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In this paper, the fracture properties of a structural adhesive are investigated via the Tapered Double Cantilever Beam (TDCB) and the Mixed Mode Bending (MMB) tests. The experiments were performed at low to fairly low loading rates. The results were analyzed using Linear Elastic Fracture Mechanics (LEFM). It is shown that the testing speed has considerable impact on the fracture behaviour when close to mode II. Nonetheless, TDCB and MMB Load-Unload tests revealed significant non-linearities. Arcan tests demonstrated the important sensibility of the adhesive material properties to the strain rate. Therefore, the relevance of the LEFM approach is also discussed.

The use of structural adhesives as a joining technique becomes more and more popular in many industrial applications (aeronautical, automobile, renewable marine energy systems etc.).

They are mainly preferred due to their ability to assemble materials of different nature, their improved resistance in corrosion, and also because they allow weight reduction of the overall structure compared to older techniques (riveting, welding etc.) [START_REF] Kinloch | Adhesion and adhesives: science and technology[END_REF]. It is obvious that, when in operation, adhesives are submitted to various loading conditions (static, dynamic, fatigue etc.). Therefore, according to the application, different joint geometries have to be implemented [START_REF] Da Silva | Testing adhesive joints: best practices[END_REF].

However, based on the design and the abrupt material changes at the interface with the substrates, these geometries may present areas of stress concentration (zones of singularities) which influence the strength of the bond [START_REF] Adams | The influence of local geometry on the strength of adhesive joints[END_REF]. Indeed, the singular stress-state areas in an adhesive joint are prone to initiation of cracks, which can then propagate and cause failure of the structure [START_REF] Barroso | Representativity of the singular stress state in the failure of adhesively bonded joints between metals and composites[END_REF].

In most cases, to determine the ultimate strength, crack initiation is described by a stress criterion and crack propagation by an energetic criterion. These two criteria can be implemented numerically usually by means of the Cohesive Zone Model (CZM) method [START_REF] Backlund | Fracture analysis of notched composites[END_REF][START_REF] Stigh | Damage and crack growth analysis of the double cantilever beam specimen[END_REF], or they can be coupled to one [START_REF] Leguillon | Strength or toughness? a criterion for crack onset at a notch[END_REF]. The former methodology has been found to give very accurate results [START_REF] Campilho | Using a cohesive damage model to predict the tensile behaviour of cfrp single-strap repairs[END_REF] and can also take into account material non-linearities [START_REF] Stamoulis | Investigating the influence of material non-linearity in the fracture properties of ductile adhesives submitted to mixed-mode loading[END_REF]; yet, at a very high computational cost. The later one is much faster, but it can work well only for brittle adhesives, for which the fracture behaviour can be described by the small scale yielding theory [START_REF] Le Pavic | Fast failure prediction of adhesively bonded structures using a coupled stress-energetic failure criterion[END_REF]. In the present research, only crack propagation is of interest; this phenomenon is accompanied by a dissipation of potential energy equal to the strain energy required to create two new crack faces. This energy is being introduced during loading and is called strain energy release rate (G). It is obvious that G must be greater or equal to a critical value (the so-called fracture toughness (G C )) in order to provoke crack propagation. This is the fundamental principle of fracture mechanics and is based on the Griffith's theory [START_REF] Griffith | Vi. the phenomena of rupture and flow in solids[END_REF]. Both G and G C are presented in terms of energy per unit area of crack growth, hence the term rate in their definitions. According to fracture mechanics, the stress state at the crack tip can be decomposed in 3 modes: tension (mode I), in-plane shear (mode II) and out-of-plane shear (mode III). To each one of these modes a characteristic value of G C is attributed (G IC , G IIC and G IIIC respectively).

Until nowadays, the examination of the fracture properties of adhesive joints has mostly been performed under quasi-static loading conditions. Based on the extensive work performed for the mode I load case, three standards have been established to measure G IC : European [START_REF]Adhesives -Determination of the mode 1 adhesive fracture energy of structural adhesive joints using double cantilever beam and tapered double cantilever beam specimens[END_REF], American [START_REF]Standard test method for fracture strength in cleavage of adhesives in bonded metal joints[END_REF] and British [START_REF]Determination of the mode I adhesive fracture energy, GIC, of structural adhesives using the double cantilever beam (DCB) and tapered double cantilever beam (TDCB) specimens[END_REF]. All three of these standards make use of two specific specimen geometries: the DCB (Double Cantilever Beam) and the TDCB (Tapered Double Cantilever Beam). The former has the advantage of being simple to fabricate. However, the latter one provides a measurement of the G IC independently of the crack length, which is difficult to measure with good accuracy, especially for the case of ductile adhesives [START_REF] De Moura | Crack equivalent concept applied to the fracture characterization of bonded joints under pure mode i loading[END_REF]. Contrary to mode I, due to difficulties in the construction of proper experimental setups, no standardized tests exit to load adhesive joints in the other two solicitation modes in order to measure G IIC and G IIIC .

For mode II, fixtures and methodologies initially developed for composite materials are mainly employed, like the ENF (End-Notched Flexure) [START_REF] Leal | Numerical evaluation of the enf and 4enf tests for the shear toughness estimation of adhesive joints[END_REF] or the ELS (End-Loaded Split) [START_REF] Pérez-Galmés | Suitable specimen dimensions for the determination of mode ii fracture toughness of bonded joints by means of the els test[END_REF] tests.

On the other hand, very few studies can be found concerning the fracture behaviour of adhesives under mode III, as this mode is supposed similar to mode II; yet, an example is given in [START_REF] Loh | An out-of-plane loaded double cantilever beam (odcb) test to measure the critical energy release rate in mode iii of adhesive joints[END_REF].

In addition to assemblies allowing pure mode solicitations, lots of work has been performed in the past by many research teams to determine the fracture envelope of adhesively bonded structures in the mixed mode planes. The majority of the studies here have been concentrated in the mixed mode I+II plane [START_REF] Alvarez | Partitioning of mixed-mode fracture in adhesively-bonded joints: experimental studies[END_REF]. As previously, experimental devices initially designed for composite materials, such as the MMB (Mixed Mode Bending) [START_REF]Standard test method for mixed mode I-mode II interlaminar fracture toughness of unidirectional fiber reinforced polymer matrix composites[END_REF], have subsequently been adapted to adhesive joints [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF]. Furthermore, some work has recently begun in the mixed mode I+III plane [START_REF] Loh | A mixed-mode controlled dcb test on adhesive joints loaded in a combination of modes i and iii[END_REF]. Among all scientific work dealing with crack propagation in adhesives, very few become easily applicable in design offices to establish the prediction of the failure load of complex industrial structures where adhesive bonding technology is employed. This can mainly be attributed to the hypothesis made in the measurement of G. Indeed, in the majority of the work presented in literature, and especially in the standards, the analysis of the fracture experimental data is performed using methods based on Linear Elastic Fracture Mechanics (LEFM). The use of the LEFM theory implies that the materials concerned do not present any non-linear behaviour (viscoelasticity, plasticity etc.) during crack propagation; they are supposed to act as linear elastic solids. This choice is related to the fact that most of the analysis methods proposed until now are based on the previous hard work that has been performed on composite materials, which principally show brittle-like character during the fracture tests. Therefore, the implementation of the LEFM theory here is adequate, since the zone of non-linear material behaviour ahead of the crack tip is small enough so that the overall response can be considered as linear elastic. Although this is well applicable for brittle adhesives, it is insufficient for the ductile ones, which present a strong non-linear character. For example, crush optimized adhesives are widely used in industrial applications because of their high fracture resistance.

The fracture properties of such an adhesive (SikaPower R -498) have been initially examined under pure mode I and II by Marzi et al. in [START_REF] Marzi | On experimental methods to investigate the effect of layer thickness on the fracture behavior of adhesively bonded joints[END_REF], then by the authors in the mixed mode I+II plane [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF][START_REF] Stamoulis | Investigating the fracture behavior of adhesively bonded metallic joints using the arcan fixture[END_REF]. In the later two studies, the analysis of the experimental data was performed using the LEFM theory, and showed that the fracture envelope follows the Benzeggagh-Kenane (BK) failure criterion [START_REF] Gong | Mixed mode interlaminar fracture toughness of unidirectional glass/epoxy composite[END_REF][START_REF] Benzeggagh | Measurement of mixed-mode delamination fracture toughness of unidirectional glass/epoxy composites with mixed-mode bending apparatus[END_REF] with G IC ≈ 3 N/mm and G IIC ≈ 11 N/mm. However, later on in [START_REF] Stamoulis | Investigating the influence of material non-linearity in the fracture properties of ductile adhesives submitted to mixed-mode loading[END_REF] the authors included the non-linear behaviour of the SikaPower R -498 adhesive (previously identified in [START_REF] Badulescu | Characterization and modelling of the viscous behaviour of adhesives using the modified arcan device[END_REF]) in the calculation of G. This, revealed that G seems to be independent of the mode ratio and equal to G IC . Based on the above discussions, it is clear that several questions may arise. How does material non-linearity influence the fracture energy results of structural adhesives? How relevant is it to consider the behaviour of the adhesive and the substrates as linear elastic? In order to provide some answers on these subjects, the fracture properties of a toughened epoxy adhesive are examined in this study by means of the TDCB and MMB tests. The exact trade name of the adhesive is not communicated for reasons of confidentiality. It must be mentioned here that the authors chose a different from the SikaPower R -498 adhesive for the needs of the present research, so as to consider possible generalization of the results they presented in [START_REF] Stamoulis | Investigating the influence of material non-linearity in the fracture properties of ductile adhesives submitted to mixed-mode loading[END_REF]. However, this new adhesive belongs to the same family with the well-known SikaPower R -498 adhesive and presents a similar non-linear character. Therefore, it is appropriate to perform the work, since, as it will be shown below, it has important fracture strength and a pronounced ductile behaviour (both under tensile and shear loads).. The experiments were performed under displacement control at three loading speeds: 0.003, 0.3 and 30 mm/min. The authors prefer to use the loading speed (or rate) as reference throughout the text, since this parameter is the same no matter the nature of the test (TDCB, MMB or Arcan). It is obvious that each one of the testing speeds corresponds to a specific out-of-plane strain rate: (i) at the crack tip (for the case of the TDCB and MMB tests) and (ii) at the adhesive layer (for the case of the Arcan tests). However, the calculation of this last quantity is out-of-the scope of the present paper and shall be performed later on at a second phase. Yet, it can be remarked that the tests were realized from low up to fairly low rates, even though the ratio between the highest and the lowest speed is 10000. This has been preferred due to known difficulties in defining the behaviour laws of adhesive materials at very high and/or impact loads, which mainly rise from the significant contribution of inertia effects. Note that, since structural adhesives are viscous polymeric materials, their mechanical properties such as the Young's modulus, the yield strength, the failure stress etc. are very sensitive to the strain rate [START_REF] Cognard | Analysis of the nonlinear behavior of adhesives in bonded assemblies-comparison of tast and arcan tests[END_REF][START_REF] Ilioni | A viscoelasticviscoplastic model to describe creep and strain rate effects on the mechanical behaviour of adhesively-bonded assemblies[END_REF]. This is of course the case for the adhesive used in this work, as it will also be shown below. Nonetheless, the influence of material non-linearity on the fracture data presented in this paper will be the subject of a future work; here, the influence of the loading rate on the TDCB and MMB experimental results was investigated by means of the LEFM theory. In particular, G IC was measured using the European [START_REF]Adhesives -Determination of the mode 1 adhesive fracture energy of structural adhesive joints using double cantilever beam and tapered double cantilever beam specimens[END_REF] standard. Under mixedmode loading, G was calculated at peak force via the domain contour integral method, which is simply the numerical interpretation of the J-integral firstly presented by Rice in [START_REF] Rice | A path independent integral and the approximate analysis of strain concentration by notches and cracks[END_REF]. Similar analysis technique has been previously applied by the authors in [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF] for the SikaPower R -498 adhesive. Examples of examination of the fracture of composite adhesive joints submitted to very high strain rates can be found in [START_REF] Cho | High-strain-rate fracture of adhesively bonded composite joints in dcb and tdcb specimens[END_REF] (mode I) and in [START_REF] Blackman | The fracture behaviour of adhesively-bonded composite joints: Effects of rate of test and mode of loading[END_REF] (mixed mode I+II loading).

Recently, the mode I fracture of metallic adhesive joints under high impact loads has been investigated by Yamagata et al. in [START_REF] Yamagata | Experimental investigation of mode i fracture energy of adhesively bonded joints under impact loading conditions[END_REF]. In these last three studies, the overall behaviour has also been considered as linear elastic.

The article is structured in three main sections. The first section presents for the TDCB and MMB fracture mechanics tests: (i) the fabrication of the samples along with the bonding setups that have been developed, (ii) the experimental procedure that was followed, (iii) the monotonic and the load-unload test results, (iv) the calculation of G using methodologies based on the LEFM theory and (iv) the fracture envelopes at the three loading rates together with the calculation of the values of G IIC by extrapolation. The second section deals with the experiments that were realized on the adhesive under investigation with the modified Arcan fixture [START_REF] Cognard | A study of the non-linear behaviour of adhesively-bonded composite assemblies[END_REF] at various loading angles and speeds. The last section discusses on the relevance of the LEFM approach based on detailed observations of all previous experimental results.

2 Fracture Mechanics Tests 2.1 TDCB

Fabrication of the Specimens

The TDCB substrates were made out of a high resistant 7075-T6 series aluminium alloy, which has a yield strength of around 500 MPa and is mainly used in aeronautical applications. This has been preferred in order for the adherents to be flexible (the Young's modulus of this aluminium is around 70 GPa) and avoid their plasticity during the TDCB tests. They were designed according to the European [START_REF]Adhesives -Determination of the mode 1 adhesive fracture energy of structural adhesive joints using double cantilever beam and tapered double cantilever beam specimens[END_REF] standard and their dimensions were the same as the ones published before in [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF].

At first, the surfaces to be bonded were prepared by grinding with sand paper (of grit size P180), then cleaning with 99% pure alcohol and finally blowing with dry compressed air. Afterwards, the adhesive was applied by means of a wooden spatula. The initial crack was made using commercial aluminium foil coated with silicon grease in order to avoid any bonding with the adhesive bulk material. The foil was positioned at a distance of a o = (70 ± 1) mm from the load-line and in the middle of the width of the adhesive layer (see also figure 1c). The exact insertion point was marked on each substrate using a gauge caliper. With the intention to facilitate the construction of the TDCB specimens, an experimental setup was developed to perform the bond. A general overview of this setup is shown in figure 1. Once the adhesive applied and the foil well positioned as explained above, the two substrates were placed on an aluminium plate of 350 (length) x 200 (width) x 10 (thick) mm 3 . Hence, the bonding operation was performed on a horizontal plane so as to avoid errors of lateral misalignments and achieve a planar bond. The two screws at the front and the other two at the back sides of the aluminium plate (see figure 1a) were used to adjust the thickness of the adhesive (t a ) using a torque wrench. Two gauge plates (spacers) at the nominal value of 0.3 mm were used for this operation, which were placed at the front and back extremities of the specimen (as shown also in figure 4). The experimental value of t a was measured by means of a Nikon TM V-12 profile projector by assembling the substrates prior to application of the adhesive;

it was found to be at (0.32 ± 0.02 mm) for all TDCB samples along the length of the adhesive layer. A groove was machined in the middle of the aluminium plate to accommodate the film used to create the initial crack, and to allow spreading of the adhesive. The four pins at the back serve to keep the two substrates vertically aligned. After the calibration of t a , the adherends were held in position using two smaller aluminium plates as shown in figures 1b&c. Finally, the four L-brackets along with the four screws previously used to set t a were removed, and the samples (fixed onto the aluminium plate) were placed in a oven. According to its datasheet, the adhesive used in this research needs to polymerize at 175 • C for 20 min, in order to obtain optimum mechanical properties and maximum resistance to failure. Therefore, the curing cycle of the TDCB specimens was adjusted accordingly. In the end, the excess of the adhesive was removed by grinding with sand paper of grit size P180; the finishing was done with sand paper of grit size P500 until to obtain a smooth surface.

Experimental Procedure and Results

The experiments were performed using a universal tension-compression machine (Instron TM -5969), and the specimens were mounted as shown in figure 2. Cameras 1 & 2 were used to measure the relative displacement (u) between the loading points along the vertical y-axis and the evolution of the crack length (a) respectively. The first measurement allows to realize the necessary stiffness correction on the displacement of the machine. The second one is needed to calculate G IC as it will be explained below. The Aramis TM -GOM system was preferred for the measurement of u and a, since it provides perfect synchronization with the force and displace- Prior to testing, all samples were loaded at 0.3 mm/min until 700 N, then unloaded at 3 mm/min until zero force. This was needed to fully debond the insert (used to create the initial crack as it was explained in §2.1.1) from the adhesive, and provoke a small crack initiation.

ment
Hence, a sharp crack was formed for each specimen, which satisfies the conditions of the European [START_REF]Adhesives -Determination of the mode 1 adhesive fracture energy of structural adhesive joints using double cantilever beam and tapered double cantilever beam specimens[END_REF] standard and represents well the cracks encountered in industrial applications. After this operation, the samples were tested according to the protocol given in table1.

Figure 3 shows the force-displacement results. At a first glance, one can remark the very good repeatability of the experimental curves at each one of the three speeds that were examined. Moreover, for all tests, the force increased linearly until it reached a plateau value, then remained almost constant until rupture. This means that stable crack propagation took place.

The variation of the initial slope was probably due to differences in the "new" length a o of the initial crack, resulted after the load-unload procedure described above. No clear effect due to the change of the loading rate has been observed at this part of the test. On the other hand, the curves show that the smallest speed of 0.003 mm/min had the lowest plateau value of the force (at around 720 N). However, the increase of the speed from 0.3 to 30 mm/min did not cause a corresponding increase of the plateau value of the force, which seems to have saturated at around 800 N. Similar conclusions can be deducted for the displacement at rupture, which was minimal (at around 4.2 mm) for the lowest speed of 0.003 mm/min. It must be mentioned here that the difference of the displacement at rupture corresponding to the speeds of 0.3 and 30 mm/min (at around 4.8 and 5.1 mm respectively) should not be considered significant. Based on all the above discussions, it can be concluded that only the decrease of the speed from 0.3 to 0.003 mm/min had an important effect on the mode I fracture properties of the adhesive under investigation.

Figure 4 shows the faces of rupture of all TDCB specimens that were tested as previously described, including those that were fabricated to setup the the experimental procedure and for which no data has been recorded (two additional at the speed of 0.3 mm/min and one at 0.003 mm/min). It is clear from the images that the fracture was cohesive, and that there are no differences that can be attributed to the change of the loading rate.

To finish with, a TDCB Load-Unload (LU) test with one specimen (named as TDCB-LU-10)

was also realized. The force-displacement curve resulted out of this experimentation is shown in figure 5a, together with the result of a monotonic test chosen at random among those performed at 0.3 mm/min (TDCB-03-3). The LU sample was initially submitted to the same debonding procedure of the insert from the surrounding adhesive bulk material, as the one described above for other TDCB specimens. Afterwards, it was loaded at 0.3 mm/min until different different displacement values corresponding to the plateau region of the force (i.e. the crack propagation area), starting from its beginning at around 1.6 mm. Each loading face was followed by an unloading one at 3 mm/min until zero force, and the operation was repeated until total rupture. At a first glance, it can be seen that the monotonic curve envelopes the LU one. In addition, at the end of each unloading face a residual displacement was recorded, which increased while unloading the LU specimen further along the plateau region. Furthermore, figure 5b shows that the rupture of the LU sample was cohesive (which is in accordance with the rupture of the TDCB samples submitted to monotonic tests, see figure 4). Finally, the substrates used for the LU experiment were brought face to face (figure 5c) and no significant relative deflection between them was observed.

Computation of G IC

As also mentioned before, the evaluation of the TDCB results shown in figure 3 was carried out based on the European [START_REF]Adhesives -Determination of the mode 1 adhesive fracture energy of structural adhesive joints using double cantilever beam and tapered double cantilever beam specimens[END_REF] standard. According to this standard, the Irwin-Kies equation [START_REF] Kanninen | Advanced fracture mechanics[END_REF] was used here to calculate G IC , which mathematically reads

G IC = F 2 y 2b dC da (1) 
where b = 10 mm is the specimen width and C = u/F y is the TDCB system compliance. The use of eq.( 1) requires first the determination of the ratio dC/da, which for the needs of the present research was measured by means the Experimental Compliance Method (ECM) (see also [START_REF]Adhesives -Determination of the mode 1 adhesive fracture energy of structural adhesive joints using double cantilever beam and tapered double cantilever beam specimens[END_REF]). The ECM method demands to plot C as a function of the experimental values of a, then take the slope of this curve to compute dC/da. Based on the good repeatability of the curves in figure 3, one test per loading speed was chosen at random to perform this operation (TDCB-0003-2, TDCB-03-6 and TDCB30-7). The crack propagation was studied until the maximum length of a o + 40 mm (a o = 70 mm, see also figures 2 & 1c). This is a sufficient range to examine the evolution of C as a function of a at the different loading rates. The result is shown in figure 6. The lower bound for a in the figure was chosen at 80 mm to avoid the initiation region, let the fracture process zone to be well installed, and take into account of the measurements only during crack propagation. On the other hand, the upper bound is slightly higher than 105 mm (but inferior to 110 mm) in order to achieve good magnification and facilitate the detection of the crack tip. The graph shows that C was a linear function of a at all loading rates, which is in accordance with the guidelines of the European standard [START_REF]Adhesives -Determination of the mode 1 adhesive fracture energy of structural adhesive joints using double cantilever beam and tapered double cantilever beam specimens[END_REF] concerning the TDCB test. In addition, the increase of the speed from 0.003 up to 30 mm/min did not seem to have had a significant influence here. Therefore, these experimental results at each speed were fitted by means of the least squares method using 1 st order polynomials, whose parameters are also given in the figure. Hence, the slope dC/da is found equal to (2.82e-05 ± 0.08) N -1 (the result is given in the form MV ± 3×STD) 1 . [START_REF] Yamagata | Experimental investigation of mode i fracture energy of adhesively bonded joints under impact loading conditions[END_REF], who also reported no significant difference in the value of G IC of an epoxy adhesive until the high testing rate of 1.8 m/sec. On the contrary, the decrease of the speed to 0.003 mm/min gave for the adhesive under investigation in the present research lower values for G IC (≈ 0.74 kJ/m 2 ).

MMB

Fabrication of the Specimens

The substrates used for the MMB samples were made out of High Limit of elasticity Steel (HLS) material of yield strength at around 1650 MPa. They were fabricated from large sheets, cut at the dimensions of 190 (length) x 20 (width) x 3 (height) mm 3 (see also figure 8b&c) by means of a water-jet cutting machine. At first, they were bonded with metal blocks, ac-cording to the ASTMD6671 standard [START_REF]Standard test method for mixed mode I-mode II interlaminar fracture toughness of unidirectional fiber reinforced polymer matrix composites[END_REF], in order to attach the fully assembled specimens onto the MMB fixture. This operation was performed using the same adhesive as the one under investigation. The loading blocks were made out of 2017A series aluminium alloy, so as to reduce their weight as much as possible. They were specially designed to facilitate the construction of the MMB samples. Their main dimensions are given in figure 7. The rail of 20 (length) x 20 (width) x 3.5 (height) mm 3 was created to form a sliding link with the HLS plates of minimal tolerance. The dimension of 3.5 mm allowed the adhesive layer to have a thickness of 0.5 mm (see also figure 8b) and sufficient strength. Each loading block was positioned correctly at one extremity of each HLS plate, by aligning their front faces. In order to line up their bottom faces, they were assembled by pairs as illustrated in figure 8a insertion point was marked on both sides of each adherent with a gauge caliper. The adhesive thickness t a was set at the theoretical value of 0.3 mm with the aid of two gauge plates (spacers) placed at the front and back extremities of the substrates (see also figure 12). The assembly was realized by aligning each borehole with each threaded hole of the loading blocks as illustrated in figure 9, then screwing with a torque wrench and finally clamping at maximum the back extremity. Next, the samples were entered in a furnace to polymerize the adhesive; the curing cycle was adjusted so that the adhesive remained at 175 • C for 20 min, as it was also done before for the TDCB samples (see §2.1.1). After polymerization, the screws and clamps were removed, and the "ears" at the left and right sides of each specimen were cut in order to accommodate it in the MMB setup. In the end, the adhesive excess was removed by grinding with sand paper of grit size P180, then finishing with sand paper of grit size P500 until to obtain a smooth surface. It should be noted here that the experimental value of t a was measured as previously prior to application of the adhesive, via the Nikon TM V-12 profile projector. It was found to be at (0.31±0.02) mm along the length of each MMB sample. 

Experimental Procedure and Results

The MMB tests were realized at four mixed-mode ratios (G II /G): 0.2, 0.4, 0.6 and 0.8. The test protocol is given in table 2. The complete experimental setup along with a schematization of the MMB fixture are shown in figure 10.

The Instron TM -5969 universal tension-compression machine was used to perform the experiments. Preliminary tests showed no difference between the programmed displacement and the one measured by image correlation at the loading point indicated in figure 10. Therefore, camera 1 was used to measure the vertical displacement and the rotation around the out-ofplane axis of the loading arm (u arm and θ arm respectively). Camera 2 was used to measure the evolution of a by sufficiently increasing the magnification. The two cameras were calibrated with a millimeter paper. The quantities u arm and θ arm were issued by image correlation, hence the speckled pattern seen in the figure. In order to facilitate the measurement of a, the face of 1 The specimens are named as: MMB-the mode ratio-the loading rate-the serial number.

each specimen was painted white and a mark at 35 mm from the load-line (corresponding to the length of the initial crack a o , see §2. 3. It must be said here that the ASTMD6671 [START_REF]Standard test method for mixed mode I-mode II interlaminar fracture toughness of unidirectional fiber reinforced polymer matrix composites[END_REF] standard was initially developed for thin composite materials of small thickness values comprised between 3 and 5 mm. Although extensive care has been taken during the design of the MMB samples to respect all geometric limitations imposed by the norm, their overall thickness had to be kept at 6.3 mm so as to avoid plasticization of the substrates during the tests. However, since this difference is small, the error on the partitioned values of G should not be very important. Note also that previously published results of the authors for the SikaPower R -498 adhesive using the same mode separation technique [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF], gave similar values for G IC and G IIC with data issued from other experimental methodologies developed by other research teams [START_REF] Loh | A mixed-mode controlled dcb test on adhesive joints loaded in a combination of modes i and iii[END_REF][START_REF] Marzi | On experimental methods to investigate the effect of layer thickness on the fracture behavior of adhesively bonded joints[END_REF].

Similarly to the TDCB tests, all samples were first loaded under displacement control at 0.3 mm/min until a maximum force to fully debond the insert from the adhesive bulk material 21 and provoke a tiny crack initiation, then unloaded at 3 mm/min until zero force. However, it is well known that for the case of the MMB tests the force-displacement curves depend on the mode ratio (see also [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF]). Therefore, by pre-adjusting the MMB fixture as shown in table 3 for G II /G = 0.2, 0.4, 0.6 and 0.8, the maximum force value for this preliminary operation was set at 200 N, 400 N, 600 N and 800 N respectively. Afterwards, the specimens were loaded according to the protocol given in table 2.

The MMB force-displacement results are given in figure 11. Figure 11a shows that for G II /G = 0.2 the force reached the lowest peak (F ymax ) at about 230 N for the smallest speed of 0.003 mm/min. In addition, the results at this mode ratio indicate that F ymax saturated at around 250 N when increasing the speed from 0.3 to 30 mm/min. These observations are in accordance with the previous discussions for the TDCB tests, due to the important contribution of mode I load here. At higher mode ratios (figures 11b,c&d), F ymax increased with the augmentation of the speed from 0.003 to 30 mm/min, and the gap became maximum for G II /G = 0.8. Moreover, it is interesting to mention that the initial slope of the force-displacement curves was minimal for the speed of 0.003 mm/min at all mode ratios, and showed a slight increase between the speeds of 0.3 and 30 mm/min at G II /G = 0.6 and 0.8 (figures 11c&d respectively). Finally, it is worth noting the significant variation of F ymax at the speed of 0.003 mm/min for G II /G = 0.8, which was not the case for G II /G = 0.2, 0.4 and 0.6. At the other two loading speeds, F ymax presented quite good repeatability for all mode ratios that were examined in the present research.

Representative faces of rupture for all speeds and ratios of G II /G studied here with the MMB fixture are given in figure 12. Based on the increased number of specimens that were tested under mixed mode loading, presenting all of their faces of rupture (as it was done above for the TDCB tests) would make the article too long without adding new information. Therefore, only one specimen per mode ratio is shown, thus four per loading speed. Since the MMB tests cannot be held until total rupture, the specimens were separated after the end of the experiments simply by pulling off the two substrates by hand. In the pictures, the areas of crack growth and initial insert for each sample are easily distinguished from the fracture surfaces created after the previous operation. At first, it is noted that the loading rate had no effect on the faces of rupture. In addition, the images suggest that the crack propagated homogeneously throughout the width of the specimens (at 20 mm, see also figure 8). This is important because it means that the observations of the evolution of the crack length at the face are also valid at the center of the samples. However, it is remarkable the fact that the crack propagated close to the interface of the upper (up) substrate (the one which is connected to the loading arm, see also figure 10).

This phenomenon is less apparent at G II /G = 0.2 and gets more pronounced with the increase of G II /G. It is due to the more important bending of the up substrate compared to the lower (down) one which is connected to the fixed base (see also [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF][START_REF] Khoo | Effect of bondline thickness on mixed-mode fracture of adhesively bonded joints[END_REF]). It is obvious that this bending results also to the higher stress state of the up substrate, which causes an asymmetric stress field at the crack tip. Therefore, it can be concluded that if a sample with geometrical proportions similar to those described in §2.2.1 is submitted to the MMB test, the up adherent drives to its side the crack propagation path. Nonetheless, since this phenomenon is due to the nature of the MMB experiment, it is convenient to consider that the rupture of the adhesive under investigation was cohesive regardless of the mode ratio. Similarly to the TDCB case (see §2.1.2), one MMB LU test per mode ratio (that is four in total: MMB-02-LU-9, MMB-04-LU-9, MMB-06-LU-10 and MMB-08-LU-10) was also performed. The results are presented in figure 13, together with a corresponding monotonic curve at the speed of 0.3 mm/min. The MMB LU specimens were loaded several times until different characteristic displacement values at 0.3 mm/min, which were issued from the relevant monotonic curves performed at the same loading rate. Each loading face was followed by an unloading one at 3 mm/min until zero force. The first LU step of each specimen was used to debond the insert from the adhesive bulk material. This explains the stiffer slope at the beginning for the MMB-02-LU-9 sample (figure 13a), but it did not seem to have had such an important influence at the other mode ratios. As with the TDCB LU tests, the monotonic curves at 0.3 mm/min envelope the LU ones for the MMB case too. In addition, it can also be seen that once F y is around or past the critical point F ymax , a residual displacement was recorded when unloading until zero force. This phenomenon was accentuated while performing the previous operation further during the experiment. All these conclusions are in accordance with the results discussed before for the TDCB LU tests, since the area around F ymax corresponds to the crack initiation region. It must also be said here, that the fracture of the MMB LU specimens was similar to that presented above in figure 12 for the MMB monotonic tests.

Computation of G under Mixed-Mode I+II Loading

The MMB monotonic test results were analyzed in this research by Finite Elements (FE) using the Abaqus TM software. The model and the analysis technique employed have been previously published by the authors in [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF]. However, some minor changes-additions were made here to automize the procedure and lower the computational time. A general overview of the model is given in figure 14. In brief, the MMB tests were simulated in two-dimensions (2D) under plane strain assumption, considering the behaviour of the substrates and of the adhesive as linear elastic. Four-node fully integrated elements (CPE4) were used for the mesh, which was sufficiently refined to assure convergence of the results. Geometric non-linearity was also taken into account. In order to gain in simulation time, a finer mesh was used for the adhesive layer, which was tied with the substrates as shown in the figure. The option tie of the Abaqus TM software allows connecting two mediums without the need of having them homogeneously meshed before, by constraining the degrees of freedom of the adjacent surfaces. Nonetheless, preliminary simulations using a homogenous mesh for the substrates and the adhesive layer gave the same values for G when compared with the ones issued from the solution that was preferred here, but at a higher computational cost. The loading arm and the fixed base (see also figure 10)

were supposed as non-deformable. The former was simulated by a frame of beam connectors of infinite rigidity passing from points A, B, C, D, E and N, which were placed at the characteristic points of its centroid axis. The latter is represented by the two points H and I, which were simply pinned with the ground. At points A and H Multiple Point Constrains of type link (MPClink) were defined with the substrates. The contact at points D and I were simulated as hard and frictionless. 2The fracture energy G was calculated via the domain contour integral method, which is simply the numerical interpretation of the J-integral method firstly proposed by Rice [START_REF] Rice | A path independent integral and the approximate analysis of strain concentration by notches and cracks[END_REF] (as it was also mentioned in the introduction part). The size of the contour and the mesh at the crack tip are given in figure 13. The numerical (seam 2 ) crack was created in the middle of t a as shown in the figure, based on the cohesive nature of the rupture of the adhesive under investigation described above. The simulations were performed under displacement control at F ymax , where stable crack propagation started. The mode ratio was configured simply by setting the distances c and L equal to the values given in table 3. The adhesive and the substrates were modelled under linear elasticity. The mechanical properties of the substrates were entered as given before in §2.2.2. For the adhesive, the Young's modulus (E a ) was set equal to 2 GPa and the Poisson's ratio (v a ) at 0.33; these values were provided by the supplier and were identified for the bulk material. The technique consists first of applying at point N the displacement of the machine u at F ymax , for each one of the experiments shown in figure 11. Then, the numerical value of a is adjusted until the reaction force at point N (F N ) becomes equal to F ymax . Hence, G is calculated for this equivalent crack length, and is equal to the J-integral since everything is linear elastic. In the end, the mode ratio is corrected by using the numerically adjusted values of a, according to the formula proposed by the ASTMD6671 standard [START_REF]Standard test method for mixed mode I-mode II interlaminar fracture toughness of unidirectional fiber reinforced polymer matrix composites[END_REF]. Compared to the previous publication of the authors [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF], this inverse identification method was programed here in Matlab TM . Hence, instead of repeating manually the computations in the Abaqus TM software, the simulations were carried out automatically until the following two conditions were simultaneously fulfilled

F 2 ymax -F 2 N,i+1 0.05 & |F N,i+1 -F N,i | 0.05 (2) 
where i 0 is the iteration number. It is obvious that the solution of the methodology described above is unique, since only one parameter (the seam crack a) has to be optimized.

The calculated values for G are presented in Appendix in table A.2. Tables A. [START_REF] Adams | The influence of local geometry on the strength of adhesive joints[END_REF] and A.4

in the Appendix show also the experimental and numerical results respectively for θ arm , a and u arm , at F ymax where the computations for G were realized. At all loading rates, it can be observed that G increased with G II /G. Moreover, the numerical values of a were considerably higher compared to the experimental ones at all ratios of G II /G. This also resulted to a similar effect for the numerical values of θ arm and u arm . Finally, it is important to mention the significant dispersion of the experimental measurements of a, which was not reflected by the optimized numerical crack lengths.

Fracture Envelopes at the Three Loading Speeds

Figure 14 shows the evolution of G(= G C ) as a function of G II /G in the mixed mode I+II plane, for the three loading rates that were investigated in this study. These results were issued after analyzing the fracture experimental data from the TDCB and MMB tests under linear elasticity assumption for the adhesive and the substrates, by means of the methodologies described in the previous sections. As it can be observed from the fracture envelopes, G increased with G II /G at a rate depending on the loading speed. In particular, at G II /G = 0 (mode I), G IC was found to be the same for the speeds of 0.3 and 30 mm/min, and lower for the one of 0.003 mm/min (at around 0.88 and 0.74 N/mm respectively, see also table A.1). As G II /G increased, the maximum speed of 30 mm/min started to gradually impact G towards higher values compared to the other two smaller loading rates, and the difference became maximum while approaching pure mode II load. At all mode ratios, G had the smallest values for the speed of 0.003 mm/min and intermediate values for the one of 0.3 mm/min. It is also important to notice the significant dispersion of G at the speed of 0.003 mm/min for G II /G = 0.8, which was expected because of the variation of the corresponding F ymax values (see figure 11d). The evolutions of G in the mixed mode I+II plane were fitted by means of the least squares method with the BK failure criterion, which in its general form reads

G = G IC + (G IIC -G IC ) G II G m ( 3 
)
where m is a dimensionless material parameter to be optimized. This operation was performed using the curve fitting tool of Matlab TM . Hence, G IIC was calculated by extrapolation, and was found to increase with the loading rate. On the other hand, m was also found to increase with the loading rate, but saturated between 1.46 and 1.49 for the speeds of 0.3 and 30 mm/min respectively. The values of G IIC and m are given in table 4.

Table 4: Values of the optimized parameters after fitting the results of G at the three loading rates in the mixed mode I+II plane with the BK criterion.

Loading Speed (mm/min)

G IC (kJ/m 2 ) 1 G IIC (kJ/m 2 ) 1 m 1
0.003 0.74 ± 0.03 2.62 ± 0.33 1.26 ± 0.41 0.3 0.87 ± 0.07 3.43 ± 0.14 1.49 ± 0.13 30 0.89 ± 0.1 3.77 ± 0.13 1.46 ± 0.1 1 The results are given in the form MV ± 3×STD.

Therefore, it is clear from the above that while moving from pure mode I to pure mode II, G increased for the adhesive under investigation: (i) from 0.74 to 2.62 N/mm for the speed of 0.003 mm/min, (ii) from 0.88 to 3.43 N/mm for the speed of 0.3 mm/min and (iii) from 0.88 to 3.77 N/mm for the speed of 30 mm/min. These results are in conformity with the fracture behaviour of the crush optimized adhesive SikaPower R -498 published before by the authors in [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF], where similar analysis techniques based on the LEFM theory for the TDCB and MMB tests were employed. Finally, it should be mentioned that the experimental data for G given in figure 15 for the adhesive used in this work, can also be fitted well by means of other functions rather than the BK criterion. For example, the fracture envelopes at the two higher speeds of 0.3 and 30 mm/min can be also represented by a 2 nd and/or a 3 rd order polynomial. In addition, the evolution of G at the speed of 0.003 mm/min is almost linear. Nonetheless, the BK criterion was preferred for the present research, simply to be in accordance with the previous study [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF]. 

Arcan Tests

Since a toughened epoxy adhesive was chosen for the present research, it is evident to assume that it has important ductile behaviour and that its mechanical properties should be very sensitive to the loading rate (as it was also discussed in the introduction section). Therefore, tests by means of the modified Arcan fixture [START_REF] Cognard | A study of the non-linear behaviour of adhesively-bonded composite assemblies[END_REF] were performed on the adhesive under investigation at 0.003, 0.3 and 30 mm/min (in particular, three tests per loading speed). The modified Arcan fixture is suitable to realize the identification of the behaviour of an adhesive joint as it was shown in the past [START_REF] Alfonso | Use of the modified arcan fixture to study the strength of bonded assemblies for automotive applications[END_REF][START_REF] Badulescu | Characterization and modelling of the viscous behaviour of adhesives using the modified arcan device[END_REF]. It permits to load two adhesively bonded substrates under tension, shear, tension-shear and compression-shear (0 • , 90 • , 45 • and 135 • loading angles respectively), with respect to the adhesive layer. For the needs of the present research, the substrates were fabricated out of Aluminium 2017A. The form of their geometry was based on the one proposed in [START_REF] Cognard | A study of the non-linear behaviour of adhesively-bonded composite assemblies[END_REF], so as to minimize the influence of the edge effects. A similar to the bonding setup presented before in [START_REF] Alfonso | Use of the modified arcan fixture to study the strength of bonded assemblies for automotive applications[END_REF] was used to construct the joint. The width of the adhesive layer was set at 0.3 mm in accordance with the TDCB and MMB tests. The bonding surface was at 9.5

× 50 mm 2 . The curing cycle was adjusted as for the case of the TDCB and MMB samples, so that the adhesive remained at at 175 • C for 20 min. A universal hydraulic tension-compression machine was used to realize the tests. A schematic representation of the complete experimental setup is shown in figure 16. The relative displacement between the two substrates was measured within the area of 10 × 10 mm 2 as illustrated in the figure, at ± 1.5 mm from the center of the adhesive layer. Again, the Aramis TM -GOM system was used for this operation. The force-displacement curves issued from this experimental campaign are presented in figure 18. With respect to the adhesive layer: N F is the Normal Force, N D is the Normal Displacement, T F is the Tangential Force and T D is the Tangential Displacement. It is obvious that at 45 • the N F and T F force components correspond to the experimentally measured force multiplied by √ 2/2. The results confirm that the adhesive under investigation has a significant ductile behaviour both under tensile and shear loads. This phenomenon is accentuated when under shear with the displacement at rupture being at around 0.11 mm (figure 17b), compared to about 0.015 mm when under tension (figure 17a). Similar conclusion can also be applied for the tension-shear case (figures 17c&d). For all loading angles that were examined: (i) the initial slope, (ii) the plastic plateau region and (iii) the ultimate strength, were found to increase with the testing rate. Therefore, similar tendency should also be expected for the mechanical properties such as the Young's modulus, the yield strength and the failure stress of the joint. Finally, it must be mentioned that the rupture of all specimens that were tested with the modified Arcan fixture was cohesive.

Discussions

In the previous section, the modified Arcan tests confirmed the pronounced ductile behaviour of the adhesive under investigation (especially under shear load), and its dependency from the strain rate. It seems that these two effects, if taken into account, could considerably influence the form of the fracture envelopes in the mixed mode I+II plane given in figure 15.

By definition, G represents the potential energy required to provoke crack propagation. However, the results presented in the previous paragraph imply that the dissipated energy measured by means of the LEFM theory probably included an important amount spent to plasticize the adhesive, rather than only the delamination part. The authors suspect, in combination with their previous findings in [START_REF] Stamoulis | Investigating the influence of material non-linearity in the fracture properties of ductile adhesives submitted to mixed-mode loading[END_REF], that the increase of G with the loading speed and the mode ratio shown one studied here). Therefore, even if the identification of the behaviour law of the adhesive under investigation and its inclusion in the analysis of the TDCB and MMB experimental data will be the subject of a future study, it is convenient here to investigate further on the fracture tests presented earlier in this paper. In the beginning, it is interesting to talk about the difference between the experimental and the numerical values of a for the case of the MMB tests. This phenomenon is considered here only at F ymax where G was calculated. It is illustrated in figure 18 for the speed of 0.3 mm/min, for one representative specimen per mode ratio examined in this manuscript. The experimental measurements of a were realized optically (camera 2, figure 10). The numerical values of a resulted from the optimization methodology developed to analyze the MMB experimental data, as it was explained in §2.2.3. This method has two major drawbacks: (i) it requires knowledge of the basic mechanical properties (Young's Modulus and Poisson's ratio) of the materials involved and (ii) it is based on a linear elastic assumption for the adhesive and the substrates.

For the former, the raw material data as given by the suppliers were used for the simulations (see §2.2.3). Even though these quantities were not verified experimentally, it is unlikely that their true values differ a lot from those provided by the suppliers. Hence, their influence on the computed results should be minimal. However, the numerical values of a in figure 18 were found considerably higher compared to the experimental ones, and this difference seems to have increased with the mode ratio. This was also the case for the other two loading rates, when looking at the statistical data given in the Appendix section (tables A.3 and A.4). In addition, it is well known from fracture mechanics that the stress field close to the crack tip becomes singular. Therefore, it can be concluded that the important difference between the experimental and numerical values of a should probably be related to the significant size of the zone at the crack front, where the adhesive material has undergone non-linear behaviour. This is a common phenomenon when examining the fracture of structural ductile adhesives, especially when their thickness is low like the 0.3 mm used in the present research (see [START_REF] Marzi | On experimental methods to investigate the effect of layer thickness on the fracture behavior of adhesively bonded joints[END_REF]). It is obvious that similar observations must also be applicable for the case of the TDCB tests.

In paragraphs 2.1.2 and 2.2.2 the results of LU tests performed for TDCB and MMB samples respectively (at the speeds of 0.3 mm/min for the loading part and at 3 mm/min for the unloading part) were illustrated. The curves in figures 5 and 13 showed residual displacements at the end of the unloading phases under zero force, once the crack started to propagate. These residual displacements were found to increase while repeating the unloading procedure further during and MMB-06-LU-10 respectively. In particular, the unloaded state of the TDCB sample is given after its loading until 2.5 mm and 4.5 mm (see also figure 5). For the MMB sample every unloaded state all along the LU test is illustrated; to facilitate the understanding, a zoom at the beginning of the graph of figure 13c is also added. Both figures 19 and 20 indicate that once the initial crack started to propagate, the sample did not firmly close when unloading until zero force. In addition, for the TDCB LU specimen, figure 5c showed no relative deflection between the substrates when they were brought face to face after break. Hence, it is unlikely that they undergone significant plastic deformation during the LU experiment. Moreover, in the numerical simulations of the MMB tests at F ymax to calculate G, the maximum equivalent Von-Mises stress at the up substrate (which was reported to have a higher stress state, see §2.2.3) was found always lower than the yield strength of the HLS material (at around 1650 MPa, see §2.2.1). All these facts let the authors assume that the residual displacements recorded in figures 5 and 13 are most likely due to non-linearities of the adhesive material. This phenomenon accentuated while unloading further during the test, since the residual displacements were shown to increase.

However, for specimen MMB-06-LU-10, the photo at the end of the test and the one before (as shown in figure 20) indicate a large opening between the adherents. This suggests plasticization of the up substrate too during the MMB experiment. However, this is unlikely to have happened around F ymax where G was calculated when examining the photos in figure 20. It is obvious that similar conclusions must be expected for the other MMB LU specimens given in figure 5, and also if realizing LU TDCB and MMB tests at the other two speeds of 0.003 and 30 mm/min.

Conclusions and Perspectives

In this paper, it was examined the influence of the loading rate on the fracture properties of a structural adhesive in the mixed mode I+II plane by means of TDCB and MMB tests. The trade name of the adhesive was nowhere mentioned in the text for reasons of confidentiality.

The experiments were performed per triplets under displacement control at three speeds: 0.003, 0.3 and 30 mm/min. The MMB tests were realized at four mode ratios G II /G: 0.2, 0.4, 0.6 and 0.8. The experimental setups developed to fabricate the TDCB and MMB specimens were also presented. The analysis of the TDCB tests was performed via the European [START_REF]Adhesives -Determination of the mode 1 adhesive fracture energy of structural adhesive joints using double cantilever beam and tapered double cantilever beam specimens[END_REF] standard.

The MMB tests were evaluated using a numerical model and an inverse identification technique previously published by the authors in [START_REF] Stamoulis | On the experimental mixed-mode failure of adhesively bonded metallic joints[END_REF]. Both of the previous methods are based on the LEFM theory to calculate G. The results showed that G increased with the mode ratio and the loading speed. The BK criterion was found to represent well the fracture envelopes at all loading rates. Hence, the values of G IIC were calculated by interpolation.

Nonetheless, the non-linear behaviour of the adhesive under investigation and its dependency from the testing rate were demonstrated via experiments realized with the modified Arcan fixture for tensile, shear and tensile-shear loads. In addition, for the MMB tests in particular, the numerical values of a were found significantly higher when compared to the experimental ones at F ymax where G was calculated. Moreover, the LU TDCB and MMB tests revealed important non-linearities, which were attributed to the adhesive layer. All these facts indicated that the amount of energy spent to plasticize the adhesive during the fracture tests should have been important. Hence, G, when calculated via the LEFM theory for the case of structural adhesives presenting ductile behaviour, is unlikely to include only the energy required to create two new crack faces. It is obvious from the discussions in this manuscript that the viscosity of the adhesive must influence considerably the results of G. Furthermore, other parameters like the friction between the crack faces when close to pure mode II and the residual stresses generated by the curing cycle of the adhesive, should also have an impact on the fracture properties. In particular, the authors suspect that if all parameters that are omitted by the linear elastic assumption of the LEFM theory are taken into consideration, G could remain constant and equal to G IC regardless of the mode ratio and the loading speed. Although this conclusion for structural ductile adhesives is based also on the findings in [START_REF] Stamoulis | Investigating the influence of material non-linearity in the fracture properties of ductile adhesives submitted to mixed-mode loading[END_REF], it still remains an assumption to be proved. All these aspects are currently being under thorough investigation. 
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Figure 1 :

 1 Figure 1: TDCB bonding device: a) general overview; b) specimen back side attachment; c) specimen front side attachment showing also the initial crack a o .

  signals of the Instron TM -5969 machine. In order to facilitate the detection of the crack tip the adhesive layer was painted white. In addition, a mark at the distance of 70 mm from the load-line was created (equal to the length of a o , see also §2.1.1) by means of a gauge caliper.

Figure 2 :

 2 Figure 2: TDCB complete experimental setup.

Figure 3 :

 3 Figure 3: TDCB force-displacement results (F y is the applied force along the vertical y-axis).

Figure 4 :

 4 Figure 4: Faces of rupture of the TDCB specimens.

Figure 5 :

 5 Figure 5: TDCB Load-Unload test: a) force-displacement experimental curve, b) face of rupture; c) substrates brought face-to-face after rupture.

  using the aluminium plates previously employed to construct the TDCB specimens. Figures 8b&c show the front and bottom views respectively of the final form of the MMB substrates.

Figure 7 :Figure 8 :

 78 Figure 7: MMB loading blocks: a) front view; b) side view.

Figure 9 :

 9 Figure 9: MMB substrates: Complete overview of the assembling technique. a

2 . 1 )

 21 was created on each sample by means of a gauge caliper. The evolution of a was observed until the middle of the effective length of the specimen (equal to the distance L from the load-line). As for the case of the TDCB tests, the Aramis TM -GOM system was also preferred for the MMB ones to perform the previous tasks, due to the perfect synchronization with the force-displacement signals of the Instron TM -5969 machine.The configuration of the MMB setup at the different values of G II /G that were examined in the present research was realized by changing the length of the lever arm (c) according to the formulae proposed by the ASTMD6671[START_REF]Standard test method for mixed mode I-mode II interlaminar fracture toughness of unidirectional fiber reinforced polymer matrix composites[END_REF] standard. If considering that the stiffness of steel is much higher than that of the adhesive, then the later can be neglected. Therefore, based on the dimensions of the MMB substrates given in §2.2.1, their mechanical properties (Young's Modulus E s = 210 GPa and Poisson's ratio v s = 0.33), the width of the adhesive layer at

Figure 10 :

 10 Figure 10: MMB complete experimental setup (2L: specimen effective length, θ: rotation around the out-of-plane axis).

Figure 11 :

 11 Figure 11: MMB test results for G II /G = 0.2 (a), 0.4 (b), 0.6 (c) & 0.8 (d) (F y and u are the force and displacement signals of the Instron TM -5969 machine respectively).

Figure 12 :

 12 Figure 12: Representative MMB specimens faces of rupture at: a) 0.003, b) 0.3 and c) 30 mm/min.

Figure 13 :

 13 Figure 13: MMB LU test results for G II /G = 0.2 (a), 0.4 (b), 0.6 (c) & 0.8 (d).

Figure 14 :

 14 Figure 14: FE model of the MMB test, showing also the finer mesh areas at the up & down substrates, the one at the crack tip and the deformed state of the model ((HI)=2L). a

Figure 15 :

 15 Figure 15: Fracture envelopes of the adhesive under investigation at 0.003, 0.3 and 30 mm/min.

Figure 16 :

 16 Figure 16: Complete experimental setup of the tests realized with the modified Arcan fixture.

Figure 17 :

 17 Figure 17: Modified Arcan test results at different loading angles: a) N F vs N D at 0 • ; b) T F vs T D at 90 • ; c) N F vs N D at 45 • ; d) T F vs T D at 45 • . a a The specimens are named as: Arcan-the loading angle-the loading rate-the specimen number.

Figure 18 :

 18 Figure 18: Numerical and experimental values for a at 0.3 mm/min for specimens: a) MMB-02-03-3; b) MMB-04-03-3; c) MMB-06-03-5 and d) MMB-08-03-4.

Figure 19 :

 19 Figure 19: State of the specimen TDCB-LU-10 around the area of the tip of the initial crack at zero force, after loading until a) 2.5mm and b) 4.5mm.

Figure 20 :

 20 Figure 20: State of specimen MMB-06-lu-10 around the area of the tip of the initial crack, in the end of each unloading phase at zero force.

Table 1 :

 1 TDCB test protocol.

	Test Characteristics Number of specimens 1
		0.003 3 (TDCB-0003-1 to 3)
	Test Speed (mm/min) 1	0.3	3 (TDCB-03-4 to 6)
		30	3 (TDCB-30-7 to 9)

Table 2 :

 2 MMB test protocol.

	G II /G	Test Characteristics	Number of specimens 1
			0.003	2 (MMB-02-0003-1 to 2)
	0.2	Test speed (mm/min)	0.3	3 (MMB-02-03-3 to 5)
			30	3 (MMB-02-30-6 to 8)
			0.003	2 (MMB-04-0003-1 to 2)
	0.4	Test speed (mm/min)	0.3	3 (MMB-04-03-3 to 5)
			30	3 (MMB-04-30-6 to 8)
			0.003	3 (MMB-06-0003-1 to 3)
	0.6	Test speed (mm/min)	0.3	3 (MMB-06-03-4 to 6)
			30	3 (MMB-06-30-7 to 9)
			0.003	3 (MMB-08-0003-1 to 3)
	0.8	Test speed (mm/min)	0.3	3 (MMB-08-03-4 to 6)
			30	3 (MMB-08-30-7 to 9)

Table 3 :

 3 Configuration of the MMB fixture for the needs of the present research.

	0.2	65	116.4	116.5
	0.4	75	71.5	71.5
	0.6	75	51.97	52
	0.8	75	39.88	40

G II /G L (mm) c (mm) 1 c (mm) 2 1 Calculated.

2 

Adjusted experimentally.

  Table A.2: MMB (mixed mode I+II) Fracture Energy values.

			G II /G = 0.2 3					G II /G = 0.4 3		
	Test speed (mm/min)	Specimen Name	Simulation Point u (mm) F ymax (N)	G II /G 4 G (kJ/m 2 )	Test speed (mm/min)	Specimen Name	Simulation Point u (mm) F ymax (N)	G II /G 4 G (kJ/m 2 )
	0.003	MMB020003-1 MMB020003-2	3.88 3.97	230.40 231.34	0.21 0.21	1.03 1.05	0.003	MMB040003-1 MMB040003-2	3.32 3.41	490.98 485.69	0.42 0.42	1.34 1.36
		MMB0203-3	3.95	246.14	0.21	1.17		MMB0403-3	3.53	531.12	0.42	1.55
	0.3	MMB0203-4	4.07	250.57	0.21	1.12	0.3	MMB0403-4	3.55	543.20	0.42	1.57
		MMB0203-5	4.14	251.14	0.21	1.20		MMB0403-5	3.53	538.00	0.42	1.55
		MMB0230-6	4.03	247.75	0.21	1.15		MMB0430-6	3.56	556.02	0.41	1.60
	30	MMB0230-7	4.02	253.70	0.21	1.18	30	MMB0430-7	3.75	598.39	0.41	1.81
		MMB0230-8	4.02	260.99	0.21	1.22		MMB0430-8	3.73	565.74	0.42	1.72
			G II /G = 0.6 3					G II /G = 0.8 3		
	Test speed (mm/min)	Specimen Name	Simulation Point u (mm) F ymax (N)	G II /G 4 G (kJ/m 2 )	Test speed (mm/min)	Specimen Name	Simulation Point u (mm) F ymax (N)	G II /G 4 G (kJ/m 2 )
		MMB060003-1	3.35	718.29	0.62	1.72		MMB080003-1	3.49	992.59	0.81	2.22
	0.003	MMB060003-2	3.44	739.48	0.62	1.82	0.003	MMB080003-2	3.22	902.40	0.81	1.87
		MMB060003-3	3.36	711.20	0.62	1.71		MMB080003-3	3.71	1020.60	0.81	2.52
		MMB0603-4	3.63	789.21	0.62	2.05		MMB0803-4	3.83	1080.90	0.81	2.67
	0.3	MMB0603-5	3.71	815.61	0.62	2.16	0.3	MMB0803-5	3.90	1095.10	0.81	2.77
		MMB0603-6	3.64	785.00	0.62	2.04		MMB0803-6	3.97	1123.00	0.81	2.88
		MMB0630-7	3.73	871.22	0.62	2.28		MMB0830-7	3.99	1200.00	0.81	3.04
	30	MMB0630-8	3.77	879.43	0.62	2.33	30	MMB0830-8	3.99	1203.00	0.81	3.04
		MMB0630-9	3.68	874.71	0.62	2.25		MMB0830-9	3.99	1190.00	0.81	3.02

The specimens are named as: TDCB-the loading ratethe serial number.

MV stands for Mean Value and STD for STandard Deviation

More information on the functionalities of the pinned, MPClink, tied, seam crack and the hard and frictionless contact options of the Abaqus TM software can be found in the Abaqus/CAE user's manual[START_REF] Hibbitt | Abaqus/CAE User's Manual[END_REF].

Theoretical value of the mode ratio.

Calibrated value of the mode ratio for the equivalent numerical value of the crack length.
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Appendix

Test speed (mm/min) Test speed (mm/min) 5 Theoretical value of the mode ratio. 6 No STD is given here since only two tests were performed experimentally at this testing speed and mode ratio. 7 All results are given in the form MV ± 3×STD.