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Towards a consensus on mode II adhesive fracture testing and data reduction methods.
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Abstract

Mode II fracture toughness is crucial in the design of structural bonded joints between fibre reinforced polymers (FRP). However, one of the main problems encountered in mode II experimental testing is the poor reproducibility between the most common test methodologies: End-Notched Flexure (ENF), End-Load Split (ELS), 4-point End-Notched Flexure (4ENF), and the Mixed Mode Bending (MMB) test at 100% of mode II.

The objective of this work is to define reliable test methodologies and data reduction methods to obtain comparable results among mode II tests. For this reason, an experimental test campaign consisting of the abovementioned four mode II test methods was carried out. The J-integral was implemented in all the tests as data reduction method, and it was compared to the existing data reduction methods based on Linear Elastic Fracture Mechanics (LEFM). 
The results obtained from the J-integral based methods were independent from the test methodology and the adherend used. Very good agreement vas obtained among all the tests.


1.	Introduction

Nowadays, adhesive bonding is widely used in industrial applications as an alternative to traditional mechanical fasteners, especially in lightweight structures. Bonded joints are designed such that the adhesive is loaded in the direction of its maximum strength (i.e. shear), whereas tension or peel stresses are minimized. For this reason, determining mode II fracture toughness is extremely important.

There are various standardized test methodologies available to determine the mode II fracture toughness of fibre-reinforced polymer composites, named the End-Notched Flexure (ENF) test [1], the End-Loaded Split (ELS) test [2] and, alternatively, the Mixed Mode Bending (MMB) test [3] used at 100% mode II ratio. Although not standardized, the Four End-Notched Flexure (4ENF) test also widespread within the scientific community [4].

One of the main problems in mode II testing is the poor comparability among the existing test methods [5- 9]. The causes of such discrepancies in results are diverse, ranging from the friction and large deflections involved, to the complex damage mechanisms occurring at the crack tip [5, 10-14].
Besides, in the case of adhesive bonded joints, they have been reported to entail a large Fracture Process Zone (FPZ) at the crack front, instead of a sharp crack tip, due to the plasticity of the adhesive layer [15, 16]. Therefore, analysing situations involving large FPZ may fall outside the scope of the mode II delamination standards data reduction methods because they are based on Linear Elastic Fracture Mechanics (LEFM).

The interest in bonded joints failure has led to new data reduction methods being developed to determine fracture toughness in a non-linear framework. One that has enjoyed particular success is the J-integral developed by Rice [17] from which simple closed form solutions have been used to obtain fracture toughness in tests such as ENF [18], ELS [19] and MMB [20]. 

The objective of this work is to obtain a reliable mode II fracture toughness test for structural adhesives. Four mode II test methodologies were compared (ENF, ELS, 4ENF and MMB at 100% mode II ratio) in an experimental test campaign of bonded joints between Carbon Fibre Reinforced Polymers (CFRP). Different data reduction methods based on both LEFM and the J-integral were applied to each test methodology. A J-integral closed form solution for the 4ENF test is presented, as it is the only one from the tests studied for which a J-integral closed form does not exist in the literature. 

2.	Experimental test campaign

The tests were performed in AMADE research group testing laboratory, at the University of Girona. The specimens tested were 25 mm wide, 210 mm long, 4.8 mm thick with a 60 mm long artificial crack in the bonding line. Two different specimen types (M1 and M2) were manufactured with the same adhesive but each with a different CFRP adherend, differing in the type of fibres and resin used. 

With the aim of avoiding unstable crack initiation from the insert a pre-crack in mode I of at least 5 mm was made in all the specimens following the ISO25217 [21] standard before the mode II tests. 

After the pre-crack tests, the edge was marked every millimetre with a vertical line from the initial crack tip, a0, to the final propagation length, af (c.f. Fig. 1).
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The tests were carried out under displacement control in a universal test machine and different methods were used for the data reduction: LEFM-based and J-integral based. In that account, during the mode II tests, the load, the displacement, the crack length, and the rotations at the loading application points and at the supports were recorded. 

In the ELS test the data reduction methods used to obtain the fracture toughness were: the Simple Beam Theory (SBT), the Experimental Compliance Method (ECM) and the Corrected Beam Theory using Effective crack length (CBTE) from ISO15114 [2], the area method (AREA) [22] and the J-integral [19].

In the ENF test the data reduction methods used to obtain the fracture toughness were: the Simple Beam Theory (BT) [10, 23], the Corrected Beam Theory (CBT) [10, 24, 25], the Compliance Calibration Method (CCM) [25, 26], the area method (AREA) [22] and the J-integral [18]. 

Four data reduction methods were considered for the 4ENF test: the Simple Beam Theory (SBT) [4], the Experimental Compliance Method (ECM) [5], the Compliance Calibration Method (CCM) [5], and additionally, a J-integral data reduction method, was developed for this test [27]:
	
	(1)


where P is the applied load, W is the specimen width, H is the half thickness of the specimen, L is the half span length, E is the adherend longitudinal young modulus, µ is the friction coefficient between cracked surfaces and θ1, θ2, θ3 and θ4 are the rotations of the specimen at the roller application edges (c.f. Fig. 1). The last therm in equation (1) takes into account the frictional effects. According to Davidson et al. [5] a friction coefficient of µ = 0.345 was used in calculations.

In MMB test the data reduction method proposed in the standard [3] was used in addition to the J-integral [20].

3.	Results and discussion

No results were obtained for M2 specimens of 4ENF and MMB test configurations, since a premature failure occurred in the adherend, invalidating the tests. 

The fracture toughness was measured when the R-curve reached a plateau. All results are normalized with respect to the averaged value of  JIIc obtained from M1 specimens tested with the ELS, which had a fracture toughness of  JELS (M1) = 4.64 KJ/m2.

In Tables 1 to 4 the averaged values of each batch tested with their corresponding standard deviation (SD) are summarized. 
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	Batch
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	GIIc(ECM)
	GIIc(SBT)
	GIIc(AREA)

	M1
	Average
	1.00
	0.94
	0.68
	1.22
	0.92

	
	SD
	0.17
	0.11
	0.11
	0.20
	0.15

	M2*
	Average
	1.06
	1.10
	1.12
	1.15
	-

	
	SD
	0.07
	0.09
	0.35
	0.29
	-


*Final unstable crack growth invalidate GIIc (AREA) data reduction method.



Table 2. ENF tests summary of results. All values normalized with respect to averaged value of JIIc
from the M1 ELS batch.
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	JIIc
	GIIc(CCM)
	GIIc(BT)
	GIIc(CBT)
	GIIc(AREA)

	M1
	Average
	0.99
	1.00
	1.23
	0.87
	1.02

	
	SD
	0.17
	0.15
	0.21
	0.18
	0.11

	M2
	Average
	0.98
	1.01
	1.41
	1.04
	0.98

	
	SD
	0.22
	0.18
	0.31
	0.16
	0.28



Table 3. 4ENF summary of results. All values normalized with respect to the averaged value of JIIc from the M1 ELS batch.
	Batch
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	GIIc (CCM)
	GIIc (ECM)
	GIIc (BT)
	GIIc (AREA)

	M1
	Average
	0.96
	1.08
	0.93
	1.54
	1.28

	
	SD
	0.18
	0.15
	0.10
	0.24
	0.44



Table 4. MMB tests summary of results. All values normalized with respect to the averaged value of JIIc from  the M1 ELS batch.
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	GIIc

	M1
	Average
	0.93
	1.33

	
	SD
	0.11
	0.24



In the ELS test some of the data reduction methods present large differences with respect to the reference value and between them (i.e GIIc (ECM) and GIIc (SBT), having differences of more than a 20% in the average value). Furthermore, the average fracture toughness of each batch results in large SD for all test methods, probably due to the fact that each batch contains specimens from different panels. However, the discrepancies between the data reduction methods are too large to be considered as material heterogeneity. Therefore, to a large extent, they must be attributed to the data reduction method used. 

From the comparison between M1 and M2, the authors expected no changes in the fracture toughness, because the adhesive layer was the same, and the properties between adherends are similar. In this sense, the J-integral and the CBTE are the data reduction methods that provide fewer differences between both materials, with JIIc giving the smallest difference. The relative error between both methodologies is less than 6%.
A discrepancy of GIIc (ECM) and GIIc (SBT) results compared to those obtained with the CBTE method was expected, as this has been stated in a round-robin study on carbon-fibre epoxy material [28].

Similarly to what it is observed in the ELS results, in the ENF test there are significant differences between some of the methods (of more than 20%). 
Only the J-integral and CCM provide values of GIIc closer to those obtained from the ELS test. Besides this, both methods are independent of the adherend used, having small differences, of less than 2%, in the fracture toughness measurement between M1 and M2.

In the 4ENF test none of the data reduction methods takes into account the friction effects, albeit except for the J-integral, in which the friction coefficient is defined as µ = 0.345 [5]. The J-integral offers similar results to those obtained from the ENF and ELS tests. Results from the CCM are also in fairly good agreement with those obtained from the other tests. On the other hand, large differences are encountered in the methods that directly depend on the crack length measurement, i.e. BT and AREA. Despite also depending on the crack length measurements, like the CCM, the ECM provides acceptable results of GIIc (less than 10% difference). The discrepancies between the J-integral and the other methods can be explained by the friction effects and the difficulties in the crack length measurement.  

For the MMB specimens, the results obtained following the MMB test standard [3] (GIIc) are higher than those obtained in the ENF, ELS or 4ENF tests, similar to what occurred in the previous test methodologies that depend on crack length measurements. Again the the J-integral offers close values to the previous tests.
To graphically observe the deviation between the methods, Fig. 2 shows the average results, with their corresponding standard deviation, for the JIIc and compliance calibration based methods. 
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Figure 2. Summary of JIIc results. Batch average and standard deviation of each batch normalized with respect to the JIIc average value from the M1 ELS batch.

A very good agreement between J-integral-based results is observed for all test typologies (differences between them below 10%) and materials (differences below 6%). On the other hand, the CC-based data reduction methods are also providing similar results of fracture toughness regardless of the test used (CBTE in ELS, CCM in ENF and CCM in 4ENF). Although they are less accurate than the J-integral-based methods, they can serve as a good alternative to the J-integral.


4.	Conclusions

With the aim of obtaining a reliable mode II fracture toughness test procedure for structural adhesives, four delamination-based mode II test methods (ELS, ENF, 4ENF and MMB) have been compared through an experimental test campaign with bonded joints between CFRP. Additionally, two specimen typologies (M1 and M2) were tested, with the same adhesive but each with a different adherend. 

For each test, different data reduction methods were used to obtain the fracture toughness, LEFM and J-integral. For this purpose, a data reduction method based on the J-integral was developed for the 4ENF test.

From the analysis of the results, in determining the fracture toughness there were some discrepancies between the tests and the data reduction methods. The methods based on the visual crack length monitoring show differences in the determination of the fracture toughness because they mainly depend on the measurement of the crack length, and a neat crack tip does not exist when testing adhesives under mode II loadings because of the large FPZ involved. Therefore they are not reliable for measuring  fracture toughness. On the contrary, methods that are not based on a direct measurement of the crack length, such as  CC-based (CBTE in ELS, and CCM in ENF and 4ENF) and the J-integral, result in small differences between the different test typologies and materials. 
Even though the CBTE and CCM methods are based on LEFM, they rely on calculating an equivalent crack length that somehow takes into account the FPZ length. This is why their results show better agreement with the J-integral approach, based entirely on a non-linear fracture mechanics framework.

In all the tests, the J-integral was proven to be independent of the test typology and material, but the CC-based methods are also in acceptable agreement with those obtained with the J-integral.
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