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Abstract 

In this study, pure mode I, pure mode II and mixed mode fracture behaviour of an epoxy were 

investigated. Specifically, the mixed mode values of fracture toughness and critical strain energy 

release rate (CSERR) were measured. Specimens were subjected to mixed mode loading using 

compact tension shear (CTS) test. Some experimental modifications were found to be necessary to 

eliminate rotation and ensure crack propagation at the notch when testing epoxy specimens at high 

mode II loading. A failure criterion for the mixed mode loading of polymer is developed and its 

predictions are compared with the experimental results. The crack propagation direction in epoxy was 

investigated in this research as well. A detailed study of failure mechanisms on the fracture surface 

was performed. The results indicate that the increase in the value of toughness can be directly related 

to the fracture morphology. 

1. Introduction  

The prediction of the fracture behaviour of polymer composite materials is a complex undertaking that 

has necessarily involved at least some degree of empiricism [1–4]. With the long-term goal of being 

able to design composite systems for optimized energy absorption, it would be highly beneficial to 

develop a predictive fracture model that is based solely on the properties of the constituent phases, the 

interface between them and the geometric details of the microstructure. Owing to the high degree of 

constraint resulting from closely packed fibre reinforcement, the matrix of a polymer composite shares 

similarities with adhesive joints, in this paper, we begin with the characterization of a common epoxy 
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system subjected to mode I, mode II and mixed mode I/II loading as a first step on the path to a 

predictive model for the mixed mode fracture polymer composite systems. To obtain such a model it is 

required to study the fracture behavior of bulk polymer and to relate the amount of energy released in 

the fracture of the polymer to the energy released in the fracture of a confined polymer in a polymer 

composite or a bonded joint. The full investigation of polymer fracture is carried out in this research. 

2. Background 

The study of mode I toughness in polymers and polymer joints has been performed by several 

researchers using bend test or compact tension specimen [5–8]. However, the mixed mode fracture 

toughness of neat polymer has been studied by few researchers. Maccagno and Knott [9] studied the 

mixed mode behaviour of PMMA using four-point bending test of a beam and they compared their 

results with three fracture criteria. They concluded that a maximum tensile stress criterion well-

described the material behaviour. Chen etal [10] used J-integral contour to compute mixed mode strain 

energy release rate in polymer bonds. Araki et al. [11] investigated the mixed mode crack angle of an 

epoxy and compared it with the existing criteria. They also studied the effect of the glass transition 

temperature on the toughness. The measurement of mixed mode fracture response of epoxy was 

carried out using beam specimens subjected to three-point or four-point bending tests. Apart from 

reporting the values of toughness and comparing them with empirical failure criteria, the contribution 

of the fracture mechanisms to the value of toughness was not studied by these researchers. Bruce [12] 

compared the fracture surface of polymer specimens subjected to pure mode I and pure mode II 

loading and found the mode II CSERR to be 2.4 times greater than the mode I value.   Observations of 

the respective fracture surfaces revealed that the mode II surface consisted of 45 degree hackles 

compared to the flat surface of the mode I specimens and led to the conclusion that in increased mode 

II CSERR is due to solely the increased crack path length,     (  √ ), resulting from hackle 

formation. 



To study mixed mode loading, the beam methods require different types of specimens or testing for 

different modes of loading. However, the CTS test described by Richard [13] requires only one 

specimen geometry for the whole range of mixed mode loading.  

3. Experimental Method 

3.1 Materials and Manufacturing 

The neat epoxy specimen in this study was made using CLR1180/CLH6560 epoxy material from 

Crosslink Tech. Inc. The epoxy was made by mixing hardener and resin in a ratio recommended by the 

manufacturer (100 units of resin to 30 units of the hardener). In mixing the resin and the hardener, 

particular care was taken to avoid introducing air bubbles into the mixture. After mixing, the resin was 

poured into trays or molds that were lined with Teflon vacuum bags to avoid resin adhering to the trays. 

The curing process took 48 hours at room temperature. Cured specimens were then cut to the test 

dimension by a milling machine (see Fig. 1). 

3.2 Tensile Testing 

Tensile testing of epoxy specimens was carried out according to standard ASTM D638 [14].  Totally 6 

dumbbell shape specimens with gage length of 50 mm were tested at strain rates between          
 

 
  

and         
 

 
. To measure the gage displacement and strain precisely a 50 mm gage length 

extensometer was used. The average values of different mechanical properties of epoxy are given in 

Table 1. 

3.3 CTS Test 

Mixed mode fracture response of neat epoxy was investigated using the compact tension shear (CTS) 

test. The test setting included a CTS specimen inside a CTS fixture (see Fig. 1(a) and (b)). The 

geometry of the CTS specimen is shown in Fig. 1(c) and (d). The mode of loading was changed from 

     (pure mode I, Fig. 1(a)) to       (pure mode II, Fig. 1(b)) in the specimen by changing the 

location of the pin. Total length of the notch,  , was half of the specimen width [13]. A pre-crack of 



 

0.5mm long was cut by a razor blade at the notch tip. The temperature effects due to the frictional 

heating by the blade should be avoided, and for this reason, each specimen was tested at least one day 

after they were cut by the blade. 

The load was applied by an Instron servohydraulic load frame (Instron 8804) and it was measured by a 

250kN or a 5kN load cell, depending on the expected value of the maximum load. The displacement 

rate was 2mm/min and the displacement was measured at the cross head of the testing machine. The 

test was performed at room temperature with 50% relative humidity.  

The maximum load from which the crack opens, was measured during the test. This value was used to 

calculate mode I and mode II critical stress intensity factor (SIF) of epoxy,    , and      respectively.  

3.4 SENB Test 

Single edge notch beam (SENB) tests were also performed to determine the value of pure mode I 

CSERR  [15]. The SENB testing was performed in accordance with ASTM 5045 [16], and was carried 

out on rectangular neat epoxy specimens with a length of 130 mm, a width of 28 mm and a thickness 

of 14 mm . A tiny slit with a length of 14mm was cut in the middle of the specimen and a 0.5 mm long 

crack was made by a cutting blade at the tip of the slit (See Fig. 1(e)).  

Fracture surfaces of  CTS and SENB specimens were extracted for subsequent imaging by a scanning 

electron microscopy (SEM) or stereomicroscopy by cutting carefully at a low rate and keeping them 

away from humidity to decrease the post-failure damage on the fracture surface [17]. 

3.5 CTS specimen modifications 

For higher mode II loads, epoxy specimens failed at the bolt hole before the beginning of the crack 

propagation at the notch tip. In order to solve the problem and perform valid tests, composite tabs with 

a length of 60 mm and width of 38 mm, made of woven glass epoxy were used to resist to the bolt hole 

stress concentration. The composite tabs were glued to the epoxy specimen and cured at room 

temperature during 48 hours to avoid post curing effect on the epoxy specimen. The bolt holes were 



then made by drilling the tabbed specimens. Finally, this modification on CTS specimens allow a 

failure at the notch tip [18]. 

4. Failure model 

A notched polymer specimen as shown in Fig. 2 was firstly considered. A nominal stress of σ at an 

arbitrary angle α was applied to the CTS specimen. The stress applied to the specimen was assumed to 

resolve into shear and normal components (i.e.    and    ) according to the following relations: 

         (1) 

          (2) 

where   
 

          
. The values of the mode I and mode II stress intensity factors denoted KI and KII  

respectively, at the specimen crack tip can be obtained with the following expansion [19]: 

       √   (3) 

         √   (4) 

Dimensionless geometric components, Y1 and Y2 which will be introduced later, depend on the 

specimen width, w, and the crack length, a. Substituting shear and normal stress components of 

Equations 1 and 2 into Equations 3 and 4 the expansion of SIF can be written as: 
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Defining the effective value of stress intensity factor,      , as: 

      √  
     

  (7) 

Assuming a plane strain condition, the material CSERR can then be obtained: 
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Substituting the values of            from Equations 5 and 6 into Equation 8, an expression for the 

CSERR as a function of a loading angle can be given: 
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Since: 
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Therefore, Equation 9 can be rewritten as: 

      
          

        (12) 

Equation 12 predicts an “S-curve” behaviour between     and      for the mixed mode toughness 

versus loading angle. Richard [20], using the finite element method, developed the following 

expressions for Y1 and Y2: 
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where t , w and a are the specimen thickness, width and crack length respectively. Using the critical 

(maximum) load that opens the crack,      , the critical stress intensity factor (            ) of the 

material can be calculated. 



 

5. Results and Discussion 

4.1 Plane strain condition 

The determination of    requires that a plane strain condition exists at the crack tip [19]. Therefore, 

the effect of thickness of the epoxy specimens on the value of fracture toughness was studied.  

For this purpose different thicknesses from 2 mm to 13.5 mm were used. CTS specimens with 

thicknesses ranging from 2 mm to 7.5 mm and SENB specimens from 12 mm to 13.5 mm were tested. 

The results for pure mode I fracture toughness and CSERR are shown in Fig. 3(a) and b respectively. 

As can be seen in Fig. 3(a) and (b), a minimum thickness of 7.5 mm is required for the epoxy specimen 

to ensure a state of plane strain that gives correct value for KIc. It is recommended (e.g. [19]) that the 

ratio of the plastic radius,   , at the tip of the crack to the thickness of the material t (i.e. 
  

 
 ) should be 

of order of 0.025  to ensure having plain strain condition in the material. The size of the plastic radius 

was calculated by    
   
 

    
  in which    is the yield stress of the material. The relation predicts a 

plastic radius of 200 micrometers for epoxy and so, the approximate minimum thickness of epoxy 

should be equal to 8 mm, which is consistent with the value of 7.5 mm measured experimentally. Here, 

as the size of plastic zone ahead of the crack tip is negligible compared to other dimensions of the 

specimen, Linear Elastic Fracture Mechanics (LEFM) can be used in the relations. 

The results show average values of 3.07    √  and 2.85 
  

  
 for pure mode I fracture toughness and 

pure mode I CSERR respectively. As discussed in the failure model, to calculate the values of CSERR 

mechanical properties (E and  ) of epoxy is required. These properties were measured using tensile 

testing and are summarized in Table 1. 

5.2 Mixed mode fracture response 

The values of the mode II fracture toughness and the CSERR for specimens having minimum 

thickness of 7.5 mm were measured using CTS specimen and are equal to              √  and 

         
  

  
 respectively. 



 

As shown in Fig. 4, the value of maximum load increases from 2200N for pure mode I (     ) to 

3200N for pure mode II (     ), which results in higher value of fracture toughness and CSERR.  

The values of mode I and mode II components of the fracture toughness can be calculated from 

Equations 15 and 16. These values are used to determine the effective fracture toughness which is the 

root mean square of mode I and mode II components of fracture toughness as shown in Fig. 5. Fig. 

6(a) shows the value of CSERR (  ) vs. different modes of loading for neat epoxy. In total 19 

specimens were tested: i.e. 5 in pure mode I and pure mode II, 3 under 75 degree, 2 specimens at each 

angle of     and     and 1 specimen at angle of     and    . 

As it can be seen in Fig. 6(a), CSERR in mode II is almost 2.47 times greater than the value of CSERR 

for the mode I, which is in agreement with Bruce [12] and experiments carried out by Araki etal. [11]. 

The increase in the value of mode II CSERR is related to the size of the plastic radius in front of the 

crack and the morphology of the fracture surface that will be discussed in Section 5.4.  

5.3 Crack Growth Angle 

The crack growth angle is the angle from which the crack opens up under different loading modes. The 

prediction of the crack path was firstly studied by Erdogan and Sih [21] who used the maximum 

principal stress criterion  and Sih [22] who employed the minimum strain energy density criterion. 

The value of the crack growth angle in CTS specimen was predicted using an empirical relation 

introduced by Richard etal. [23]: 

  

    [      
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where    and     are mode I and mode II components of fracture toughness respectively. Epoxy 

specimens under mode I loading begin to fracture at the notch tip, as the crack propagates in a path 

parallel to the notch direction. The propagation angle varies from 0˚ to 85˚. The comparison between 



the predicted value and the measured value exhibits a good agreement (with maximum deviation 

of %9.5) as shown in Fig. 6(b). 

5.4 Fractography 

In this section, the influence of parameters such as thickness and loading modes on the fracture 

morphology is discussed. 

5.4.1 Effect of specimen thickness on fracture morphology 

It was shown that thicker specimens result in a lower value of fracture toughness and CSERR (Fig. 

3(a) and (b)) as a result of the transition from plane strain (thick specimens) to plane stress in thinner 

specimens. A flat fracture area is observed for thicker specimens subjected to loading angles close to 

   whereas a fracture surface with evidence of plastic deformation, hackles and chevron patterns is 

observed for thinner specimens (Fig. 7(a) and (b): pure mode I loading, Fig. 7(c) and (d):     loading 

angle). It is obvious that a flat fracture surface requires smaller amount of energy to propagate, which 

results in a smaller value of toughness in thicker specimens. 

5.4.2 Effects of the Mode of Loading  

Observations of the fracture surface reveal that the morphology is changing as the loading changes 

from pure mode I to pure mode II. The fracture surface of the specimen under pure mode I shows a 

neat cleavage fracture surface, as shown in Fig. 8(a). A flat surface is caused by the tensile stresses 

acting normal to the surface. A flat fracture surface releases a smaller amount of energy during the 

fracture compared to the other type of fracture areas. Increasing the loading angle from     towards    , 

the resulting fracture morphology is no longer flat. SEM and stereomicroscopy images show radial 

patterns on the fracture surface, which are observed in lower angles of loading and indicate sharp and 

fast crack propagation. This pattern can be observed on the fracture surface of specimens subjected to 

    loading angle for instance (see Fig. 8 b). For higher degrees of mode II, chevron and river patterns 



 

are observed on the surface (Fig. 8(c) and (d)). These morphologies reveal extensive resin plastic 

deformation and extension that require a higher value of energy to propagate. 

Fig. 9 shows the comparison of the criterion prediction (Equation 12) and the experimental values of 

mixed mode CSERR with standard deviation. The expected “S” pattern is observed for the values of 

mixed-mode CSERR and the predictions based on Equation 12 fit well with experimental results. A 

similar “S” pattern is also observed in the mixed mode fracture of adhesives [3]. 

5.4.3 Hackles 

Hackles or cusps (Fig. 8(d)) are the dominant fractographic feature for higher mode II [17]. Hackles 

appear inclined opposite to the direction of the crack propagation. Thus, they can be used to determine 

how crack has been locally propagated. The size of the hackles has been shown to depend on moisture 

content, temperature and matrix toughness [17,24]. For instance, higher temperature increases the 

plasticity leading to thicker hackles and increased CSERR of the material. The formation of hackles in 

polymers during fracture has been discussed by Purslow [25]. According to him, if there is shear 

loading in the area close to the crack tip due to the mode II loading, it can be resolved into principal 

stress. Principal stress is a tensile stress on the region in front of the crack. The pure mode II principal 

stress acts in 45° angle with regard to the crack direction. This tensile stress develops a crack in the 

polymer in 45° angle and hackles appear by connection of these cracks. 

 The geometry of hackle requires larger area absorbing energy compared to a flat surface in mode I 

loading, which was confirmed in our test results.  

For thinner specimens subjected to mode II, macro hackles were observed. In Fig. 10, multiple hackles 

started from a few millimeters away from the crack tip and result in higher value of mode II CSERR 

(about 12 
  

  
) for epoxy. 

6. Conclusions 

The fracture and tensile behaviour of an epoxy was characterized using dumbbell shape specimens and 

a combination of compact tension shear and single edge notched beam specimens. To ensure fracture 



at the tip of the crack under pure mode II, specimens were modified by composite tabs. The mode I 

and mode II critical strain energy release rates were determined to be 2.85 
  

  
  and 7.05 

  

  
 

respectively. The ratio 
   

  
      is in agreement with the model proposed by Bruce [12] based on the 

increased surface area resulting from hackle formation in mode II fracture. It suggests that that mode II 

and mixed mode fracture properties of a material can be predicted if the mode I properties are known. 

The mixed mode CSERR was well predicted by a micromechanical model that accounts for the 

transition of resolved normal and shear components of the mixed mode loading acting on the crack. 

Fracture morphology and its relation to the value of toughness of the epoxy subjected to different 

modes of loading were observed and investigated. The effect of thickness on the fracture morphology 

was also investigated. The increase in the toughness for the mode II loading was related to the hackles 

formation on the fracture surface of the resin.  

Based on our study, the next piece of work is to look at the effect of constraint on the energy absorbed 

by the bond (resin) during the mixed mode fracture to predict the contribution of adhesive toughness to 

the total toughness of composite material. When a bulk adhesive such as bulk epoxy fractures a major 

portion of energy dissipates in the material due to its plastic deformation before fracture. The amount 

of plastic deformation is however limited in a fibrous polymer composite by the neighboring fibres or 

in a bond by the neighboring adherends. This difference results in a higher value of toughness in bulk 

epoxy compared to a reinforced epoxy. As a result in this case the value of epoxy toughness should be 

scaled by the ratio of the reinforced material that is being plastically deformed. The result can be used 

to calculate the reinforced resin toughness based on the toughness of bulk resin towards predicting the 

fracture behavior of a polymer composite or bond. 
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Fig. 1 CTS fixture. (a) pure mode I. (b) pure mode II loading. CTS specimen (c) 2D drawing (d) neat 

epoxy specimen after machining. (e) Single edge notch beam lab setting.  

 

 



 

Fig. 2 General state of stress at the elements shown in the CTS sample for a mixed mode I and II and 

crack propagation under mixed mode loading. 

 

 

 

Fig. 3 Thickness effect on (a) mode I fracture toughness and (b) mode I toughness.  

 

Fig. 4 Epoxy load-displacement, sample thicknesses between 3 and 4mm. 
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Fig. 5 Effective fracture toughness vs. loading angle. 

 

Fig. 6 (a) Mixed mode toughness vs. loading angle. (b) Comparison of measured and predicted values 

of crack growth angle. 
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Fig. 7 Comparison of epoxy specimen’s fracture surface morphologies. Specimens were subjected to 

(a) mode I (loading angle of 0°) with thickness of 3 mm and (b) thickness of 12 mm, (c) loading angle 

of 15° with thickness of        and (d) thickness of      . 

 

  

Fig. 8 SEM and steromicroscopy image of the fracture surface of epoxy under (a) pure mode I testing 

(b) 15  of loading angle (c) 75  of loading angle and (d) pure mode II testing with hackles.  

 

Fig. 9 Comparison of CSERR predicted for epoxy by failure criterion (Equation 12) and 

 experimental data. 
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Fig. 10 Macro hackles in some of neat epoxy specimen under mode II loading, sample with macro 

hackle (a) sample without macro hackling (b). 

Mechanical Properties Unit 

E 2.9 0.15 GPa 

   30.8 5 MPa 

υ12 0.38* - 

   4.1 0.91 % 

  1.18 
  

   
 

    61 0.88 MPa 

Table 1 Mechanical properties of epoxy (CLR1180/CLH6560 Crosslink) used in the 

calculations. 

*Poisson’s ratio is taken from Cambridge Engineering Selector (CES) EduPack. 




