani and Madhavan, 2011; Wang and Liu, 2019). On the other hand, such routines are not applicable to curved glass fiber surfaces, on which the “local tilt angle” continuously changes throughout the indentation experiment. It depends on fiber surface curvature, tip geometry, initial offset between tip position and fiber apex, and indenter displacement. For example, when the indenter tip is aligned optically, with a numerical aperture of 0.25 at an observation wavelength of ∼500 nm, an accuracy of ∼2 μm is achieved in tip positioning. For a fiber with a diameter of 125 μm, such an offset between the tip position and the fiber apex would already correspond to a local tilt angle of ∼3° at the initial point of contact (or ∼10° for a moderate offset of about 7 μm as illustrated in Figure 3A). Wedge-indentation overcomes this issue. Potential misalignments of the wedge indenter with respect to the fiber apex are negligible for as long as a contact between the corners of the wedge indenter and the glass surface is avoided (that is, when the contact length during indentation remains smaller than the effective length of the wedge). Highly symmetric indents were consistently generated on the surface of silica glass fibers of varying diameters throughout this study (Figures 3B, 4E,F). On a side note, crack-free wedge imprints can be used as well-defined, highly reproducible defects for further studies of crack initiation, crack propagation and fracture toughness. Such artificial defects (mimicking naturally occurring surface flaws) are often generated with sharp pyramidal Vickers or Berkovich tips (Dabbs and Lawn, 1985; Donaghy and Dabbs, 1988; Jakus et al., 1988; Lin and Matthewson, 1996; do Nascimento and Lepienski, 2006; Cui et al., 2019). In view of precise tip alignment (Dabbs and Lawn, 1985; do Nascimento and Lepienski, 2006), using wedge-shaped tips appears to be more suitable for such experiments.

A primary feature of wedge-indentation is the unidirectional stress field produced by a wedge indenter and the accompanied homogeneous stress and strain distribution parallel to the wedge axis (Figure 5B). In previous experiments, the structural response of vitreous silica and other glasses to local mechanical contact was almost exclusively studied by post mortem Raman spectroscopic investigation of residual Vickers, Berkovich or cube-corner hardness imprints (Perriot et al., 2006; Winterstein-Beckmann et al., 2014a, b; Bruns et al., 2020). However, such analyses are strongly complicated by local stress amplification near the sharp edges of the pyramidal indenters (Perriot et al., 2006). Even more critical, the limited spatial resolution of the Raman probe leads to signal integration over regions with large property gradients (Bruns et al., 2020). For this reason, indentations with loads well beyond the onset of crack initiation are normally performed to create sufficiently large imprints and minimize the degree of structural averaging (Malchow et al., 2015; Bruns et al., 2020; Gerbig and Michaels, 2020). The presence of cracks is often supposed to be of minor importance for the structural analysis (Kassir-Bodon et al., 2012), but interactions with the Raman probe cannot safely be excluded (Bruns et al., 2020; Gerbig and Michaels, 2020). In order to obtain meaningful, unambiguous vibrational spectroscopic data on the indentation-induced structural changes in glasses, the availability of crack-free, and high-load indentations would be favorable. For example, this was partially realized by operating the (nano) indenter under inert atmospheres (Gross and Tomozawa, 2008). Wedge-indentation provided another option on the same line. Using a wedge-shaped tip with θ = 90° and L = 215 μm, we were able to generate reproducible, highly symmetric indents over a wide range of loads up to Pmax = 8.98 N (Figures 4B–E). Remarkably, the indentations with the highest loads of Pmax = 8.98 N remained crack-free (Figure 4E), even after storing the indented silica glass fibers for a period of 6 months in laboratory air under ambient conditions (supplementary information in Supplementary Figure S3). Aside post mortem structural analysis by vibrational spectroscopy, this feature has been motivating the use of wedge-indentation also for in situ analysis of the indentation-induced structural modifications in vitreous silica by small-angle X-ray scattering (Fuhrmann et al., 2020).

It remains to be explored if the unidirectional stress field produced by a wedge-shaped tip may also facilitate the in-depth analysis of the mechanical properties of anisotropic glasses (Endo et al., 2015). Although glasses are usually referred to as isotropic materials, structural anisotropy can be induced by frozen-in strain, e.g., during fiber drawing (Brückner et al., 1980; Stockhorst and Brückner, 1986; Inaba et al., 2015). The accessible degree of structural anisotropy depends on the molecular structure of the glass network and its propensity to self-organize into a preferential direction when subjected to large stress at temperatures above the glass transition (Inaba et al., 2015; Yang et al., 2017; Inaba et al., 2020). As a hypothesis, glasses with pronounced structural anisotropy respond differently to the unidirectional stress field produced by a wedge indenter as compared to isotropic materials. We may then speculate that variations in the orientation of the wedge indenter with respect to the fiber axis (as exemplarily illustrated in Figures 3B,C) can reveal potential differences in the mechanical behavior of anisotropic glasses.

Using a sharper wedge, surface cracks can be generated (Figure 6C). Such cracks are readily visible in situ as sudden displacement bursts (pop-ins) in the load-displacement curve (Figures 6A, 7A). At first glance, these discontinuities display some similarities to fluctuations in the load-displacement curves which were observed in scratch-induced micro-abrasion on the surface of vitreous silica (Moayedi and Wondraczek, 2017; Sawamura et al., 2018; Sawamura et al., 2019), where material removal was supposed to occur abruptly via chipping (Lee et al., 2018). Indeed, in post mortem optical inspection, chipping also dominates the crack pattern on silica glass fibers indented by a wedge-shaped tip with an opening angle of 60° (Figure 6C). Once chipping occurs, there is a rapid loss of contact between the wedge indenter and the surrounding material, which is compensated by an abrupt increase in the indenter displacement (Figures 6A, 7A). This assumes that the derived crack pattern indeed corresponds to the in situ observations. The fracture process continues during unloading (Figure 6A, inset) and (potentially) sample storage.

A statistical evaluation of the occurrence of the first pop-in is provided in Figure 8 in the form of a Weibull probability distribution of the representative stress at which the first pop-in was observed for variable fiber diameter. We obtain effective (overall) Weibull moduli m of 20, 27, and 53 for fiber diameters of 440, 220, and 125 μm, respectively, whereby all data seem to converge in a high-strength mode with mh ∼ 50, and a low-strength mode with significantly lower ml (broader distribution of chipping events in terms of σr). The latter regime is more pronounced for higher fiber thickness. The obtained values compare to an upper limit in the order of m ∼ 102 for tensile testing of “perfect” (flawless) furnace-drawn silica fiber (d = 110 μm) with a protective polymer coating and a strength in the range of 5.6 GPa (Kurkjian and Paek, 1983), where the scatter in strength data was related to fluctuations in fiber diameter which occurred in the range of 0.4% (<0.5 μm). For higher diameter fluctuation (∼2.6 μm), a modulus of m ∼ 25 was found (Kurkjian and Paek, 1983). As for the present case, although fluctuations in the local fiber diameter between individual indentation sites will affect the estimated values of σr, their presence may not fully explain the actual magnitude of m. Assuming that the absence of a polymer coating has a minor effect for small-volume testing such as applied in the present study, we instead relate the present magnitude of m to the remaining variance in wedge alignment and surface detection, leading to over- or underestimation of the projected contact area. For the Weibull scale (σr at a failure probability of ∼63%), we obtain 7.8, 8.0, and 8.2 GPa for fiber diameters of 440, 220, and 125 μm, respectively. As already noted, these absolute values are strongly dependent on the assumptions made for the contact area.
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FIGURE 8. Statistical analysis of the first pop-in for silica glass fibers with varying diameter d. The representative mean indentation stress σr associated with the occurrence of the first pop-in was taken from Figure 7B and Supplementary Figures S1, S2. Weibull probability data f were determined using median rank approximation (Moayedi and Wondraczek, 2017). Nanoindentation testing was performed using a wedge-shaped tip with an opening angle of 60° and an effective length of 180 μm.




CONCLUSION

In summary, we used sharp wedge-shaped diamond tips with opening angles of 60–90° for testing the surface mechanical behavior of vitreous silica fiber with diameters of 125 to 440 μm. We chose a wedge length, which avoided corner surface contact, thus overcoming some of the limitations of sharp pyramidal indentation. Using a higher opening angle enabled the generation of highly reproducible crack-free imprints with a depth of up to 7 μm and a width of several tens of μm for loads reaching 8.98 N. The residual imprints can be used for accurate post mortem inspection of permanent deformation-induced material modification, e.g., by vibrational spectroscopic methods. With shaper wedge tips, chipping occurred for normal loads in the range of 102 mN. Fracture events were readily visible as sudden displacement bursts in situ during loading. Normalization to the projected contact area enabled a statistical evaluation of the representative stress which led to the first such pop-in. We obtained Weibull moduli depending on fiber diameter, increasing from ∼20 (d = 440 μm) to ∼50 (d = 125 μm), with representative stresses in the range of 8 GPa. The observed magnitude of m is only partially related to fluctuations in fiber diameter. Also the remaining variations in wedge alignment relative to the fiber axis and the accuracy of instrumented surface detection are important factors.
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FIGURE S1 | (A) Selected load-displacement P-h curves as recorded from nanoindentation experiments on a 440 μm silica glass fiber using a wedge-shaped tip with an opening angle of 60° and an effective length of 180 μm. (B) Corresponding depth profiles of the representative stress σr. Data in (B) are limited to the first pop-in event, as the incipient fracture violates the assumptions made for the calculation of the projected area by means of Equation (5).

FIGURE S2 | (A) Selected load-displacement P-h curves as recorded from nanoindentation experiments on a 125 μm silica glass fiber using a wedge-shaped tip with an opening angle of 60° and an effective length of 180 μm. (B) Corresponding depth profiles of the representative stress σr. Data in (B) are limited to the first pop-in event, as the incipient fracture violates the assumptions made for the calculation of the projected area by means of Equation (5).

FIGURE S3 | Optical micrograph of a residual imprint on a 440 μm silica glass fiber afterstorage for a period of six months in laboratory air under ambient conditions. The imprint was createdwith a maximum normal load of 8.98 N usinga wedge-shaped tip with an opening angle of 90° and an effective length of 215 μm.

FIGURE S4 | (A) Schematic visualization of thelateral contact area A, the enveloping cylinder surface section As and the projected contact area Ap during indentation of glass fibers with a wedge-shaped tip. (B) Calculated nominal areas A, As and Ap for indentation with a 60° wedge on a 125 μm fiber as a function of indenter displacement h perpendicular to the fiber axis.
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