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Experimental investigation of the alternate recurrence of quasi-static and dynamic crack propagation in PMMA
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The alternate (stick-slip) cracking phenomenon in Poly(methyl methacrylate) (PMMA) was investigated using high-speed imaging and digital image correlation (DIC). PMMA is known to show a great variety of fracture behaviors by even small changes in loading conditions. With TDCB-shaped samples and under a range of constant extension rates, the phenomenon of alternate cracking is observed. Here, loops of successive quasi-static and dynamic crack propagation are found within a single fracture experiment suggesting a 'forbidden' velocity regime. For the first time, such material/structural cyclic fracture behavior is examined through the lens of linear elastic fracture mechanics (LEFM) by using in-situ High-Speed (HS) DIC. Energy release rates and crack velocities during fracture experiments are derived from full-field measurements using Williams' series expansion. Fracture surfaces of post-mortem samples have been systematically analyzed using optical microscopy. The investigation of the actual limits of the 'forbidden' velocity regime in terms of critical velocity and energy release rate in relation to post-mortem crack length features is achieved by holistic experimental data on alternate cracking. This work provides key experimental data regarding the improved understanding of a unified theoretical framework of crack instabilities.

Introduction

Even the failure of the smallest structural component can be the source of the global collapse of an entire engineering structure with severe consequences. Thus, understanding the mechanisms of failure by studying the formation and propagation of cracks is of utter importance in preventing such damaging events. A crucial parameter in fracture mechanics for experimental investigations of crack propagation is the crack velocity, as they are strongly related to underlying fracture mechanisms. In brittle materials, a wide range of velocities can already be explored by relatively minor variations in loading conditions. Within this span of observable velocities, two independent groups of interest-slow (quasi-static) and fast (dynamic) cracking-are covered in literature.

Without considering impact tests, at very large constant extension rates, cracks typically propagate at very high velocities (about 0.5 times the Rayleigh wave speed) [START_REF] Dally | On the uniqueness of the stress intensity factor -crack velocity relationship[END_REF][START_REF] Miller | Energy dissipation in dynamic fracture of brittle materials[END_REF][START_REF] Scheibert | Brittle-Quasibrittle Transition in Dynamic Fracture: An Energetic Signature[END_REF]. In that case, cracks are considered unstable, which means that no additional load is required to significantly propagate the crack, eventually resulting in total failure of the sample. On the contrary, with a sufficiently slow loading rate, the crack propagates continuously stable with velocities at least two order of magnitude slower [START_REF] Marshall | Temperature effects in the fracture of PMMA[END_REF][START_REF] Beaumont | Failure of brittle polymers by slow crack growth: Part 1 Crack propagation in polymethylmethacrylate and time-to-failure predictions[END_REF][START_REF] Vasudevan | Adaptation of the tapered double cantilever beam test for the measurement of fracture energy and its variations with crack speed[END_REF]. Between these two regimes, the phenomenon of alternate cracking [START_REF] Ravi-Chandar | On the mechanics and mechanisms of crack growth in polymeric materials[END_REF][START_REF] Hattali | Low Velocity Surface Fracture Patterns in Brittle Material: A Newly Evidenced Mechanical Instability[END_REF] is observed for some materials.

Even though the crack is driven by a constant extension rate, the two unique cracking behaviors can be found within one fracture experiment. Between these two propagation types, a range of velocities is suggested that can not be exploited by the crack. This causes a gap between the two well-defined phases of quasi-static and dynamic propagation that is commonly described as 'forbidden' velocity regime. Due to experimental (crack velocity mismatch of about two orders of magnitude) and theoretical considerations (apparent theoretical mismatch regarding the mechanisms), these two regimes have been investigated individually up to now. As a consequence, the 'forbidden' velocity regime has only been approached from both sides without clearly quantifying energies and velocities involved during transitions. The experimental design in this work however allows the investigation of the reoccurring appearance of the two particular crack propagation types during one fracture process in PMMA. Better estimations of the 'forbidden' velocity regime, considering in-process viscous effects (history-dependent), can be accomplished. Thus, to achieve improved velocity measurements through high temporal and moderate spatial resolution, up to date high-speed imaging has been employed. Energy release rate estimations benefit from direct measurements of crack tip positions and linear elastic fracture mechanic (LEFM) parameters through full-field measurements using digital image correlation (DIC) and Williams' series expansion.

The presented work is introduced with a brief description of the theoretical background and existing literature mainly regarding the experimental exploration of alternate cracking. In the following, relevant information related to the experimental program including short technical explanations of DIC and Williams' series expansion is presented. The work is then concluded by discussing the results of multiple TDCB experiments and a summary of the presented study.

Alternate (stick-slip) cracking

Beforehand, different terminologies are found in literature discussing this fracture phenomenon. The most commonly used expression is stick-slip, due to the theoretical proximity with observations during the frictional phenomenon of sliding [START_REF] Feeny | A Historical Review on Dry Friction and Stick-Slip Phenomena[END_REF]. In this study, however, alternate cracking is used to additionally specify and separate between sliding and fracture related observations.

Basic theoretical background

The specific behavior for materials showing alternate cracking is classically described by the kinematic law of brittle fracture in the space of energy release rate (G ) as a function of the crack velocity (v ) in the log-scale (Figure 1). This kinematic law can be subdivided into three regions. Region I depicts a quasistatic propagation phase in which the Griffith criterion [START_REF] Feeny | A Historical Review on Dry Friction and Stick-Slip Phenomena[END_REF] should apply.

However, when varying the crack velocity over decades, it has been observed experimentally that the critical energy release rate actually depends on the crack velocity. Consequently, in this region, the crack speed is driven by its relationship with the critical energy release rate that varies between G c for infinitely low crack speeds and avalanche threshold G a at the transition with region II (A -→ B). Extreme crack tip accelerations take place during the following region II with a supposedly "softening" branch causing the jump from the region I to the dynamic region III (B -→ C). Hereinafter, the crack finds itself in the dynamic region where the generic Kanninen's relationship

(K I D = K I C /(1 -(v /c R ) m ) with the dynamic SIF K I D , static SIF K I C , crack tip velocity v ,
Rayleigh wave speed c R and material constant m) of dynamic fracture [START_REF] Kanninen | Advanced fracture mechanics[END_REF] can be applied, and crack tip speeds are restricted by the dynamic limiting speed of Rayleigh wave speed (c R ). However, during the high-velocity branch (region III), crack tip speeds in alternate cracking slow down after a certain propagation length to a point of arrest. This arrest marks the beginning of the second jump back to the slow velocity branch. For this, authors in existing literature generally propose the crack to follow along the reference points D to A. All this, due to the reiterating behavior, explains the appearance of a hysteresis implying a 'forbidden' velocity zone (between v B and v D ).

A typical example of a fracture surface linked to such cracking is shown in Figure 2.

Here, the two particular surface markings related to quasi-static and dynamic propagating cracks can be observed. notch tip quasi-static quasi-static dynamic Fig. 2: Crack surface recorded with an inclined high resolution camera through the bulk of a transparent PMMA specimen visualizing the two phases of alternate cracking.

Existing literature

While regions I and III are being well defined and investigated independently, insufficient experimental data and few modeling attempts are provided in the literature to fuse the two regions with a proper description of the 'forbidden' region II. In the following, by focusing on the most recent modeling attempt and presented experimental methods, existing literature on alternate cracking will be presented briefly.

Most recently, [START_REF] Vincent-Dospital | How heat controls fracture: the thermodynamics of creeping and avalanching cracks[END_REF] provided a predictive model of the fracturing behavior in PMMA based on the theoretical concept of thermal softening. In this model, the failure process is thermally activated and combined with the dissipation and diffusion of heat in the process zone surrounding the crack tip. Covering the vast range of different crack tip speeds found in PMMA fracturing, their thermodynamic approach showed good compliance with the experimental data of quasi-static and dynamic fracturing experiments. Furthermore, the two well-defined 'stable' regimes were connected by the model through a continuous description of the 'softening' branch. Noteworthily, no experimental data of alternate cracking was considered. Notice, for terminology purpose, that this unified model introduces the concept of sub-critical failure. Indeed, contrary to the discussion made around Figure 1, where velocity domains where classified through a discontinuous transition from classical Griffith theory to Kanninen's type rate dependent relationship, the authors propose that the actual critical energy released rate is reached at high velocity (∼165 m.s -1 ), while initiation and propagation at lower speed is supposedly sub-critical.

To this day, different methods have been used to experimentally investigate the phenomenon of alternate cracking. In the work of [START_REF] Ravi-Chandar | On the mechanics and mechanisms of crack growth in polymeric materials[END_REF], PMMA and Homalite-100 fracturing of single-edge-notched (SEN) and compact tension (CT) specimens were investigated by focusing on the temporal evolution of the stress intensity factor. Stress intensity factor (SIF) data has been obtained through the method of caustics [START_REF] Beinert | Experimental determination of dynamic stress intensity factors by shadow patterns[END_REF]) using a camera system at 12 kfps over a duration of one minute. Crack length and K I measurements were retrieved during quasi-static propagation phases of alternate cracking experiments, while the experimental setup did not support dynamic phase measurements. [START_REF] Hattali | Low Velocity Surface Fracture Patterns in Brittle Material: A Newly Evidenced Mechanical Instability[END_REF] investigated the phenomenon in PMMA, by focusing on crack tip speeds and fracture surfaces, using a high-resolution camera (maximal temporal and spatial resolution of 396 fps and 21 Mpix, respectively) and an in-house image processing tool. The system setup only allowed for the investigation of quasi-static crack propagation phases. Thus, only the lower limit of the 'forbidden' velocity regime, i.e. v a , was investigated and found to be 3.5 cm.s -1 and 4.0 cm.s -1 for the two observed dynamic bursts, respectively. However, with an interframe of approx. 2.5 ms, it has to be expected that phase transitional velocities were not captured accurately. [START_REF] Vasudevan | Deciphering triangular fracture patterns in PMMA : how crack fragments in mixed mode loading[END_REF] contributed an in-depth investigation of cracking in PMMA, dedicating a chapter of his PhD manuscript to the transition phase from dynamic to quasistatic propagations. During the experiments, load cell and clip gauge have been used

to obtain force and displacement data, respectively. Crack tip positions have been obtained by using a high-speed camera system (temporal and spatial resolution of 48 kfps and ∼ 175 kpix, respectively) and a home-made algorithm. By combining these results, SIF and thereby fracture energies have been derived through a numerical (FE) based compliance chart relying on load and displacement data. However, difficulties in this setup arise in the high-velocity regime, where the accuracy for load and displacement measurements can not be assured. Furthermore, the chosen sample geometry had the unique purpose of studying dynamic to quasi-static crack propagation transitions. TDCB specimens with the notch being blunted by a circular hole allow for the initiation of a dynamically propagating crack while using low tensile extension rates (∼ 2.5 µm.s -1 ). Here, with respect to the theoretical concept of fracture in PMMA (Figure 1), the crack finds its way back to the master curve far below the value of v a by following the path D-→A, which can be explained by the relatively low extension rate. After the arrival of the initiated dynamic crack, by assuming an infinite sample length, the crack would have propagated entirely quasi-static in the wake. Hence, the presented experiments are a matter of quasi-static experiments introduced by dynamic crack propagation.

Under the scope of providing a model of the fracturing behavior in PMMA, [START_REF] Vincent-Dospital | How heat controls fracture: the thermodynamics of creeping and avalanching cracks[END_REF] performed wedge-splitting fracture experiments on PMMA samples over a wide range of quasi-static driving speeds (1.6 µm.s -1 to 1.2 mm.s -1 ). Force data were monitored in real-time by the load cell, while the propagating crack was followed by a high-resolution camera. In this case, for quasi-static propagation measurements, the temporal resolution of 10 fps provided crack length and subsequently velocity measurements by post-treating the images with the in-house crack tip detection algorithm. On the other hand, fast crack propagations were detected, through an oscilloscope, by the successive rupture of parallel 500 µm large chromium or gold lines on the surface. Numerical charts based on FE analysis supported the determination of mode I related stress intensity factor K I . Energy release rates then were retrieved under plane stress assumption.

In summary, literature shows that the investigation of region II has been conducted by experimental procedures only suitable for either of the two other enclosing regions. Crack-speeds are usually obtained from camera systems (either high-speed or high-resolution) and tracking algorithms. K I and subsequently energy release rates are mostly obtained from numerical compliance methods or analytical charts, which are limited due to low accuracies in high loading rate cases. Note that region II is classically referred to as 'forbidden' velocity regime, but the model proposed in [START_REF] Vincent-Dospital | How heat controls fracture: the thermodynamics of creeping and avalanching cracks[END_REF] suggest that it could be reached if the simulation or the experiment can be conducted by controlling the crack speeds. However, this is impossible to achieve neither numerically nor experimentally, with the energy release rate being governed by the applied load as the controlled parameter. Beyond the methodological contribution of investigating alternate cracking through high-speed DIC, we address in the following the experimental investigation of alternate cracking by focusing systematically on crack velocities, SIFs and their relation to the fracture surface. Like this, transitions from dynamic to quasi-static and quasi-static to dynamic can be studied. Hence, we propose a compromised experimental configuration, based on high-speed fullfield measurements (DIC), and on asymptotic solutions of kinematic fields to get not only FE independent and chart-free estimations of the SIFs, but also sub-pixel estimations of crack tip positions. Additionally, the contribution of this study can be summed by the attempt of providing experimental data for an improved estimation of the hysteretic fracturing behavior described by the loop following path B, C, D and A' in Figure 1.

Experimental program

Experiments have been performed during two independent experimental campaigns, called M1 and M2. Setup, material and loading conditions have been kept consistent, while using different sample thicknesses. 5 mm and 8 mm thick plates have been used

for the specimen preparation of the M1 and M2 campaign, respectively.

Material and geometry of the specimen

In this study, alternate cracking, specific to Poly(methyl methacrylate) (PMMA) (Ravi-Chandar and Yang, 1997), as well as polyesters [START_REF] Leevers | Crack front shape effects on propagation stability in thermosetting polyesters[END_REF], epoxy resins [START_REF] Yamini | Stability of crack propagation in epoxy resins[END_REF], rubber [START_REF] Isherwood | Some observations on the tearing of ductile materials[END_REF] and polymeric adhesives [START_REF] Maugis | Stick-Slip and Peeling of Adhesive Tapes[END_REF], is investigated. Due to its ideal brittle behavior and the presence of different cracking behaviors at varying loading conditions, PMMA is a material of great interest in fracture mechanics research and an ideal model material for this investigation. Here, molded PMMA (Perspex® and Plexiglas® for M1 and M2 campaign, respectively) was the material of choice. For details on material properties and its mechanical behavior, the authors refer to [START_REF] Ali | A Review of the Properties and Applications of Poly (Methyl Methacrylate) (PMMA)[END_REF]. The tapered double-cantilever beam (TDCB) shape was chosen to have a constant specimen compliance w.r.t. the crack length and ensure stable crack propagation. The samples were obtained by using a class 4 laser cutting machine (130 W). Notice that pin holes have been manually drilled to avoid laser beam (conical shape) related clearance angles (∼1.5°), which would induce transverse load, i.e. potential sample bending. The detailed sample geometry can be found in Figure 3.

Notice that caution is required regarding sample preparation for achieving good repeatability. Indeed, PMMA fracture behavior is very sensitive to temperature (Atkins et al., 1975a,b), but also to any significant interaction with organic solvents [START_REF] Wang | Ethanol-induced crack healing in poly(methyl methacrylate)[END_REF]. In that context, ethanol (eventually used for surface cleaning) should be avoided, and solvent free paints should be preferred for DIC patterning of the sample surface. Table 1: Second loading stage extension rates applied during the experiments.

Extension rate

[mm.s -1 ] Test 1.0 M1-T2, M2-T15, M2-T19 0.5 M1-T3, M1-T6

Loading and test configuration

All experiments were performed using an Instron all electric dynamic and fatigue testing system (ElectroPuls E10000) with a load cell of 1 kN maximum loading capacity in a temperature controlled (21 °C) room. Beforehand, preliminary experiments were conducted to identify the alternate cracking domain within the experimental environment.

With respect to the used material and geometry, solely quasi-static propagation has consistently been found below extension rates of 0.1 mm.s -1 . First dynamic bursts have been observed between 0.1 mm.s -1 and 0.5 mm.s -1 with strong variability from one test to another. Following this domain of inconsistency, alternate cracking was systematically determined in a repeatable manner (Figure 2). Entirely dynamic cracks have been found for extension rates above 20 mm.s -1 . Extension rates close to the lower end of the identified alternate cracking domain have been used to provoke higher repetition of crack arrests while maintaining reasonable quasi-static lengths. Additionally, to achieve an experimental consistency of the crack line by avoiding influences of the notch tip on the subsequent cracking and the point of initiation for different cracking experiments, a two stages loading procedure was established:

1. Controlled quasi-static crack propagation. During this stage a relatively slow extension rate of 0.01 mm.s -1 was imposed. Stage change has been executed by the help of the Static Break Detector option within the Instron WaveMatrix software (Figure 4). The tool is designed to trigger a user-selected action when the monitored signal falls below or rises above a pre-defined value (event value). 25 N was selected for the event value, which generally led to slow propagating cracks of about 5-10 mm.

Alternate crack propagation.

A second loading stage was introduced to release the alternate crack propagation from this fresh pre-crack. During this stage, the extension rates being used during the different experiments are shown in Table 1. 2.

Event value

Fracture parameters by DIC

The foundation for retrieving the sought-after fracture mechanics variables is found in DIC by providing full-field displacement measurements from sequential images. By following the principle of conservation of brightness between a reference ( f ) and a deformed image (g ), i.e. the equation of optical flow, DIC presents an ill-posed non-linear 

f (X ) = g (X + u (X )) (1)
with u (X ) being the sought displacement field. To bypass this ill-posed problem, the pixel displacement has to be parameterized using shape functions. Here, FE discretization has been used [START_REF] Besnard | Finite-Element" Displacement Fields Analysis from Digital Images: Application to Portevin-Le Châtelier Bands[END_REF]. Eventually, the problem can be linearized and solved iteratively in a least-squares sense. A median regularization is used to mitigate detrimental impact of noise and smaller elements. By post-treating the displacement field, variables relevant for fracture mechanics analysis (e.g. SIFs and crack tip positions) were derived through Williams' series expansion. Traditionally, in the case of a semi infinite linear elastic isotropic media, stress and displacement fields around the crack tip depend on SIF, the distance to the crack tip (r ) and the angle (θ ) in a polar reference system attached to the crack tip [START_REF] Williams | On the Stress Distribution at the Base of a Stationary Crack[END_REF]. Thus, by knowing the displacement field through DIC and projecting it onto the analytical solution, different fracture mechanics parameters can be derived through a non-linear inverse problem [START_REF] Roux | Stress intensity factor measurements from digital image correlation: post-processing and integrated approaches[END_REF][START_REF] Réthoré | Automatic crack tip detection and stress intensity factors estimation of curved cracks from digital images: Automatic crack tip detection and SIF estimation of curved cracks[END_REF][START_REF] Roux-Langlois | DIC identification and X-FEM simulation of fatigue crack growth based on the Williams' series[END_REF]. The displacement field around the crack tip is written as following:

u (r, θ ) = i =I ,I I ∞ n=-∞ A n i r n/2 g n i (θ ) (2) 
with the distance to the crack tip r , the angle θ in a polar reference system attached to the crack tip, Williams' coefficients A and base function g . The base function g n i (θ ) has the following form:

g n I (θ ) = 1 2µ (κ + n /2 + (-1) n )c o s [(n /2)θ ] -(n/2)c o s [(n /2 -2)θ ] (κ -n /2 -(-1) n )s i n[(n /2)θ ] + (n/2)s i n[(n /2 -2)θ ] (e t ,e n )
(3)

g n I I (θ ) = 1 2µ -(κ + n /2 -(-1) n )s i n[(n /2)θ ] + (n/2)s i n[(n /2 -2)θ ] (κ -n/2 -(-1) n )c o s [(n /2)θ ] + (n /2)c o s [(n/2 -2)θ ] (e t ,e n ) (4) 
with µ and κ being the shear modulus and the Kolossov's constant, respectively.

Kolossov's constant under plane stress is κ = (3 -ν)/(1 + ν) with ν being the Poisson's ratio.

Equation 2 states, that displacements can be computed for an infinite sum of modes. However, limiting the solution to n mi n = -3 and n m a x = 7 is sufficient to retain the relevant crack features. For quasi-brittle medium, good agreement of the mechanical fields can be established outside the process zone of the crack for the following Williams' series coefficient (A n i ) solutions: Notice that the projection zone is defined by R m i n and R m a x . On the one hand, the asymptotic behaviour near the crack tip of the fields computed by the super-singular terms (n <0) do not provide any physical meaning and are therefore classically neglected. However, when the crack tip position is sought, these super-singular functions appear in the required basis (n=-1 being, up to a scaling factor, the derivative of n =1

with respect to the assumed crack tip position). To not induce biases due to truncation, terms for n down to -3 are considered. Hence, data at a distance to the crack tip smaller than R mi n are discarded to maintain reasonable conditioning of the least-squares problem. On the other hand, R ma x -defining the projection zone size externally -has to be small enough to avoid influences of the free boundary, but large enough to still include a sufficient amount of mesh points in the domain. The right size of projection zone, i.e.

defining R mi n and R ma x (see Table 3), has been identified through a parametric study.

Furthermore, by using a pre-defined crack path, the super-singular term n = -1 is used to estimate the position to the equivalent elastic crack tip along this path [START_REF] Réthoré | Optimal and noise-robust extraction of Fracture Mechanics parameters from kinematic measurements[END_REF]. In the context of the study, relevant coefficients of the solution imply n = -1 and n = 1, i.e. crack tip detection and SIFs. It is worthwhile mentioning, that the quasi-static form (not in function of the velocity) of the displacement field around the crack tip is used in line with previous works showing that marginal errors can be assumed for velocities below 0.5c R [START_REF] Lee | Quasi-static and dynamic fracture of graphite/epoxy composites: An optical study of loading-rate effects[END_REF]. Eventually, the outcome is used to derive crack velocities and energy release rates. The second, under the assumption of plane stress, has been computed through Equation 5.

G = K 1 2 /E (5)
with K 1 and E being the SIF related to mode I and Young's Modulus, respectively.

DIC and Williams' series projection results have been obtained entirely by accessing the library of the open-source software UFreckles (Réthoré, 2018). All relevant parameters for the two procedures are listed in Table 3.

Post-processing and method synchronization

To get derivatives such as the crack velocity, raw crack tip measurements had to be filtered accordingly. The need for high speed imaging to obtain sufficient amount of data points during dynamic crack propagation led to comparable huge sets of data for the quasi-static propagation phases. With a difference of tens (dynamic) to thousands (quasi-static) of data points between the two regimes, the data set had to be separated Fourier transform (FFT) approach. The uncertainty of the 'pix2m' value has been evaluated to be about σ p i x 2m = 1.12 ×10 -3 pix as the FFT sampling was chosen to be the horizontal pixel size of the image (896 pix). First approximation of the crack tip localization uncertainty (σ T (a )) can be evaluated through the following equation:

σ T (a ) = a × σ p i x 2m + σ n o t c h × p i x 2m (6)
with a being the crack length at any position of interest. A maximal error of approx.

160 µm and 140 µm have to be expected for the considered field of view (FOV) for experiments related to campaign M1 and M2, respectively.

Results

PMMA samples were subjected to the above described loading condition (see Chapter 3.2) and followed by a high-speed camera system. About 40,000 successive images over a duration of one second were obtained for each experiment. The images were used for DIC analysis and subsequently for the retrieving of fracture mechanic parameters. 3.

of the temporal evolution of the normalized crack length. This is defined by the crack length relative to the length of the samples (63mm from notch tip to sample boundary). For sake of clarity, two experiments will be prioritized for the continuation of the discussion. For this, M1-T2 and M2-T15 have been selected as representatives of the two experimental campaigns as the tests with the most quasi-static rest repetitions within their experimental campaign.

Velocities

To further differentiate among the crack propagation types observed during alternate cracking, crack speeds have been derived from the crack length. are observed during quasi-static and dynamic crack propagations, respectively. Average dynamic crack speeds around ∼14 m.s -1 would portray a divergent observation from the literature [START_REF] Hattali | Low Velocity Surface Fracture Patterns in Brittle Material: A Newly Evidenced Mechanical Instability[END_REF][START_REF] Vasudevan | Deciphering triangular fracture patterns in PMMA : how crack fragments in mixed mode loading[END_REF] documented dynamic crack speed measurements during similar experiments. However, by taking the fracture surface into consideration, one can see tiny rest bands (see Figure 9) appearing within the flat parts of some dynamic bursts. The specific surface pattern is regularly found during transition from dynamic to quasi-static phases (see Detail 2 and Detail 3 in Figure 9). Thus, the rest bands suggest small pauses of the crack, too short to be visible in the recordings (interframe of 25 µs) but long enough to significantly influence the crack speed measurements during these dynamic phases considering the frame rate of 40 kfps. The appearance of rest bands can be interpreted as intermittent behavior of dynamic cracks. The amount of rest band appearances during the different dynamic bursts for all considered experiments are listed in Table 4. Associated to this Table , Figure 10 provides a relation between crack speeds and their corresponding propagating length. Here, cracking phases with biased velocity measurements are marked in red. Globally, two groups of propagation phases can be observed in the figure. Cracks with rest bands fall all within the lower velocity range, while the others are found above. It appears that the limit average velocity separating these two can be allocated at approx. 60 m.s -1 . Indeed, with sufficient temporal resolution to capture velocity variations during dynamic propagation, rest band deceleration's could have been singled out. This would most certainly cause the upwards shift in average velocity during these phases with the option of excluding rest bands. However, by taking all bursts into consideration, a relation of increasing average velocity with increasing burst length can be assumed. A specific case is found during the first dynamic burst of M2-T15. The particular surface roughening is observed, even though no rest band is entirely formed. Nevertheless, crack deceleration influencing the velocity measurement have to be expected. Thus, this burst will be considered as biased and included to the rest band effected bursts. With an average velocity of ∼60 m.s -1 , the dynamic burst seems to be at the velocity threshold for the formation given by the numbers next to the data points. Red colored numbers indicate the appearance of at least one rest-band during this particular dynamic burst, while the error bars give the variation (std) of the velocities for each dynamic phase.

Test DYN-burst 1 2 3 4 M1-T2 0 0 2 2 M1-T3 1 0 3 - M1-T6 0 2 - - M2-T15 1 * 0 - - M2-T19 0 0 - -
Table 4: Amount of rest band appearances during the dynamic bursts. ( * ) means specific roughening of the surface observed, which implies the early formation of a rest band that is yet not fully evolved. However, biased velocity measurements still have to be expected. to quasi-static with Wallner lines (Wallner, H., 1939;[START_REF] Bonamy | Interaction of Shear Waves and Propagating Cracks[END_REF] (Detail 3 in Figure 9) and the occurrence of conical marks related to micro-crack formations ahead of the main crack during the quasi-static to dynamic transition phases (Detail 1 in Figure 9) [START_REF] Ravi-Chandar | On the mechanics and mechanisms of crack growth in polymeric materials[END_REF]. These conical surface marks are only found in the really beginning of the dynamic bursts suggesting, from [START_REF] Guerra | Understanding fast macroscale fracture from microcrack post mortem patterns[END_REF], crack speeds above ∼165 m.s -1 . Highest velocities can thereby be expected in the beginning of dynamic bursts. the velocity increasingly converges towards a stable crack tip speed before the sudden jump into the dynamic region. Linking the observations to the fracture surface, the formation of triangular surface patterns (see Detail 3 in Figure 9 for zoomed view on an example surface) seems to be related to the first phase, while the stable second phase can be linked to the continuation of the newly formed wavy fracture pattern. Overall, similar trends are found in the quasi-static rest obtained from the M2-T15 experiments (Figure 12 (b)). K I increases with decreasing crack speeds during the formation of the triangular crack pattern, while both stabilize in the continuation of the wavy pattern.

In detail, K I values increase during the first phase from ∼ 1.1 MPa m to ∼ 1.4 MPa m (∼ 16 mm to ∼ 15 mm), while decreasing again until 22 mm to around ∼ 1.3 MPa m with stronger oscillations. However, until ∼ 22.5 mm, a sudden increase back to 1.4 MPa m is observed, followed by a phase of continuity before the crack starts to propagate dynamically again at ∼ 23.7 mm.

When focusing on the fracture surface at the beginning of the quasi-static phase, both specimens show the particular roughening and the appearance of Wallner lines.

According to velocity measurements, this area seems to be the result of an intense deceleration zone. Here, a variable e is used to depict the distance of the end of this particular rough pattern and the first appearance of a Wallner line. A relationship of this distance while the crack speed continues to decrease from 5 cm.s -1 to 3 cm.s -1 . After this, while G continues to grow (∼375 J.m -2 to ∼420 J.m -2 ), v finds itself increasing from the low To conclude the results of this study, all experimental data (excluding phases with biased velocity measurements) is presented in the same (v ,G ) space (Figure 15). Additionally, an entirely quasi-static experiment, that has been subjected to an extension rate (0.07 mm.s -1 ) close to the threshold of the observed appearance of alternate cracking, was added. To place the experimental results into the context of the literature, experimental data points from [START_REF] Vincent-Dospital | How heat controls fracture: the thermodynamics of creeping and avalanching cracks[END_REF] and [START_REF] Scheibert | Brittle-Quasibrittle Transition in Dynamic Fracture: An Energetic Signature[END_REF] (quantitatively extracted using online software [START_REF] Rohatgi | Webplotdigitizer: Version 4[END_REF]) were furthermore included. While our entirely quasi-static experiment seems to align well with the quasistatic experiments conducted in [START_REF] Vincent-Dospital | How heat controls fracture: the thermodynamics of creeping and avalanching cracks[END_REF], alternate cracking results do seem to add the missing experimental data to adequately cover the transition between quasi-static and dynamic crack propagation in the full spectrum of PMMA fracturing. Starting with the dynamic branch, experimental data points found in this study fit well the trend of existing literature. However, the last value of G (before jumping to the quasi-static phase) is systematically found below any G value of the quasi-static regime, and therefore below the expected value of G c . In detail, velocity measurements and energy release rates introducing the jump from dynamic to quasi-static propagation are found to be 236±40 J.m -2 and 67±31 m.s -1 , respectively. During quasistatic phases, with velocities reaching a function of the macroscopic loading rate after the decelerating phase, the crack grows at almost constant speed. Observed variations during quasi-static propagation can be explained partly by physical and partly by postdynamic effects. Avalanche values for energy release rate and velocity marking the beginning of the 'forbidden' region II are found to be 497±92 J.m -2 and 0.19±0.15 m.s -1 , respectively. Taking both sides into consideration, region II, i.e. 'forbidden' velocity regime, is thereby found to be more narrow than presented in literature. Nevertheless, a brutal switch is seen from the rate dependent dynamic branch to the quasi-static regime with only, as transition, the deceleration distance e .

General variations in the energy release rate are found to be in line with the literature. In the quasi-static regime, the material strength increases with increasing strain rates due to the viscosity of PMMA. The resulting increase of G in the quasi-static regime is supported by the experimental data of Vincent-Dospital et al. [START_REF] Vincent-Dospital | How heat controls fracture: the thermodynamics of creeping and avalanching cracks[END_REF]. The increase in the energy release rate in the dynamic regime can be explained by the increase of the process zone around the crack tip, which is in line with Kanninen's theory [START_REF] Kanninen | Advanced fracture mechanics[END_REF]. However, differing energy release rates for dynamic crack initiation and arrest -where the SIF at dynamic crack initiation K 1D i n i has been found to be higher than at dynamic crack arrest K 1D a -have also been discussed in Grégoire et al. [START_REF] Grégoire | New experimental and numerical techniques to study the arrest and the restart of a crack under impact in transparent materials[END_REF]. Furthermore, influences on the fracture surface of the variations of the dynamic crack propagation and the increase of surface roughness due to the appearance of micro-cracking have also been discussed in the literature [START_REF] Ravi-Chandar | On the mechanics and mechanisms of crack growth in polymeric materials[END_REF][START_REF] Grégoire | Initiation, propagation, arrêt et redémarrage de fissures sous impact[END_REF][START_REF] Dalmas | Damage mechanisms in the dynamic fracture of nominally brittle polymers[END_REF]. This is in line with the presented observations, where conical shapes on the fracture surface (micro-cracking) are found at the beginning of the dynamic propagation (Figure 9, detail 1) with high levels of G . At the same time, they vanish as G decreases to the point of dynamic crack propagation arrest.

Conclusions and perspectives

For this study, alternate cracking in PMMA has been observed by high-speed imaging and investigated with the help of DIC and post-mortem analysis. Quasi-static and dynamic crack propagations linked to this specific fracture phenomenon have been investigated by a compromised experimental setup. The setup however allowed for the investigation of the two cracking types within one fracture process. Velocity and SIF measurements obtained through DIC and Williams' series expansion have been tied

to microscopic images to highlight the regime-dependent behavior of alternate cracking. By doing so, it was possible to find relationships through the synchronization of experimental devices. Main observations with potential perspectives can be summed as following:

-'Forbidden' velocity regime. The in literature described 'forbidden' velocity regime was not approached from two sides, but studied through holistic alternate cracking experiments with high-speed imaging. Here, the 'forbidden' regime has been identified by quasi-static and dynamic velocity threshold measurements of ∼36 cm.s -1

and ∼ 36 m.s -1 , respectively. Notice that the limit values stem from the lowest/highest measured velocity of all observed phases. -Relationship of mean dynamic velocity with burst length. Dynamic crack speeds and their burst lengths have been registered and used to establish a relationship. By doing so, it was shown that higher velocities result in longer dynamic bursts.

-Observation of rest bands. In line with the previous point, probably for dynamic propagation phases containing lower levels of energy, dynamic bursts show an intermittent behavior with extremely small rest bands. An average velocity threshold for the potential occurrence of rest bands has been identified at ∼60 m.s -1 .

Perspective: Higher temporal sampling would allow for the identification of rest band decelerations influencing the average dynamic velocity measurements and thereby the exploration of the intermittent behavior of dynamic bursts itself.

-Deceleration phase occurring during transition of dynamic to quasi-static propagation. The influence of dynamically propagating cracks arriving at quasi-static phase on the fracture surface led to the definition of a critical deceleration distance between the two phases. Here, an almost linear trend is found between mean crack tip speeds of the dynamic burst and the specific deceleration distance. It is found between 115 and 615 µm for mean velocities ranging from 78 to 106 m.s -1 . It points to the fact that the crack tip undergoes a deceleration of about 10 7 m.s -2 .

Perspective: The observed extreme accelerations/decelerations potentially induce elastic waves that could be measured with Acoustic Emission (AE) devices. In that context, recent developments in Ultra High Speed (UHS) imaging techniques (temporal resolutions in the order of Mfps [START_REF] Vinel | Metrological assessment of multi-sensor camera technology for spatially-resolved ultra-high-speed imaging of transient high strain-rate deformation processes[END_REF]) would allow for a detailed investigation of the acceleration/deceleration phases and help visualizing crack induced waves propagation.

-Particular surface markings. Two particular PMMA-related fracture surface patterns, Wallner lines and nucleation phases, have been observed. The second one, only appearing at the beginning of the dynamic bursts, suggests crack speed phases beyond the velocities measured during the experiments. This can be explained by the limits of the chosen interframe.

Perspective: Again, by stretching the limits of the interframe and reaching higher samplings during dynamic propagation, velocity variations could be explored. Surface markings of the nucleation phase, suggesting highest crack tip speeds in the beginning of dynamic bursts, could thereby be confirmed.

- 

Fig. 1 :

 1 Fig. 1: Kinetic law (G c -log v curve) for materials showing alternate cracking (stick-slip) behavior.

ØFig. 3 :

 3 Fig. 3: Sample geometry [mm].

Fig. 5 :

 5 Fig. 4: Example of stage change method (Static Crack Detection).

  and post-filtered by different kernel sizes. The post-filtering has been performed by using a Savitzky Golay filter with a second order polynomial. Depending on the regime affiliation, a filtering window size of 7.275 ms (291 frames) or 75 µs (3 frames) has been applied for quasi-static and dynamic regimes, respectively. The relatively strong and rather insignificant kernel size for, respectively, the quasi-static and dynamic phases deemed to be fitting to not drastically influence crack speed evolution in the quasi-static parts or decrease the accuracy of the dynamic phase measurements.To investigate crack kinetics, not only high-speed recordings but also post-mortem high resolution microscopy was performed. Therefore, the comparison of data obtained by techniques with different spatial resolutions are in need of harmonization. Here, as the notch tip can easily be identified in DIC and microscopic images, it served as common point of reference. By doing so, DIC obtained crack tip positions were tied to postmortem microscopic images. The most dominant error sources related to the process of spatial matching are the manual selection of the notch position (σ n o t c h ) and the pixel to meter conversion ('pix2m') uncertainty (σ p i x 2m ). Due to camera resolution, used lens and clearance angle of the sample cut, the uncertainty on the notch tip localization has been evaluated to be about σ no t c h = 1.5 pix. Pixel to meter conversion values have been identified by analysing ruler images taken before each test, with the help of the Fast

FiveFig. 6 :

 6 Fig. 6: Entire displacement field in y-direction [mm] and its corresponding Williams' series projection [mm] on the process zone surrounding the crack-tip (defined by R m i n and R ma x ) of the first ((a) and (c)) and last recorded image ((b) and (d)) for experiment M2-T15. The used Williams' series parameters are listed in Table3.

  Furthermore, stable first stage crack propagations have been taken into consideration for the presentation of the normalized crack length. This causes each experiment to start from its own individual pre-crack length.Each crack length evolution is showing a similar global behavior. After the pre-crack, almost horizontal lines describe the first quasi-static propagation of the crack. Following vertical jumps indicate the dynamic cracking. The combination of the two regimes is what is referred to as alternate cracking of the sample. This is depicted by the repeating occurrence of vertical jumps surrounded by quasi-static phases. 4, 3, 2, 2 and 2 vertical lines, i.e. dynamically propagating cracks, are observed for tests M1-T2, M1-T3, M1-T6, M2-T15 and M2-T19, respectively. The frame rate chosen for this investigation leads to dynamic crack propagation phases being sampled by 4 to 7 images depending on their propagation length. It will allow to have good estimations of the mean velocity, while not being sufficient to accurately probe potential speed variations. Oscillations in the crack length of the quasi-static rest phases appear always closely following the dynamic bursts. These fluctuations can be explained by system vibrations due to history-dependent effects induced by brutal, instantaneous dynamic bursts. It leads to oscillations of the crack lips (opening and closing) causing the crack tip detection to record backwards moving cracks. Furthermore, as they become more prominent when the crack approaches the free end of the sample, the vanishing resistivity of the entire sample seems to have an enhancing effect on the phenomenon.

  Fig. 7: Normalized crack length (1.0 = 63 mm) as a function of recording time [s] for all five experiments.

Fig. 8 :

 8 Fig. 8: Crack tip speed (v) [m.s -1 ] as a function of the normalized crack length (a) [mm].Black bars present the phase-dependent mean velocity [m.s -1 ], while their value is presented as numbers next to the bar with its standard deviation (std).

Fig. 9 :

 9 Fig. 9: Example fracture surface showing different particular surface observations. Detail 1, 2 and 3 are showing nucleation phase, rest band and the dynamic to quasi-static deceleration phase with the appearance of Wallner lines, respectively.

Fig. 11 :

 11 Fig. 11: Velocity [m.s -1 ] as a function of the normalized crack length [mm] for all conducted experiments.

  K I and velocity measurements underline this dependency. With severe differences (around two orders of magnitude) in velocities separating the two types of crack propagation, K I is globally showing a decrease as the crack propagates dynamically and a recovering increase as it rests during the quasistatic phases. As longer lasting quasi-static propagations are present (see Figure 12(b)), K I and v find itself oscillating around a constant value. Special interest is given in the following to the transition phase dynamic to quasistatic propagation related to the first quasi-static rest of the two experiments. During the quasi-static rest of the M1-T2 experiment (Figure 12 (a)), K I consists out of two phases: Increasing from ∼ 0.9 MPa m to ∼ 1.2 MPa m (∼ 27 mm to ∼ 27.6 mm), while stabilizing around ∼ 1.2 MPa m (∼ 27.6 mm to ∼ 28.4 mm) before the occurrence of the following dynamic burst. By relating these observations to the measured velocities, one can notice a drop in crack tip speed when K I has a sudden change and an overall decrease of crack speed during this first phase. During the second stable K I phase,

e

  (Figure 13(b)) with the mean crack tip speed of the preceding dynamic phase is established in Figure13(a) for the quasi-static rests of all conducted experiments. Red color numbers again indicate the presence of rest bands falsifying the velocity measurement of this particular dynamic burst. Hence, if dynamic bursts with rest band occurrences are neglected, a trend with a growing relationship of dynamic velocity and distance e can be suggested. While first Wallner lines seem to appear after 193±78 µm for mean dynamic crack speeds of 85±5 m.s -1 , they first appear after 490±125 µm for mean crack tip speeds above 100 m.s -1 . It seems to show that depending on the velocity, a critical distance is required (with almost linear trend) to reach quasi-static propagations.4.3 Energy release rateEnergy release rates have been computed from K I to reproduce the kinetic law of materials showing alternate cracking (Section 2.1). Again, a detailed presentation of the hysteresis will only be presented for two tests (here, M1-T2 and M2-T19). For clearer visualization, only the crack propagation phases directly associated with the alternate cracking are presented. This means, only the phases surrounded by dynamic bursts are taken into consideration with the hysteresis always starting with the first dynamic burst.In each of the two sub figures, presented in Figure14, two related graphs are found: the temporal evolution of the crack length (a (t )) and the energy release rate as a function of the crack tip speed (G (v )). Each individual phase of cracking is colored concordant over the two plots. Also, triangular and square markers indicate the beginning or the end of a phase, respectively.Let us first look at test M1-T2 (Figure14(a)). The hysteretic behavior of the fracturing is here introduced by a first dynamic burst (light blue) following the theoretical corner points C to D. During this propagation phase, the energy release rate drops from ∼520 J.m -2 to ∼195 J.m -2 , while the crack speed undergoes an increasing, stabilizing and decreasing phase with velocities around 85 m.s -1 , 120 m.s -1 and 70 m.s -1 , respectively. Subsequently, no data points are acquired until the first points in the quasi-static region, indicating the first jump between the two accessible regions. By arriving at the first quasi-static propagation phase (dark blue), G rises from ∼240 J.m -2 to ∼375 J.m -2 ,

Fig. 12 :

 12 Fig. 12: Velocity [m.s -1 ] and K I [MPa m ] as a function of crack length [mm] in face with the microscopic image of the fracture surface for the experiments: (a) M1-T2 and (b) M2-T15. A spatial matching error between DIC and microscope measurements of ∼160 µm and ∼140 µm has to be considered for M1-T2 and M2-T15, respectively.

Fig. 14 :

 14 Fig.14: Energy release rate (G ) [J.m -2 ] as a function of velocity (v ) [m.s -1 ] for the alternate cracking phases with its corresponding temporal evolution of the crack for: (a) M1-T2 and (b) M2-T19. Reference to the phases of the theoretical kinematic law (see Figure1) are added for better comprehension.

Fig. 15 :

 15 Fig. 15: Energy release rate (G ) [J.m -2 ] as a function of velocity (v ) [m.s -1 ] for the alternate cracking and one entirely quasi-static experiment.

  Improved sampling of the kinematic law of PMMA fracturing in vicinity of instability. Kinematic law for fracturing in PMMA was established by supplementing the results of this work with experimental data from existing literature. Here, experimental data of the interaction of reoccurring dynamic and quasi-static phases during alternate cracking experiments was provided. For the first time, direct velocity and SIF measurements have been experimentally identified for both phases during the same alternate cracking experiments. Results led to a proposed adjustment of the classical description of alternate cracking regarding the transition from dynamic to quasi-static propagation (path along reference points B-C-D-A' in Figure 2.1). On one hand, in view of the chosen extension rates to induce alternate recurrence of the transitions, different mechanisms could have been activated. On the other hand, the transition of dynamic to quasi-static propagation with extreme decelerations (potentially being outside of the framework of (Vincent-Dospital et al., 2020)) is not smooth after all. In addition, the path that the crack follows to revert to the master curve in the quasi-static regime differs from the observations in[START_REF] Vasudevan | Deciphering triangular fracture patterns in PMMA : how crack fragments in mixed mode loading[END_REF]. However, in his work, very slow extension rates have been used resulting in quasi-static experiments initiated by a dynamic crack. No alternate recurrence of the two propagation types was observed. Regarding quasi-static to dynamic transitions, even with a temporal resolution of 40 kfps, it was not possible to experimentally explore the smooth transition during the 'softening' branch predicted by the thermodynamic model of[START_REF] Vincent-Dospital | How heat controls fracture: the thermodynamics of creeping and avalanching cracks[END_REF]. This, however, could potentially be explained by a lack of temporal resolution or the feasibility to explore this regime due to the way the experiments were conducted. To do so, an experimental configuration enabling decreasing K I values with increasing crack velocities is needed.Perspective: An experimental configuration containing UHS imaging techniques would allow for the investigation of separate dynamic propagation phases during alternate cracking. Consequently, better descriptions of the transition phases could be reached, potentially leading to an exploration of the predicted smooth transition, i.e. the 'softening' regime.

Table 2 :

 2 DIC hardware parameters

	Campaign	M1	M2
	Camera	Photron FASTCAM Mini AX
	Image resolution	896×160 pix	
	Acquisition rate	40,000 fps	
	Exposure time	25 µs	
	Lens	TOKINA 100 mm	
	Aperture	f/2.8	
	Field of view	74×13 mm	64.5×11.5 mm
	Image scale	1 pix = 83 µm	1 pix = 72 µm
	Patterning technique	Spray paint	
	inverse problem:		

Table 3 :

 3 DIC & Williams' series parameters

	Campaign	M1	M2
	Test	2, 3, 6	15, 19
	DIC		
	Software	UFreckles (Réthoré, 2018)
	Discretization	FE-based global DIC
	Shape function	Bi-linear quadrilateral Lagrange element (Q4P1)
	Element (subset) size	0.581 mm (7 pix)	0.576 mm (8 pix)
	Post-filtering	Median filter using 1 s t neighbours applied to U
	Williams' series projection	
	E	3.5 GPa	
	ν	0.32	
	R m i n	1.16 mm	1.15 mm
	R m a x	6.39 mm	6.34 mm

n = 0, in-plane rigid body translations n = 1, asymptotic terms K I and K I I n = 2, T-stress and in-plane body rotations
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