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[bookmark: _GoBack]Determining fracture toughness for soft, highly dissipative, solids has been a challenge for several decades. Amongst the limited experimental options for such materials is the essential work of fracture (EWF) method. However, EWF data are known to be strongly influenced by specimen size and test speed. In contrast to time-consuming imaging techniques that have been suggested to address such issues, a simple and reproducible method is proposed. The method accounts for diffuse dissipation in the specimen while ensuring consistent strain rates by scaling both the sample size and testing speed with ligament length. We compare this new method to current practice for two polymers: a starch based food and a polyethylene (PE) tape. Our new method gives a size independent and more conservative fracture toughness. It provides key-data, essential in numerical models of the evolution of structure breakdown in soft solids as seen for example during oral processing of foods. 


1 Introduction

      Natural and synthetic polymers are ubiquitous in everyday life (1). Research into their deformation and fracture mechanisms has been an ongoing topic for several decades concerning scientists from diverse backgrounds and disciplines including Mechanical Engineering (2, 3), Chemistry (4, 5), Biology (6, 7) and Medicine (8, 9). Amongst their numerous applications, the food sector has recently received much attention (7, 10). Humans breakdown their food to reduce the intake into smaller pieces suitable for swallowing and digestion (7, 8, 11). This oral process and the associated sensory perception largely depends on both the food raw ingredients used and the processing parameters employed during production (12, 13). Features affecting texture and palatability can be described using mechanical properties–amongst them fracture toughness (7, 12), which describes the energy required to create new surfaces, as experienced during chewing. Therefore fracture toughness data are desirable, not at least as a key input parameter in mastication Finite Element models for predicting sensory related attributes (12, 14, 15), such as chewing force (7) and breakdown speed (10). However, various numerical methods for modelling fracture, such a cohesive traction separation law (15-19) and the element stiffness degradation framework (10, 14), are based on energy consumption strictly in the process zone at the vicinity of the crack tip (20), such that the true fracture toughness parameter is required for accurate simulations (10).
     Concerns over the fracture characteristics of polymers also extend to film applications such as paint coatings (21, 22) and adhesive tapes (23, 24). The latter is investigated in this study in addition to a food product. Adhesive tapes involve pressure-sensitive adhesives (PSA) supported on thin film polymeric substrates. Example applications include labels, packaging tapes (19), transdermal patches (18) and surgical skin adhesives (23). Consequently, there is an increasing need to understand and optimise not only the interfacial (peeling) behaviour, but also the film’s fracture properties. Convenient tests for determining fracture toughness values serve either in product development through correlations to molecular structure or mass (23, 25), or in establishing engineering limits for a given application.   
      The fracture characteristics of soft solid polymers are nevertheless often difficult to obtain (10, 16). Both the food and the adhesion tape examples mentioned above do not obey the Linear Elastic Fracture Mechanics (LEFM) assumptions and thus the corresponding established test methods are rendered invalid (2, 10, 26). This is due to their strong time dependence, high compliance, and other dissipative phenomena such as stress softening (10). These attributes contribute to the complexity surrounding the calculation of the stored energy available for crack propagation (2, 10, 27). Test methodologies established in literature so far include the “trouser tear” test for soft bio-materials (28), wire cutting in cheese (17) and gelatine gels (16) and recently orthogonal cutting (29, 30), which was “borrowed” from work on metals (31) and lately applied to polymers (27) and other soft solids (10, 32).
       Post Yielding Fracture Mechanics (PYFM) theory is seen as a viable alternative to LEFM for such materials as it describes fracture through material that has already yielded (33-35). The Essential Work of Fracture (EWF) method has proven popular in particular as it results in a single, fundamental parameter to describe stable crack growth (36, 37). Initially developed as an alternative to “J integral” tests (38, 39) due to the difficulty in performing the latter owing to severe blunting during crack growth, the method is simple in that it separates the total energy distinctly into that used for fracture, and for other dissipative processes nonessential to fracture (36). While originally used to obtain the plane stress fracture toughness of thin sheets, recent work has extended the method to thicker specimens (plane strain) (40-43) as well as viscoelastic materials (10, 44).
      However, the EWF method has not yet led to a published test standard (36, 45), as round-robin tests have highlighted the effect of factors such as specimen size (10, 46, 47), thickness (41, 48, 49), speed (50, 51) and notching procedure (36, 52, 53) on the derived data, although the notching problem is a common concern across much of polymer testing (54). Concerns have  also been reported (27, 44) regarding the potential variation in the stress state local to the crack tip affecting the fracture process when different ligament lengths are used (see section 2 for a description of the classic EWF method). Specifically Rink et al (38) demonstrated that a true toughness value at crack initiation may be determined only when full yielding occurs in all the ligament lengths. More importantly, the EWF method as it currently exists does not adequately account for the contribution of the specimen arms (denoted as region , in Figure 1) to the total energy (34, 36). It assumes that energy is dissipated only within a limited region, , (see Figure 1), local to the yielded ligament. This led to various corrections being proposed (34, 44, 47). The recommendation is that using a gauge length, g, equal to the ligament length, l, (see Figure 1(c)) to measure the energy input gives more accurate results (38, 47) as opposed to measuring the deflection across the whole specimen length, L, (10). Drozdov et al (33) quantified the inelastic energy dissipated remotely and subtracted the amount from the total energy to derive the energy essential to fracture. Recently, Hossain et al (23) used the in- situ digital image correlation (DIC) technique to obtain full-field 2D strain distributions in the specimen and directly partition the total energy. In both of the latter two studies (34, 44), independent tensile tests were necessary in evaluating the constitutive strain energy density associated with uniaxial deformation, and Hossain et al acknowledged that an error is likely in these calculations since the stress state near the crack tip is multi-axial. Apart from the inability of DIC to track very high strain levels (34, 55), it is further argued here that such techniques may be further complicated in rate dependent polymers, which display rate dependent stress-strain curves. To summarise, current efforts to compensate for viscoelastic effects require optical, (e.g. DIC), or extensometer measurements (for gauge deflections), which can be time and cost inefficient, as well as difficult to reproduce in different labs. Finally, no study so far has considered the potential error due to the inconsistent true strain rates being applied when the ligament length is varied.
      This work addresses these issues by proposing a novel modification to the EWF method so that it can account for diffuse dissipation throughout the effective specimen volume, whilst vanishing the need for correction methods such as the independent measurement of the gauge length deflection. As will be discussed, the new method ensures a common crack tip deformation state and it also corrects the inconsistency which arises when strain rates vary with the ligament length. The proposed method is validated using a starch based food product, known for its strong rate dependence and dissipative behaviour (10), as well as on a polyethylene (PE) film, with a well characterised time-dependent behaviour and high extensibility (56, 57) which magnifies the remote dissipation effects and the associated error. Starch is largely used by the food industry and the need for a robust test that determines its fracture characteristics is ever increasing (10). PE film is commonly utilized in packaging applications as well as in adhesive tape products where it is used as the substrate for pressure sensitive adhesives (18). 
      The outline of the paper is as follows. Firstly, a detailed analysis of the classic EWF test along with the novel EWF approach is provided, followed by the description of the materials used and the experimental procedures adopted. Thereafter, the experimental results are presented and the two methods are compared. Finally, the merits of the novel EWF approach are discussed.


2 Background
2.1 Classic EWF method

      The EWF test analysis provides a fundamental material property, the specific essential work of fracture, we, also known as the fracture toughness, which is the energy per unit area required to create new crack faces. This energy is essentially dissipated locally at the process zone surrounding the crack tip (36). The method uses the Double Edge Notched tension (DENT) geometry shown in Figure 1. Upon loading, it is assumed that the system can be partitioned into three distinct regions that dissipate energy: the ligament section, , a plastic zone surrounding the ligament, , and the remaining part of the specimen,  (34). The ligament area is the fracture process zone where the essential work of fracture,  is dissipated to form the fracture surfaces (36). The plastic zone, , is the volume that consumes the non-essential energy, , due to plastic deformation (37) or other dissipative mechanisms (21). Importantly, the remaining part of the body, , is assumed to deform elastically, such that it reverses its stored energy during tearing (36). The EWF method postulates that the essential work of fracture is the dissipation per unit fractured area on average over the entire crack propagation in the ligament, such that the following two assumptions are made:
a)  is proportional to the ligament area, such that the specific parameter, is introduced as shown below:



Note that, we, has units of kJ/m2 and is the true fracture toughness of the material to be determined from the tests, and

b)  is proportional to the volume of the plastic zone, , and the shape factor, , is used to give:
Figure 1. DENT configuration. a) Short specimen - high / ratio, b) Short ligament length - low / ratio, c) partitioning of the external work into the three regions: , ,  - specimen dimensions and other symbols: sample length, , width, , gauge length, , crack, , ligament length, , speed, . d) illustration of the novel approach based on the three constant ratios, ,  , and,  (see Equations 8 and 9 for definitions).



where, , is the sample thickness (out of plane sample dimension in Figure 1), , the ligament length, , the plastic zone shape factor and the parameters  and  indicate the energy consumed per unit fractured area (specific essential work of fracture) and the energy dissipated per unit plastic/inelastic volume (specific plastic work of fracture), respectively (36). The term  is a material dependent parameter, related to the shape of the plastic zone (26, 33, 49, 58). For simplicity, a circular plastic zone shape is commonly considered, giving a  value of , although several studies have reported a parabolic plastic zone shape between elliptical and diamond geometries (49, 58, 59). Using the energy conservation principle (36), the energy equation shown below is normalized over the ligament, to deduce:



where, , is the external work,  , is the specific external work, , the load and, , the displacement applied remotely on the sample. The parameters, and, , are determined by linear regression on specific work, , test data for different ligament lengths, . 

2.2 Considerations for highly dissipative materials

    The traditional EWF assumptions are valid for elastic-plastic mediums, which challenges the applicability of the method to a wider range of materials such as viscoelastic materials (10). Several studies have identified inelastic deformations often occurring in the remote region, , leading to a potentially significant error in the extrapolation procedure outlined above. Therefore, the fracture parameter derived is not accurate (10, 34, 44, 47). 
    Specifically, higher total work, , data are expected since the remote deformations are likely inelastic and do not recover instantly on unloading but are relieved slowly after the test, embodying an additional dissipation component in Equation 3. The effect tends to increase with specimen size, since more material experiences delayed recovery resulting into specimen size dependent total work data. However, it has been argued that although the extrapolation slope, , increases due to the additional contribution of bulk dissipation, yet the intercept, we, is preserved due to the concept of the extrapolation itself (21). It is argued here however that the bulk inelastic contribution to the total energy consumed may vary between ligaments non-proportionally, due to the common practice of keeping the specimen length, , constant whilst the ligament length, , is varied. Therefore, for varying ligaments and thus different plastic zone sizes, the ratio of the inelastic volume to the plastic zone volume also varies (e.g. compare / ratio in Figures 1(b), 1(c)). This means that the error is not proportional to the ligament length, along the extrapolation line, decreasing the slope and hence providing higher intercepts. In order to correct for this potential error, the suggested practice of measuring elongation based on a gauge length, , scaled with respect to the ligament length, , (10, 38, 47), is found to ensure a proportional error such that a consistent intercept is deduced, independent of specimen length, . 
    Yet, it is argued here even when such corrections are applied, the test parameters do not guarantee consistent strain rates surrounding different ligaments, which raises further concerns in the case of strongly time dependent material behaviours. As will be discussed below, higher strain rates are encountered surrounding shorter ligaments, introducing an additional source of error which further decreases the extrapolation slope whilst also affecting the intercept of the  versus  line. The novel approach described below is therefore put forward.

2.3 Novel EWF approach

    Correction against all the above potential errors necessitates a remote inelastic dissipation, , which is proportional to , as well as a common strain rate field history, across the ligaments tested. The method is here generalized to the case of diffuse dissipation in the whole of the specimen volume, , which may also incorporate a plastic process zone such that:



where  refers to the dissipative component in the volume, , i.e outside the plastic zone, . Similar to , it can be deduced that: 

)

where  is the dissipation per unit plastic/inelastic volume on average over the entire sample volume, . For such conditions, it is still possible to adopt the energy extrapolation scheme (Equation 3), only if the sample volume, , is adjusted with regards to the ligament length, , according to:



where  is a proportionality factor with similar functionality as the plastic zone shape factor,. However  now relates the specimen volume to the term  and can be defined as:

)

where  and  are the ratios of the specimen width, , and specimen length, , over the ligament length, , respectively:



Note that it is essential to keep  and  constant such that the extrapolation procedure using  versus  data is appropriate. Similar to the traditional method, Equation 6 denotes that the volume of the body is also a function of  while the thickness, B, is preserved, implying that the method is valid for either plane stress or plane strain conditions. The fracture parameters can be similarly determined by tests on varying ligament, , but also width, , and total length, , such that the aspect ratios, , and, , are preserved. Consistency in strain rates also postulates varying speed, , with specimen length, , such that:


The ratio, , is here called as the “strain rate constant”. In specific terms it can be now deduced that:



which replaces the usual EWF Equation (3). Notably  in the diffuse dissipation case depends on the specimen length, , between the grips, for a given ligament length, . However, the extrapolation intercept,  is clearly not influenced, since the inelastic contribution is proportionally applied for different ligaments. Note that the new method represented by Equation 10 eliminates the need to measure deformation over a gauge length, ; it therefore offers a faster and more efficient way for measuring the material’s fracture toughness. Equation 8, and especially the factor, , also promotes consistent stress states between ligaments, implying a common deformation state local to the crack tip (38). 
    The following sections compare the current EWF methods, with the novel EWF scheme represented by Equation 10. For clarity, the three methods in comparison are referenced throughout by the letters, A, B, and C, as outlined below: 

Method A: Classic EWF method based on grip displacement data,
Method B: The method A results are corrected by using gauge elongation instead of grip displacement,
Method C: Novel EWF scheme (based on grip displacement data).

3 Experimental 
3.1 Materials

Starch based food:

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]     Starch samples were provided in the form of extruded sheets by Mars Petcare, Leicester, UK, from which 120 specimens were prepared for the EWF tests, using 6 specimen length/speed parameters, 5 ligament lengths per parameter and 4 repeats per parameter and ligament length. An additional 25 samples enabled uniaxial tensile tests. The samples consisted of an amorphous bio-polymer of gelatinised starch with a protein content of 3-4% w/w, and had 5 mm and 30 mm average thickness, , and width, W, respectively. The extrudates were sealed immediately upon production to preserve the water content (10). At long timescales, re-crystallisation is known to alter the mechanical properties of such products (60); however, this was not considered presently and all the tests were conducted on two consecutive days, one week after production.

PE:

     An adhesive tape was obtained from Klimapartner von der Heidt GmbH, in the form of 0.6 mm and 50 mm nominal thickness and width, respectively. The adhesive tape consisted of the PE substrate, the PSA and a release liner. For the EWF experiments, 90 specimens were tested, using 6 specimen length/speed parameters, 5 ligament lengths per parameter and 3 repeats per parameter and ligament length. Tensile tests were also conducted on 20 specimens. The release liner was removed prior to testing. The effect of the PSA on the measured forces was assumed to be negligible, on the basis of low modulus values reported in (18) for similar materials.  

3.2 Uniaxial Tension

     The uniaxial tensile tests aimed in characterising the constitutive response of the materials used, focusing on the dissipative behaviour due to plasticity, rate dependency and stress softening effects. Note however that such tests are not required with any of the EWF methods discussed here. A universal Zwick/Roell testing machine with a 1 kN load cell was used for all the tests. Sandpaper was glued on the grips to eliminate slippage effects on the displacement data, while a grip length of 100 and 50 mm was used for starch and PE, respectively. Specimen dies were used to obtain standard dumbbell specimens (61). Gauge lengths of 40 and 20 mm and specimen widths of 12 and 5 mm were used for starch and PE, respectively. The gauge length, was referenced by marking two dots on the sample surface; these were optically tracked during testing by a Logitech HD Pro webcam C920, at 30 frames per second, and a resolution of 1920x1080 pixels, followed by an analysis in Matlab 2016a (62) to calculate the deformed length,  (10). Starch was found to be approximately incompressible in previous work (10), such that:




where, , and, are the original and current cross-sectional areas, respectively. The Hencky strain, , and true stress, , were calculated as follows:





 
where, is the applied force. Similarly, the Poisson’s ratio of the tape was assumed to be 0.5, for simplicity (45). The strain rate dependency was assessed by performing monotonic tests until ultimate failure at 0.01 1/s, 0.1 1/s and 1.0 1/s constant strain rates on starch and at 10, 100, 1000 mm/min crosshead speeds on PE; these speeds corresponded to average strain rates of 0.0014 1/s, 0.014 1/s and 0.14 1/s during the test. Note that the large extensions of PE in combination with the speed limit of the screw driven machine did not allow for testing PE at rates as high as 1.0 1/s; therefore a different strain rate range than starch was used in PE. Further investigation involved stress relaxation tests, at the strain levels of 0.03, 0.06, 0.08 (10 min hold time) in starch and 0.1, 0.3, 0.8 strains in polyethylene (20 min hold time). Cyclic tests followed with the additional time of 30 sec given between unloading and reloading to observe the viscoelastic recovery. These tests were applied at maximum strains of 0.06, 0.3, and 0.9 in PE whereas in starch only one strain of 0.1 was tested. To further investigate progressive softening behaviour in starch, ten consecutive loading reloading cycles were applied at maximum strains of 0.05 and 0.15.

3.3 EWF preparation

Starch based food:

         The DENT sample configuration was obtained using a surgical scalpel. Notching involved pushing razor blades held in a manual press, which facilitates a fine displacement control. A new razor was used for each cut. Method B (see end of section 2.3) was employed by marking two dots across the ligament (see Fig 1(c)), while the gauge elongation, , as well as crack tip propagation data were optically monitored using the same optical set up as in  the uniaxial tests (section 3.2) (10). A line drawn across the sample width was used to align the blade, while the specimen was held by a drill vice to ensure notch alignment (40, 52). Thereafter, the razor sliding technique was used to create a notch tip of sufficient acuity (21, 52). Data from samples of misaligned cracks were discarded (10, 21, 36). Five nominal ligament lengths of 6, 8, 10, 12, 14 mm were tested using four replicates per condition (36, 63). The rest of the specimen details are given in Table 1. The ligament range was chosen to satisfy the commonly used plane strain criterion of,  (10, 21, 33, 36), as well as the less conservative  criterion against high deformations in the sample arms,  (21, 41). Table 1 summarizes specimen dimensions, test parameters and results from all the EWF tests. The latter are discussed in section 4.Table 1. Summary of EWF test specifications and results for starch and PE. The bold underlined data are used in the plots of Figure 9.


PE:

     A surgical scalpel was used to cut the required samples from the roll of tape. The release liner was first removed prior to notching, except for within the grip lengths. The notches were then created using a razor through the sample thickness, with the aid of a reference line for parallelism. Similar to starch, method B was enabled by marking two dots across the ligament (see Fig 1(c)). Five nominal ligament lengths of 8, 12, 16, 20, 24 mm were tested, while three repetitions were used due to the high repeatability observed in the force displacement results, compared to starch. Test details are shown in Table 1. In contrast to the thick starch samples, the geometry was such that, , implying plane stress conditions (33, 36). Similar to starch, the criterion of,   was also considered. 

3.4 EWF test parameters

    The materials were initially tested according to method A, such that the errors discussed in section 2.2 can be quantified, as well as to allow for comparison with results from methods B and C. The strain rate effect was assessed by comparing results between specimens of the same length, , tested at different speeds, . The remote dissipation effect was highlighted by comparing different specimen lengths tested with the same rate constant, , (Equation 9). In starch, a 30 mm specimen length was tested at two crosshead speeds of 43 and 100 mm/min, giving  of 1.43, and 3.33 1/min, respectively, and a 70 mm length was tested at 100 and 233 mm/min speeds, giving 1.43 and 3.33 1/min, respective rate constants (see Table 1). In PE, a 40 mm specimen length was tested at 40 and 100 mm/min speeds, giving  of 1 and 2.5 1/min, as well as a length of 100 mm at 100 mm/min and 250 mm/min speeds, implying corresponding  of 1 and 2.5 1/min. (Table 1). The specimen design depicted in Figure 1(d) was then adopted to implement method C and enable a comparison with methods A, B. Two specimen to ligament length ratios, , were tested for the same  in order to investigate whether specimen length still influences the derived fracture toughness. The  ratios of 2.14 and 5.00 were used in starch, whereas ratios of 1.67 and 4.17 were applied in PE. The specimen length, , width, , and crosshead speed, , varied with ligament length, , as Equations 8 and 9 require. Table 1 summarizes the test parameters.




4 Results and discussion
4.1 Constitutive response

Starch based food:

     The monotonic and stress relaxation tests revealed nonlinear time dependent constitutive behaviour in starch (Figures 2(a),(b),(c)) (10). The non-linear time dependency was confirmed through plotting the relaxation modulus, , versus time for each of the three constant strain levels applied in the relaxation tests (Figure 2(c)); apparently the  plots do not coincide, implying non-linear rate dependency (22). More importantly, Figure 2(a) shows that the stress level increased with rate while the existence of a distinct yield point is not obvious. Little or no remaining deformations were observed when the fractured pieces were put together after a five minutes time period given to allow recovery of the viscoelastic strains. Indeed, Figure 2(d) shows very little plastic strain (0.003) while significant viscoelastic recovery is apparent. Upon unloading, hysteresis is shown while the reloading path provides strong evidence of stress softening (Figure 2(d)). Therefore, dissipation is attributed to the synergistic effect of viscoelasticity and damage (10). The latter is also highlighted in Figure 2(e), which indicates a progressively decreasing stress with increasing number of cycles, reflecting an irreversible dissipative process. 

PE:

    Similar energy loss processes were found in PE which undergoes large strains (Figure 3(a)) accompanied by remarkable plasticity (see Figure 3(b)). At low strains, a time independent linear regime is found, with an elastic modulus, , of 38 MPa, followed by a rate dependent onset yield stress, ranging from 1.12 MPa to 2.13 MPa for the speed range tested; these values were calculated via the 2% strain offset method. Figure 3(c) shows the stress relaxation behaviour, whereas Figure 3(b) reveals a large amount of hysteresis upon unloading, even at the low strain of 0.06. Noticeable viscous strains are relieved during recovery at 0.3 applied strain, giving a remaining plastic strain of 0.06, as opposed to a 0.52 plastic strain when unloading from a 0.9 strain. In contrast to starch, the plastic energy dissipation is significant for PE.
Figure 2. Uniaxial tensile starch data. (a) Monotonic response for various strain rates, (b) Stress relaxation at 0.03, 0.06 and 0.08 strain levels (10 min hold time),(c) Corresponding relaxation modulus plots for these strain levels, (d) Cyclic response with added 30 sec recovery time, (e) Repetitive 10 cycles at 0.05, 0.15 strains.
Figure 3. Uniaxial tensile PE results. (a) Stress-strain curves for average strain rates of 0.0014, 0.014 and 0.14 1/s. (b) Cyclic tests at maximum strains of 0.06, 0.3 and 0.9 with added 30 sec recovery time. (c) Stress relaxation behaviour for strains of 0.1, 0.3 and 0.8, held constant for 20 min. 











4.2 Force displacement behaviour

     Figures 4(a) and 4(b) report averaged load, , normalized by the sample thickness,  (5 mm for starch and 0.6 mm for PE) versus displacement data, , using method A, for the maximum ligaments, 14 mm and 24 mm for starch and PE, respectively. The values of  and  are given in the Figure, whereas  was 30 mm for starch and 50 mm for PE. Since the tests were designed for the plane strain and plane stress regime correspondingly for starch and PE, the results were considered thickness independent (10, 40). Therefore  is plotted against  as it better represents a material specific behavior. However, note that the plane strain assumption in starch (see section 3.3) requires further validation. This owes to the well-known peculiar behavior of starch (10), for which the validity of the commonly used EWF plane strain requirement () has not yet been investigated. The parameters used here provided the best possible practice for the scope of this study. Clearly, the loads increase with speed (Figures 4(a), 4(b)). For the same speeds, the failure displacement increases for longer . However, the maximum loads are common for different sample lengths which were tested at the same . This is due to the associated strain rates applied, which are deemed to be the same for the different values of . A similar behavior was found in all the ligaments tested using method A (results not shown). 

Figure 4. Method A. Averaged normalized forces against displacement traces between four sets of speeds and specimen lengths, (a) Starch, (b) PE.


      Figures 5(a), 5(b) report  against  data for method A, while Figures 5(c), 5(d) report the same data for method C. Overall, the curves demonstrate the self-similarity concept (21, 45, 64) among the ligaments tested in both materials; self-similar curves were also apparent for method B (shown later in Figure 6). Except for the data corresponding to the maximum ligament, which were common for the two methods (see Table 1), the curves show lower  values in method C compared to method A, particularly for the short ligament lengths, . This is attributed to the higher strain rates expected with decreasing  in method A.
Figure 5. Averaged normalized load versus displacement among all the ligaments: (a) method A in starch, (b) method A in PE, (c) method C in starch, (d) method C in PE. The self-similarity criterion is met.



     Figures 6(a) and 6(b) illustrate normalised load, , versus gauge elongation, , data along with four distinct stages throughout the tests and their corresponding video frames for the maximum ligament in each material, for method B. The sample wrinkling/out of plane bending, visible in Figure 6(b), is a typical behaviour of thin sheets during stretching, attributed to the boundary conditions applied by the tensile clamps (65). Large length/thickness ratios are expected to promote such phenomena (37), which were eliminated in (66) by using special tensile grip fixtures. However, in contrast to the specimens of  = 100 mm, no wrinkling occurred in the short PE specimens of  = 40 mm, while both lengths gave consistent maximum force data, for common , as Figure 4(b) denotes. This quantitative evidence suggested that the observed wrinkling in this case does not disturb the comparison of the EWF methods A, B and C; thus the special fixtures proposed in (66) was not judged necessary. It should be also noted that practical limitations may also apply in using these fixtures in method C, due to the sample size being varied. Interestingly, both materials demonstrate crack initiation () well before the maximum load is encountered () (38). Stage  refers to unstable crack growth in starch and load drop in PE while stage  corresponds to final sample separation. Unstable crack paths were observed in starch, in agreement with previous studies (10), while significant crack tip blunting is apparent in the PE samples (42, 58). It is important to note that the optical means enabled identifying crack initiation with an accuracy of 21 pixels/mm. Specifically, the two opposite crack tip displacement subsequent measurements were used to determine the associated reduction on the ligament length, such that the crack length data were free of crack tip rigid body motion. On the other hand, it was impossible to optically identify yielding in PE or damage in starch (starch does not yield). Note that the data shown of Figures 4-6 as well as the rest of the data from the tests listed in Table 1 were repeatable with a typical variability in the area computed under the curves being less than 5% for starch and 2% for PE.










































4.3 EWF methods Figure 6. Method B. Normalized load versus gauge elongation curves across ligaments. Four stages during tearing along with synchronized video frames: (I) Initiation, (II) Maximum load, (III) Instability (starch)/load drop (PE), (IV) separation, (a) Starch sample of  , 70 mm, (b) PE specimen of , 100 mm.

   
      The data presented in section 4.2 are utilized here to perform the EWF extrapolation procedure according to methods A, B and C. The comparison of these methods is addressed as such: firstly the shortcomings of method A are highlighted in Figure 7 and discussed; thereafter, the merits of method C are depicted in Figure 8; finally in Figure 9 all the methods (methods A, B and C) are compared with special focus on the merits of method C over the currently accepted best practice of EWF testing, method B. 
      To start with, Figures 7(a), 7(b) depict the method A results for the four combinations of specimen length,, and speed, , for starch and PE, respectively. The speed effect is revealed by comparing specimens of the same , tested at different , whereas the specimen size effect is isolated by comparing samples with different , tested at the same strain rate constants, , (see Table 1). Overall, both materials show a common trend in terms of increasing essential work, , (intercept of lines) with increasing  and  (the latter at the same ), attributed to material rate dependency (10) and remote dissipation, respectively. No significant effect of speed,, on the inelastic work (slope of lines) is apparent. As explained in section 2.2, bulk inelastic deformations contribute non-proportionally to the specific work, , data with varying ligament length, , such that a higher intercept, with increasing specimen length, , is expected. Indeed, starch demonstrates this effect, with a noticeable increase in the essential work, , result. Interestingly, the phenomenon is more severe in PE as it gives a remarkably higher  while the slope increases very little. It is argued here that the observed speed effect on the derived  is a real effect since it arises due to the material’s rate dependent constitutive behaviour. In contrast, the specimen length parameter, , affects the true  calculation leading to a sample size dependent result which of course is not correct. In addition, when both effects are occurring simultaneously, as in the present study, the EWF results between specimens with different , tested at the same , will lead to different values of . This is because varying  whilst leaving  unchanged implies different strain rates.
Figure 7. Method A data for the four sets of parameters: specimen length,, speed, . The speed effect is investigated for 30, 70 mm and 40, 100 mm specimen lengths in starch and PE, respectively, for two speeds. The specimen length effect is studied for two speed to rate constants, ; 1.43, 1.33 1/min and 1, 2.5 1/min in starch and PE, respectively, (a) Starch, (b) PE.


     Figures 8(a), 8(b) report the method C data for two specimen configurations and associated parameters;  = 3.33 1/min, = 2.14,  = 5, 2.14 for starch and  = 2.5 1/min, = 2.08, = 4.17, 1.67 for PE. In contrast to the discrepancies associated with Method A discussed above, different specimen configurations yield practically the same essential work, , for both materials. This is strong evidence that a true fracture toughness value is determined, independent of specimen dimensions (67), such that it can be deemed crack tip specific (2).

Figure 8. Method C results for two specimen length to ligament length ratios ( ratios) and related parameters;  = 3.33 1/min, = 2.14, = 5, 2.14 and  = 2.5 1/min,  = 2.08,  = 4.17, 1.67, for starch and PE, respectively, (a) Starch, (b) PE.



      Using all the data corresponding to  = 3.33 1/min, for starch and 2.5 1/min, for PE (see Table 1) comparisons can now be made between all three methods A, B and C as shown in Figure 9. The data used in this plot are underlined in Table 1 for clarity. The comparison reveals a large discrepancy between methods A and C ( values of 2.89 kJ/m² and 0.93 kJ/m² respectively for starch and 17.54 kJ/m², 5.46 kJ/m² for PE), as opposed to method B which deduces essential work, , values (1.34 KJ/m² for starch and 8.98 KJ/m² for PE) which are closer to the ones of method C. The latter is in agreement with previous studies, which suggest the use of extensometers to measure elongation across a gauge length, , as an accurate technique for eliminating the effect of the bulk energy dissipation on the derived fracture toughness (method B) (10, 38, 47). The  value of method B also falls close to results of our previous investigation (10) in a similar starch recipe. Yet, the novel scheme proposed here (method C) yields a more conservative  value consistently in both materials. It is suggested that the deviation is mainly due to the different strain rates applied on the samples of varying ligament lengths. Specifically, in method B, higher strain rates occur locally at the crack tip in shorter ligaments. In rate dependent materials, such as the materials in hand, this leads to overestimated specific external total work, , with decreasing ligament, , and hence a further drop in the extrapolation slope, giving higher  intercepts. The strain rate effect is further discussed in the following section.
Figure 9. Comparison between methods A, B and C, (a) Starch, (b) PE.





4.4 Strain rates between ligaments

     To gain further understanding of the strain rate inconsistency affiliated with methods A and B, the optically derived crack propagation data were related to the gauge elongation recordings. Since method B is only a correction applied on the method A data, both methods A and B are represented by the same strain rates and crack speeds, referenced as method ‘A-B’ results; these are compared to the method C data. The measured gauge elongation in Method B was divided by the original gauge length, , such that the concept of ‘gauge strain’, , could be adopted to describe the order of the strains applied in the confined region surrounding the ligament in the volume, . Figures 10a and 10b depict averaged crack length (method A-B) and gauge strain versus time (method B), respectively, among all the ligaments for starch. Figures 10c and 10d illustrate the respective curves for method C. 
     The data are presented in the same order for PE in Figures 11a, 11b for method A-B and method B respectively and Figures 11c, 11d for method C. The intercepts between the dashed lines and the plotted curves in Figures 10(b),(d) and 11(b),(d), indicate the approximate crack initiation points, which are discussed in the following section. The propagation data of the two cracks either side of each DENT sample were averaged to compute a single crack length–time curve (10, 38). Thereafter the averages between four and three replicates for each ligament in starch and PE were evaluated, respectively. The incremental crack speeds were calculated by time differentiation and the mean speed values over the whole time range were considered. In agreement with a previous study (10), starch showed a significant number of negative crack speed increments owing to crack bifurcation mechanisms occurring. These negative increments were ‘corrected’ by applying a five-point mean smoothing function to the raw crack speed data, using Matlab (62).
        
Figure 11. Optical data for all ligament lengths in PE synchronized with testing machine recordings, (a) Methods A-B, crack length histories,  common average crack speed,  = 2.31 mm/s, (b) Method B, gauge strain against time, varying rates, (c) Method C, crack length versus time, varying speeds, (d) Method C, gauge strain histories, common average gauge strain rate,  = 0.15 1/s. Intercepts of dashed lines denote the approximate crack initiation points.

Figure 10. Optical data for all ligaments in starch synchronized with testing machine recordings, (a) Methods A-B, crack length versus time, common average crack speed,  = 5.12 mm/s, (b) Method B, gauge strain histories, varying rates, (c) Method C, crack length histories, varying speeds, (d) Method C, gauge strain against time, common average gauge strain rate,  = 5.12 1/s. Intercepts of dashed lines denote the approximate crack initiation points.

      In both materials, method A-B gives crack length traces which are self-similar between ligaments, but also common average incremental crack speeds, , (equal to 5.12 mm/s in Figure 10a and 2.31 mm/s in Figure11a). The latter is in agreement with our previous study on starch (10). It is apparent that for starch, the crack propagates at an increasing rate, followed by a steep rise associated with unstable crack growth (2). In contrast, PE showed an approximately constant speed during crack propagation.
       As opposed to method A-B, method C causes the average crack speeds to drop with decreasing ligament, , in both materials (Figures 10c, 11c). In starch for example,  decreases from 5.12 mm/s to 1.75 mm/s when  is decreased from 14 mm to 6 mm (Figure 10(c)). Apparently, the time until complete ligament fracture is now common for all the ligaments, implying that lower speeds are indeed expected when shorter ligaments are being torn. It is found that the latter is associated with consistent gauge strain rates, . Specifically, Figures 10b and 11b demonstrate different  versus time curves in starch and PE respectively associated with method A-B, whereas in Figures 10d and 11d the  versus time curves coincide as a result of the method C design. All these plots highlight common gauge strains, , at total separation between ligaments, which verifies a consistent stress field local to the crack tip (38).   




4.5 Stress states between ligaments 

      It is underlined that the EWF extrapolation described by Equation 3 or 10, determines the energy required to create new crack faces on average over the entire tearing process (10). The terms, , and, , are assumed to be constant since they are deduced as energy normalized over the entire ligament, performing an average between the initiation and propagation processes (38). This may be valid only when the material ahead of the crack tip is always in the same deformation state, such that the external energy required per unit crack propagation is constant throughout the fracture process. In the case of elastic-plastic materials this theoretically requires a uniform stress distribution in the ligament section i.e fully yielded ligament before crack initiation (33, 38).  
     In order to examine whether the latter condition was met, the two requirements proposed by Williams and Rink (36) were implemented. The first criterion postulates that the theoretical value of the maximum stress on the ligament, , should relate to the uniaxial tensile yield stress, , as such:




The second, less restrictive version of the criterion requires that the maximum stresses, , calculated for different, , should fall within 10% of the average maximum value, , such that: 


For maximum force, , ligament original sectional area,  and number of repeats, , the  and  are expressed as:





Figures 12(a) and 12(b) illustrate the two criteria (Equations 14 and 15) between the method A-B and method C for starch and PE, respectively. The parallel lines denote the 0.9 and 1.1 limits for method A-B only, as for method C the  values do not vary with , thus the criterion is comfortably met. In Figure 12(b), the 1.15 value of the first criterion (Equation 14) is also shown for PE. In method C the stresses are slightly higher than 1.15 which may be attributed to the maximum force during the tests occurring after crack initiation (see Figure 6(b)), suggesting that full ligament yielding follows initiation (38). In addition, deviations from this theoretical value have been widely reported in polymers (21, 68, 69). Also note that  was approximated from the data plotted in Figure 3(a), by matching the strain rates of the tensile tests to the gauge strain rate at crack initiation, which was derived from the data used in Figure 11(d). Note that due to the absence of yielding behaviour in starch (see section 4.1) the first criterion was not applicable in starch.

  Figure 12. Full ligament yielding criteria between method A-B and method C. (a) Starch, (b) PE.

     From the results presented in Figure 12, it is once again shown that method C is superior to methods A-B in terms of a consistent stress state during the whole crack propagation process. The data from methods A-B imply that for the shorter and longer ligament lengths, the accuracy of the results may be compromised.     



4.6 Comparison of methods 

      Although the evaluation of crack speeds and strain rates as discussed above offers a great insight into the fracture characteristics of the material under investigation, it imposes unfavourable cost and time implications. Here, these optical measurements served in deep understanding of the relation between test parameters and the essential work result. However, such a lengthy data analysis can be prohibitive in cases where the effect of several parameters such as testing speed, temperature, humidity and molecular structure, on the fracture toughness of polymers is studied. Although method A is simple practically, this study confirms invalidity for a wide range of polymers, giving incorrectly high values of toughness. On the other hand, method B was the best established alternative so far against such errors, yet this study reveals that further corrections are needed to establish true fracture toughness values. Furthermore, method B is judged time and cost consuming as it requires optical apparatus and subsequent data analysis. Further limitations can be imposed when the optical field of view is limited in cases where environmental chambers are needed to investigate temperature and humidity effects (70). In contrast, the newly developed method C has a design as simple as method A’s, whilst leading to more accurate results than ever before. The latter is because it ensures common strain rates and crack geometries, by scaling the specimen size and testing speed while keeping the specimen geometry unchanged. The latter also suggests that a wider ligament range can be used reducing the likeliness of common problems i.e fully yielded ligament for short ligament lengths, , but partly yielded ligament for large  (38). 




5 Conclusions
     This study addresses the need for determining accurate values for fracture toughness of complex polymers, such as starch food polymeric composites and soft adhesive polyethylene tapes, using the concept of the EWF methodology. Such work is important for two reasons: 
(i) firstly, it provides essential parameters needed in  constitutive models incorporating progressive damage and fracture in ductile viscoelastic/viscoplastic soft solids, and
(ii) provides the means for establishing correlations between polymer molecular structure and fracture resistance. The study also reflects industry needs for a convenient and reliable method of measuring toughness towards product quality control and optimization. 
      Although solutions have been found to the traditional EWF limitations for viscoelastic materials, little work has been reported on quantifying the non-local dissipation effects on EWF results and no study has considered the strain rate parameter involved in tearing different ligament lengths. This work calculates, for the first time, the error induced from such effects and proves that a more conservative determination of true fracture toughness is possible, by adjusting both the specimen size and testing speed simultaneously, with respect to the ligament length. A starch based food and a Polyethylene (PE) tape were considered, for which uniaxial tensile tests indicated a strain rate dependent, highly dissipative behaviour. Interestingly, in both plane strain (starch based food) and plane stress (PE) conditions, the new design (method C) deduced consistent fracture toughness values between two extreme specimen lengths, compared to the traditional method (A) in which the result is heavily size dependent and much less conservative. The markedly lower toughness values of 0.93 kJ/m² for starch and 5.46 kJ/m² for PE (method C), compared to the respective 2.89 kJ/m² and 17.54 kJ/m² (method A), suggest that the new design should be considered in polymer studies. Furthermore, the popular gauge length/extensometer technique (method B), is still found to induce an error in the extrapolation curve, leading to toughness results of 1.34 kJ/m² and 8.98 kJ/m², which are 44% and 64% less conservative than method C in starch and PE, respectively. Such an error is attributed to different strain rates as well as crack geometries occurring in specimens of varying ligament, , for a constant sample length, .
    As with any new test method, the recommendations need to be further validated by testing on a wide range of polymeric systems. Nevertheless, our results suggest that the novel method C is superior over the EWF methodologies used so far (methods A-B). This is because method C is simple to perform and it raises potential for the true fracture toughness determination in dissipative systems which do not necessarily obey the elastic-plastic behaviour, while classic EWF limitations (method A) related to remote deformations in the arms, as well as the effect of specimen size, are no longer a concern. Gauge length corrections (method B) or other optical techniques are not as convenient solutions, due to the associated error especially for highly dissipative, viscoelastic materials, complicated test set up as well as the associated significant amount of data processing. Yet this study confirms that the application of such techniques (method B) provides reasonably accurate toughness values, compared to method A which is strictly invalid when remote specimen dissipation takes place. Our novel test procedure is far more attractive to the current EWF practice. It can lead to real advancement in the various emerging areas of polymer science and technology, allowing for more accurate correlations to be drawn between microscopic characteristics and macro-scale fracture response.
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