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Abstract 

Ductile tearing process in low carbon steel brazed joints with copper filler metal is studied using 

the Cohesive Zone Model. The Cohesive Zone Model is characterized by two parameters related 

to the cohesive strength and cohesive energy. A new method is developed to estimate the 

Cohesive Zone Model parameters through direct experimental measurements and numerical 

modeling. The cohesive energy of the brazed joints is obtained from the fracture test results 

performed on the single-edge notched bend specimens. Based on the obtained cohesive energy 

parameter, the fracture test is simulated using a cohesive zone finite element model. A unique 

value for the joint cohesive strength is determined by best fitting the finite element results to the 

experimental load-crack mouth opening displacement curves. The merit of the characterized 

Cohesive Zone Model is explored by finite element modeling of the tensile test performed on the 

mailto:mkarimig@uwaterloo.ca
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single-edge notched tension specimens. The load-crack mouth opening displacement curve 

obtained from the finite element modeling conforms to the corresponding tensile test results. 

Furthermore, the effect of the crack tip stress constraint on the plastic zone shape and size is 

successfully captured by the model. The good agreement between the finite element simulation 

results and the experimental data demonstrates the applicability of the Cohesive Zone Model for 

fracture analysis of the brazed joints.  

Keywords: cohesive zone modeling; brazed joint; ductile tearing; parameter characterization  
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Nomenclature 

  Crack length 

     
Plastic component of the area under load- crack mouth   

opening displacement curve 

  Ligament length 

  Fracture specimen thickness 

  Damage variable 

  Young’s modulus 

  Constraint parameter 

   Critical energy release rate 

    Elastic component of the energy release rate 

  
   Elastic component of the critical energy release rate 

    Plastic component of the energy release rate 

  
  

 Plastic component of the critical energy release rate 

  Cohesive zone stiffness 

  Stress intensity factor 

     Continuum element length 

       Cohesive element length 

  Load 

   Critical load 

     Maximum load 

       Inner loading span 
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       Outer loading span 

  Brazed joint clearance 

  Fracture specimen width 

  Separation 

   Separation at onset of damage initiation 

   Separation at failure 

  Cohesive energy 

   Hydrostatic part of stress 

       Cohesive strength  

       Equivalent Mises stress 

1. Introduction 

Brazing as a type of joining is widely used in industries to join separate parts of a structure. A 

filler metal in the form of foil, plating, paste, or wire with melting temperature of above 450C 

and below the solidus point of the base metal is melted and diffused into the faying surfaces to 

form joint upon solidification [1]. 

The reliability of brazed joints against propagation of pre-existing defects and cracks relies on 

the joint ductility. Extensive experimental investigations have been carried out to evaluate the 

brazed joint ductility influenced by different brazing conditions [2–7]. Based on the conventional 

fracture mechanics theory, many researchers have used the fracture toughness parameter as the 

joint fracture criterion [8–13]. Interfacial stress intensity factors for fracture specimens have been 

calculated by the Finite Element (FE) modeling to estimate the joint toughness from fracture test 

results [9,12]. Moreover, the effect of brazing residual stresses on the joint fracture toughness 

has been studied by the FE method [9]. Although the brazed joint failure has been assessed based 

on the fracture toughness parameter in many investigations, it has been commonly accepted that 

the single-parameter fracture criterion shows dependency on the specimen geometry and loading 

configurations [2, 9, 14]. To the author’s knowledge, a fracture analysis method capable of 
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predicting fracture, independent of geometry and loading has not yet been applied to the brazed 

joints.  

The Cohesive Zone Model (CZM), as a two-parameter fracture analysis tool, is capable of 

interface fracture analysis, independent of geometry and loading. In the CZM approach the 

interfacial constitutive model is defined by a relation between traction and separation at the 

fracture process zone to model crack initiation and propagation [15]. The CZM is characterized 

by two parameters related to the cohesive strength and cohesive energy. The cohesive strength is 

the maximum traction attained within the fracture process zone at the onset of damage initiation, 

and the cohesive energy is the work needed for full material separation per unit area of the crack 

extension [16]. The CZM constitutive relation is such that, upon increasing the separation, the 

traction increases up to the limiting value of the cohesive strength; thereafter, traction gradually 

decreases and eventually vanishes at the onset of complete material separation [15]. 

Applicability of the CZM to fracture analysis of structures with material and geometrical 

nonlinearities is an important advantage of this approach [17]. Furthermore, this method is 

particularly capable of crack growth analysis at interfaces with complex crack tip fields [18]. 

Using the CZM, the energy needed for decohesion is decoupled from other dissipative 

mechanisms near the crack tip. This implies that the CZM characterized for an interface is 

capable of including the experimentally observed geometry and load dependencies of the 

interfacial crack growth behavior [18]. In many researches the CZM approach has been 

employed to simulate the decohesion phenomenon at the interface of adhesively bonded 

structures associated with considerable plastic deformation of adherents [19–21]. In addition, the 

CZM has achieved popularity in simulating fracture process in laminated [22–24], fiber [25–28], 

and honeycomb [29] composite material structures. The application of the CZM coupled to a 

cyclic damage evolution law has also been of interests for facture analysis of solder joints under 

cyclic loading condition [16, 30].  

Merit of the CZM in different failure situations depends on the use of the proper model 

parameters in the analysis. In general, the cohesive strength and cohesive energy are 

characterized through experimental measurements associated with the FE simulations [21, 25, 

31–35]. The two model parameters are often determined simultaneously by optimization 

techniques to minimize the difference between the simulation results and the experimental data 
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[31, 35]; however, the uniqueness of the obtained parameters is debatable [28]. On the other 

hand, a few researches have been conducted to directly measure one of the CZM parameters 

through experimental methods. Chandra [25] applied the CZM to study the interfacial failure in 

metal matrix composites. In this research, the interfacial work of separation was determined 

through quantifying the area under load-displacement curve obtained from a push-out test. Then 

using finite element simulation, the cohesive strength was adjusted such that the numerical 

results best fits the experimental data. Chen et al. [33] estimated the cohesive energy by 

topographic measurement of the corresponding fracture surface of the tensile specimens. 

Thereafter, the cohesive strength was determined by fitting the numerical crack length-load line 

displacement curve to the experimental results. Investigations have shown that characterization 

of one model parameter through direct experimental measurement and the other parameter 

through fitting the cohesive zone FE modeling results to the experimental data leads to a unique 

set of the model parameters [25, 33]. 

In this paper, a new method is developed to estimate the CZM parameters in a ductile tearing 

process through direct experimental measurements and numerical modeling. The cohesive 

energy is determined through decomposition of the critical energy release rate into the large scale 

plastic dissipations around the crack tip and the energy needed for material debonding within the 

fracture process zone. The application of the CZM has also been extended in this study to 

estimate the fracture strength and model the ductile tearing process in brazed joints. In the 

outlined method, the critical energy release rate, which includes large-scale plastic dissipations 

around the crack tip, is calculated from the results of the fracture test performed on the Single-

Edge Notched Bend (SENB) specimens [2]. The elastic component of the critical energy release 

rate, which is the energy needed for debonding per unit area of the crack advance, is taken as the 

brazed joint cohesive energy. Based on the experimentally obtained cohesive energy, the fracture 

test is modeled by finite element using commercial software ABAQUS [36], and a unique value 

for the cohesive strength is determined by best fit to the experimental load-Crack Mouth 

Opening Displacement (CMOD) curves. Merit of the characterized cohesive zone FE model is 

examined by comparing the FE simulation results of the tensile test performed on the Single-

Edge Notched Tension (SENT) specimens with the corresponding experimental data. The good 

agreement between the estimated and experimental results suggests the CZM parameter 

transferability to different geometry and loading configurations.      
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2. Experimental evaluation of the cohesive energy 

2.1. Material and Experiment 

Single edge notched brazed specimens with a starter crack (       ) were prepared for the 

fracture toughness testing. Blocks of low carbon steel (ASTM-A36), as the base metal, were 

furnace brazed using copper filler metal foil (BCu-1) at the temperature of 1110°C [2]. 

Four-point bending quasi-static fracture tests were performed on the SENB specimens. The 

schematic of the specimen with a thickness of        and its loading configuration is shown 

in Fig.1. The test was conducted under displacement controlled condition at a rate of 0.03 mm/s 

using a servo hydraulic tensile machine. Load and CMOD were recorded and the crack length 

was monitored by a Charge Coupled Device (CCD) video-microscope camera during the fracture 

test. Experimental results have shown that the crack propagates through the joint filler metal 

region, and no delamination occurs at the steel/copper interface [2]. Details of the experimental 

procedure for the specimen preparation and the fracture test are described in the reference [2].   

 

Fig.1. Schematic of the SENB specimen with initial crack length a (dimensions in mm) 

 

2.2. Experimental results 

The load-CMOD curve along with the corresponding crack extension, provided in the reference 

[2], was used to evaluate the cohesive energy. The starter crack introduced inside the joint 

propagates when the energy release rate reaches its critical value. The experimental results 

indicate a stable tearing process through the copper filler metal region followed by instability at 

the final stage of the crack propagation. As is discussed in the reference [2], the predominant 

dimple rupture mechanism on the joint fracture surface, which was initiated at the dendrites and 

microvoids, implies the ductile tearing process. This tearing process is accompanied by the base 

metal plastic deformation around the crack tip, as is shown in Fig.2. 

 

Fig.2. Optical micrograph of the SENB specimen at the crack tip region (a) 50x, (b) 100x showing the 

ductile tearing process within the copper filler metal and deformation in the base metal 
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The cohesive energy consists of the material surface energy and its accompanying small-scale 

inelastic dissipations at the immediate vicinity of the crack tip for the unit area of the surface 

created. Based on this concept, the critical energy release rate or the fracture energy is considered 

as the cohesive energy in brittle fracture [25, 37]. However, in ductile fracture the energy release 

rate also includes large-scale plastic dissipations around the crack tip region. Decomposition of 

the energy release rate into the elastic,    , and plastic,    , components decouples the work 

required for material separation from the energy dissipation due to large-scale plasticity around 

the crack tip region [25, 37–40]. The elastic component of the critical energy release rate,   
  , 

which is the energy needed for material debonding per unit area of the crack advance, is 

considered as the cohesive energy of a ductile material [37]. As a result, the cohesive energy of 

the brazed joint consists of the brazing filler material surface energy and its corresponding 

inelastic deformations due to material separation within the brazed joint. The large scale plastic 

work of the base metal is not included in the cohesive energy; rather, it has been considered as 

the plastic component of the energy release rate and its amount increases as the crack propagates. 

The elastic and plastic components of the   integral for each increment of the crack extension (i) 

are calculated from the load, CMOD, and crack length measured from the fracture test, as 

follows:  

where  ́    for plane stress and  ́           for plane strain conditions [37]. 

The stress intensity factor,       , is defined as: 
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where   and   are the specimen width and thickness, respectively. In the above equations, two 

subsequent increments of the crack extension have been identified by the indices of (i) and (i+1). 

Furthermore,   is the crack length and  (
 

 
) is a dimensionless weight function which is defined 

by Eq. (5) for the SENB specimen [37]: 

where        and        are the outer and inner loading spans shown in Fig.1, respectively [37]. 

In Eq. (3), the increment of the plastic component of the area under load-CMOD curve is 

indicated by     
     

. Further, for the SENB specimens, the geometry factors of       and 

                 (
  

 
)       (
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 are given equal to 0.9 and 2.68, respectively [41]. 

Using Eq.s (1) through (5), the elastic and plastic components of the critical energy release rate 

are calculated from the experimentally measured load, CMOD, and crack length of the fracture 

test provided in reference [2]. The obtained value of the critical energy release rate at the onset of 

physical crack extension, excluding the crack extension due to blunting, is provided in Table 1. 

The plastic component of the energy release rate corresponds to the base metal plastic work 

dissipated around the crack tip, whereas the elastic part of the critical energy release rate 

represents the brazed joint cohesive energy.  

Table 1. Components of critical energy release rate of the SENB specimen 

Specimen   
    

  

  
    

  
  

  

  
      

  

  
  

SENB 6.3 60.4 66.7 

The fracture test results indicate that the plane stress condition is dominant in the fracture 

process of the SENB specimens. According to Eq. (6), if the values of the specimen thickness,  ,  

and the initial crack ligament,   , are less than the experimentally obtained value of         , 

the plane stress condition is dominant in the fracture test. Otherwise, the fracture test is assumed 

to be conducted under the plane strain condition [33,37,42]. 
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Substituting the values of the critical energy release rate and the base metal yield strength into 

Eq. (6) gives:  

     
    
  

 
       [

  
  ]

          
          

Since   and    are equal to 7 mm, the above inequality is valid for the tested specimens and the 

plane stress condition is a suitable assumption to model the fracture process in this study.  

3. Evaluation of the cohesive strength through FE simulation 

3.1. FE modeling of the bending test 

Ductile tearing process of the SENB brazed specimens under the four-point bend quasi-static 

fracture test is modeled using ABAQUS [36]. The built-in cohesive elements (COH2D4) with 4 

nodes and 2 integration points are used in the simulation. The brazed joint interlayer is meshed 

by a single row of the two-dimensional cohesive elements oriented in the joint thickness 

direction. The initial constitutive thickness of the cohesive elements is set equal to the joint 

clearance of 0.05 mm. A bilinear traction-separation law, shown in Fig. 3, is used as the 

constitutive model of such cohesive elements. The relation between the CZM parameters related 

to the cohesive energy,  , and the cohesive strength,        , is given by Eq. (7): 

  
 

 
         (7) 

where    represents the separation at failure [25].  

The cohesive energy obtained from the experiment is assigned to the cohesive elements. The 

cohesive zone stiffness which is equal to the slope of the linear elastic part of the 

traction-separation law is defined by [36]: 

  
 

 
 (8) 
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where E and t represent Young’s modulus of the joint copper filler metal, i.e., 82 GPa, and the 

joint clearance, i.e., 0.05 mm, respectively [2]. 

 

Fig.3. Bilinear traction-separation law used in the FE simulation 

The surrounding base metal regions are meshed by 4-node quadrilateral bilinear elements 

(CPS4R) [36]. Elastic properties of the base metal are Young’s modulus of 200 GPa and 

Poisson’s ratio of 0.3. The hardening behavior of the base metal is taken from the tensile tests 

and the corresponding stress values versus the plastic strains are provided in Table 2 [2].  

Table 2. The stress values versus the plastic strains for the base metal 

Plastic strain 

[mm/mm] 
0 0.014 0.030 0.040 0.050 0.060 0.070 0.100 

Stress [MPa] 219 220 270 290 308 322 332 360 

The FE model of the SENB specimen and its boundary conditions are shown in Fig. 4 (a). Fixed 

displacement boundary conditions are applied to the top rigid rollers, and the bottom rigid rollers 

are displaced upward. Surface to surface contact is used between the rollers and specimen with a 

refined mesh at the contact regions. The CMOD is obtained from the x-displacement of the knife 

edges which have been included in the FE model. The mesh patterns around the crack path and at 

the tip of the crack are illustrated in Figs. 4 (b) and (c), respectively. 

 

 

Fig.4. (a) FE model of the SENB specimens and boundary conditions, (b) mesh pattern around the crack 

path, (c) mesh pattern at the crack tip 

A mesh convergence study is carried out to obtain a proper cohesive element length,       . The 

initial cohesive element length of 0.02 mm is selected first and the number of elements is 

doubled in the subsequent mesh convergence analysis. The obtained numerical CMOD-crack 

extension curves for different cohesive element lengths are plotted in Fig.5. The numerical 

results are convergent for the cohesive element length of 0.005 mm which is used in the FE 

simulations and is shown in Fig 4(c).  
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Fig.5. CMOD-crack extension curves for different cohesive element mesh sizes Le,CZM measured in mm 

In order to capture the plastic deformation around the crack tip, the surrounding continuum 

elements should be sufficiently fine. An initial element length,     ,  of 0.12 mm is selected for 

such elements, and the number of elements is doubled in the subsequent FE analysis. The 

load-CMOD curves for different mesh sizes are presented in Fig. 6. The FE results are 

convergent for     =0.02 mm which is the size used in the FE simulations. The calculated 

cohesive energy of 6.3 kJ/m
2
 and a cohesive strength of 400 MPa were used as the CZM 

parameters in the mesh convergence study with the plane stress assumption. 

 

Fig.6. Load-CMOD curves for different continuum element mesh sizes Le,c measured in mm 

3.2. FE modeling results  
 

Figure 7 shows the numerical load-CMOD curves obtained for a range of cohesive strength 

values to match the corresponding experimental results. It can be observed that the FE results 

with the cohesive strength of 395±2 MPa best fit the experimental curves. The critical load,    , 

and the maximum load,     , are obtained to be equal to 2.08 kN and 2.13 kN for the cohesive 

strength of 395 MPa, respectively.  

 

 

Fig.7. Numerical load-CMOD curves with different values of        fitted to the experimental results  

The obtained critical and maximum loads with respect to the cohesive strength values with a 

variation of ±2 MPa are plotted in Fig. 8. The results show that the maximum attainable load is 

more sensitive than the critical load with respect to the variations of the cohesive strength.  

 

Fig. 8. Variations of the critical and maximum loads with respect to the cohesive strength 
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Using the obtained cohesive strength, the FE modeling is performed to assess the sensitivity of 

the predicted results to any error in the cohesive energy calculations. Values of the critical and 

maximum loads with respect to the error percentage of about ±15% corresponding to the 

cohesive energy of 6.3±1 kJ/m
2
 are presented in Fig. 9. The results of the sensitivity analysis 

show that the critical and maximum loads have a variation of 1% and 2% to ±15% variation of 

the cohesive energy, respectively.  

 

Fig.9. Variations of the critical and maximum loads with respect to the cohesive energy 

Figure 10 shows the contour plots of the stress perpendicular to the crack faces at different stages 

of crack initiation and propagation. The corresponding numerical values of the traction 

distribution along the interlayer are plotted in Fig. 11. Before damage initiation in each cohesive 

element, increasing the separation leads to continuous increase of the traction (Fig.10 (b)).  The 

damage initiates once the traction reaches the cohesive strength of 395 MPa in each cohesive 

element. The onset of damage initiation in the first cohesive element located at the initial crack 

tip is shown in Fig.10 (c). Further increase in the separation results in the gradual degradation of 

the damage-initiated cohesive elements along the interlayer. Accordingly, the traction drops 

below the cohesive strength of 395 MPa and reaches zero for the first fully damaged cohesive 

element to simulate crack initiation (Fig.10 (d)). Afterwards, the elements which are fully 

damaged are subsequently removed to simulate crack propagation (Fig.10 (e)). The gradual 

degradation of the cohesive elements, which leads to the gradual loss of element’s load carrying 

capacity, makes the CZM approach suitable to simulate ductile tearing process through the 

brazed joint interlayer. 

 

Fig.10. Stress, S22, perpendicular to crack faces (a) in the whole model at crack initiation, (b) before 

damage initiation, (c) at the onset of damage initiation, (d) at the onset of crack initiation, (e) during crack 

propagation 

 

Fig.11. Traction distributions from the initial crack tip along interlayer at different damage levels 
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The reliability of the characterized CZM is further evaluated through the value of the energy 

release rate. Based on the finite element results and using the analytical relation given in Eq.s (1) 

through (5), the energy release rate is calculated for the subsequent steps of the crack extension. 

It is assumed that the crack growth steps are equal to the length of the damage band created due 

to formation and growth of micro-voids ahead of the crack tip [43]. Using the finite element 

results, the damage variable for the bilinear CZM characterized in this study is calculated from 

Eq. (9) and plotted in Figs. 12 and 13 [36]: 

  
        

        
 (9) 

where                            and                       .  

As shown in Fig. 13, the length of the damage band at the onset of crack initiation (      is 

obtained equal to 0.25 mm, which is the length of the next crack growth step. For the subsequent 

step of the crack extension (          ), the length of the damage band measured from the 

initial crack tip is obtained to be equal to 0.33 mm, as shown in Fig.13.  

 

Fig. 12. Distribution of the damage variable (SDEG) along the interface (a) at the onset of crack initiation, 

(b) after one step crack extension (          ) 

 

Fig. 13. Damage distribution from the initial crack tip along the interface  

The energy release rate at the onset of crack initiation and for the two subsequent crack growth 

steps is calculated and provided in Table 3. The results show that the value of the   integral 

obtained from the cohesive zone FE modeling at the second crack growth step (          ) 

is in excellent agreement with the experimental value of    given in Table 1.  

Table 3. Values of the   integral calculated from the FEM results for the subsequent crack extensions 

        0 0.25 0.33 

       
  

  
  23.7 44.8 66.9 
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4. CZM application and discussion 

4.1. Experiment 

In order to explore the applicability of the CZM to fracture estimation of the brazed joints, 

tensile tests were performed on the SENT specimens and simulated by the characterized 

cohesive zone FE model. Figure 14 shows the schematic of the SENT specimen with a starter 

crack (       ) under the applied loading. The tension tests were conducted by a servo-

hydraulic tensile machine under a displacement controlled condition with a rate of 0.03 mm/s. 

The SENT specimens were tested with the clamping distance of 60 mm. Similar to the four-point 

bending test, load and CMOD were recorded, and the crack length was monitored by a CCD 

video-microscope camera. 

Fig.14. SENT specimen under tensile loading (dimensions in mm) [2] 

 

4.2. FE modeling of the tension test  

The FE model of the SENT specimen and the corresponding boundary conditions are illustrated 

in Fig.15. One end of the model is fixed and displacement along the specimen axis is applied to 

the other end of the model. The two knife edges are also included in the model for CMOD 

measurements. The same element sizes obtained for the modeling of the SENB specimen are 

used in this simulation. 

 

Fig.15. FE model of the SENT specimen and the applied boundary conditions 

4.3. Results and discussion 

The load-CMOD curve obtained from the FE simulation in the plane stress condition is plotted 

over the experimental curve (Fig.16). The results show that the ductile tearing process in the 

SENT specimen is well estimated by the characterized cohesive zone FE model.  

 

Fig.16. Experimental and numerical load-CMOD curves of the SENT specimen 
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The critical load at crack initiation and the maximum attainable load obtained from the 

simulations and the experiments for the SENB and SENT specimens are presented and compared 

in Table 4. The numerical results are in a good agreement with the experimental data.  

Table 4. The critical and maximum loads obtained from the CZM and experiment 

Specimen type 

CZM Experiment 

   [kN]              [kN]           

SENB 2.08 2.13 1.85 2.11 

SENT 11.15 11.32 11.01 11.81 

Contours of the crack tip plastic strain in the SENB and SENT specimens at the onset of crack 

initiation, during crack propagation, and at the onset of failure are plotted in Fig.17. Under the 

tensile loading, two slip shear bands are formed and developed at a ±55° angle with respect to 

the loading axis. In bending, the slip bands form a fan-shaped curvature known as Prandtl slip 

fields [40]. Furthermore, the crack tip plastic zones at failure, which are estimated by the 

cohesive zone FE model for the SENB and SENT specimens, are superposed on the optical 

micrographs taken from the specimen side surface near the crack after the fracture tests, as is 

shown in Fig. 18.  The figure shows that, for both types of the specimens, the shape and size of 

the plastic zones obtained from the simulations are qualitatively in good agreement with the 

permanent deformations observed on the specimen micrographs. 

 

Fig.17. Contours of crack tip plastic strain in the SENB specimen (a) at crack initiation, (b) during crack 

propagation, (c) at the onset of failure, and in the SENT specimen (d) at crack initiation, (e) during crack 

propagation, (f) at the onset of failure 

 

Fig.18. FE estimated plastic zones (blue lines) at the onset of failure superposed on the optical 

micrographs of the adjacent crack path regions of the (a) SENT and (b) SENB specimens 

The width of the plastic zone, obtained from the FE modeling, with respect to the crack 

extension for the two types of the fracture specimens is plotted in Fig. 19. In the SENB specimen 
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the size of the plastic zone gradually increases after crack initiation until a constant size is 

reached. However, in the SENT specimen the plastic zone size at the onset of crack initiation is 

larger than that of the SENB specimen, and a fast growing plastic zone is observed as the crack 

propagates until it reaches a flat plateau. As is shown in Fig. 19, for both types of the specimens 

the load increases during the development of the plastic zone and reaches its maximum value 

once the plastic zone size stabilizes. Thereafter, the total energy required for crack propagation, 

i.e., the summation of the plastic dissipation energy and the cohesive energy, remains constant. 

As a result, the external work of the applied displacement remains constant and the load drops to 

satisfy the energy balance.    

 

Fig.19. Load and crack tip plastic zone width with respect to the crack extension  

The crack tip plastic zone size depends on the stress state which is indicated by the stress 

constraint parameter ( ). This parameter is defined as the ratio of the hydrostatic part of stress, 

  , to the equivalent Mises stress [44, 45], 

where 

   
 

 
                     and summation applies over the repeated indices 

The high the parameter    the more constraint on the plastic flow at the crack tip region. Figure 

20 shows the crack tip constraint parameter plotted over the crack extension. For both types of 

the specimens, the crack tip constraint parameter increases during initial stages of the crack 

extension, reaches a maximum value and thereafter gradually decreases as the crack propagates. 

The stress constraint parameter for the SENT specimen has lower values than that of the SENB 

specimen, and decreases faster due to the crack extension. This implies that the plastic flow at 

the crack tip of the SENT specimen is less constrained, and the corresponding plastic zone more 

develops than that of the SENB specimen (Fig 19) [46]. Therefore, the effect of the crack tip 

stress constraint on the plastic zone shape and size seems to be well captured by the model. The 

good agreement observed between the results of the tension test simulation and the experiment 

  
  

      
 (10) 
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suggests that the characterized CZM for fracture estimation of the brazed joints is independent of 

geometry and loading configurations.  

 
 

Fig.20. Crack tip constraint parameter with respect to crack extension for the SENB and SENT specimens 

5. Conclusions 

In this study the bilinear CZM, as a two-parameter fracture analysis tool, has been successfully 

employed to estimate Mode-I fracture and simulate the ductile tearing process in the low carbon 

steel brazed joints with copper filler metal. Using the CZM, the energy needed for material 

debonding is decoupled from the large scale plastic work dissipated around the crack tip. Hence, 

the characterized CZM is capable of modeling nonlinear fracture behavior of the brazed joints, 

independent of geometry and loading configurations. The CZM parameters related to the 

cohesive strength and the cohesive energy have been characterized from the four-point bend 

fracture test results and the corresponding FE simulation. The merit of the obtained CZM is 

investigated by the FE modeling of the tensile test performed on the SENT specimens. The 

following conclusions are drawn from this study: 

1. The experimental observations indicate a stable tearing process through the copper filler 

metal region followed by instability at the final stage of the crack propagation. The 

predominant dimple rupture mechanism observed on the joint fracture surface implies the 

ductile tearing process. The low carbon steel base metal parts experience large scale plastic 

deformation around the crack tip as the crack propagates. 

2. The cohesive energy, as one of the CZM parameter, is directly obtained from the fracture 

test results on the pre-cracked SENB specimens. Excluding the base metal plastic work 

dissipated around the crack tip, the elastic component of the critical energy release rate, 

i.e., the energy needed for material separation per unit area of the crack advance, is the 

joint cohesive energy in the ductile tearing process, and has been found to be equal to 6.3 

kJ/m
2 

for the steel/Cu/steel brazed joints. However, if the base material remains elastic or 

the crack tip plastic zone is in the range of small scale yielding, the entire critical energy 

release rate can be considered as the cohesive energy of a brazed joint. 
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3. The cohesive strength, as the second CZM parameter, is determined through relating the 

finite element modeling results to the experimental load-CMOD curves of the fracture test 

performed on the SENB specimens. The FE results with the cohesive strength of 395±2 

MPa best fit the experimental curves.  

4. To examine the applicability of the characterized CZM for the steel/Cu/steel brazed joints, 

the tensile test performed on the SENT specimens has been modeled. The obtained 

load-CMOD curve from the FE model is in good agreement with the corresponding 

experimental results. The agreement between the FE simulation results and the 

experimental data shows the uniqueness of the obtained CZM parameters. This indicates 

that, once the CZM parameters are determined for a brazed joint, the CZM is capable of 

estimating the joint fracture, independent of geometry and loading configurations. 

5. Superposition of the plastic zone obtained from the FE simulation on the micrographs of 

the fracture specimens reveals that the shape and size of the plastic zone for both types of 

the specimens are well estimated by the cohesive zone approach. This indicates that effect 

of the crack tip stress constraint on the plastic zone is well captured by the model. The low 

crack tip constraint parameter in the SENT specimens results in a more developed plastic 

zone than that of the SENB specimens. Furthermore, the simulation results show that, for 

both types of the specimens, the load increases during the development of the plastic zone 

and reaches its maximum value once the plastic zone size stabilizes. Afterwards the total 

energy required for crack propagation remains constant, and the load drops to satisfy the 

energy balance.    
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Table 1. Components of critical energy release rate of the SENB specimen 

Specimen   
    

  

  
    

  
  

  

  
      

  

  
  

SENB 6.3 60.4 66.7 

 

Table 1



  

Table 2. The stress values versus the plastic strains for the base metal 

Plastic strain 

[mm/mm] 
0 0.014 0.030 0.040 0.050 0.060 0.070 0.100 

Stress [MPa] 219 220 270 290 308 322 332 360 

 

Table 2



  

Table 3. Values of the   integral calculated from the FEM results for the subsequent crack extensions 

        0 0.25 0.33 

 (  )  
  

  
  23.7 44.8 66.9 

 

Table 3



  

Table 4. The critical and maximum loads obtained from the CZM and experiment 

Specimen type 

CZM Experiment 

   [kN]              [kN]           

SENB 2.08 2.13 1.85 2.11 

SENT 11.15 11.32 11.01 11.81 

 

Table 4



  

 

Fig.1. Schematic of the SENB specimen with initial crack length a (dimensions in mm) 

 

Figure 1



  

 

    

Fig.2. Optical micrograph of the SENB specimen at the crack tip region (a) 50x, (b) 100x showing the 

ductile tearing process within the copper filler metal and deformation in the base metal 

 

Figure 2



  

 

 

 

Fig.3. Bilinear traction-separation law used in the FE simulation 

 

Figure 3



  

 

 

 

Fig.4. (a) FE model of the SENB specimens and boundary conditions, (b) mesh pattern around the crack 

path, (c) mesh pattern at the crack tip 

 

Figure 4



  

 

 

Fig.5. CMOD-crack extension curves for different cohesive element mesh sizes Le,CZM measured in mm 

Figure 5



  

 

Fig.6. Load-CMOD curves for different continuum element mesh sizes Le,c measured in mm 

 

Figure 6



  

 

 

Fig.7. Numerical load-CMOD curves with different values of        fitted to the experimental results  

 

 

Figure 7



  

 

Fig. 8. Variations of the critical and maximum loads with respect to the cohesive strength 
 

Figure 8



  

 

Fig.9. Variations of the critical and maximum loads with respect to the cohesive energy 

 

Figure 9



  

 

 

 

Fig.10. Stress, S22, perpendicular to crack faces (a) in the whole model at crack initiation, (b) before 

damage initiation, (c) at the onset of damage initiation, (d) at the onset of crack initiation, (e) during crack 

propagation 

 

 

 

 

Figure 10



  

 

Fig.11. Traction distributions from the initial crack tip along interlayer at different damage levels 

 

 

 

 

Figure 11



   

Fig. 12. Distribution of the damage variable (SDEG) along the interface (a) at the onset of crack 

initiation, (b) after one step crack extension (          )  
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Fig. 13. Damage distribution from the initial crack tip along the interface  
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Fig.14. SENT specimen under tensile loading (dimensions in mm) [2] 

 

 

 

 

Figure 14



  

 

Fig.15. FE model of the SENT specimen and the applied boundary conditions 
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Fig.16. Experimental and numerical load-CMOD curves of the SENT specimen 
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Fig.17. Contours of crack tip plastic strain in the SENB specimen (a) at crack initiation, (b) during crack 

propagation, (c) at the onset of failure, and in the SENT specimen (d) at crack initiation, (e) during crack 

propagation, (f) at the onset of failure 

Figure 17



  

 

Fig.18. FE estimated plastic zones (blue lines) at the onset of failure superposed on the optical 

micrographs of the adjacent crack path regions of the (a) SENT and (b) SENB specimens 
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Fig.19. Load and crack tip plastic zone width with respect to the crack extension  
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Fig.20. Crack tip constraint parameter with respect to crack extension for the SENB and SENT specimens 
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Nomenclature 

  Crack length 

     Plastic component of the area under load-CMOD curve 

  Ligament length 

  Fracture specimen thickness 

  Damage variable 

  Young’s modulus 

  Constraint parameter 

   Critical energy release rate 

    Elastic component of the energy release rate 

  
   Elastic component of the critical energy release rate 

    Plastic component of the energy release rate 

  
  

 Plastic component of the critical energy release rate 

  Cohesive zone stiffness 

  Stress intensity factor 

     Continuum element length 

       Cohesive element length 

  Load 

   Critical load 

     Maximum load 

       Inner loading span 

       Outer loading span 



  

  Brazed joint clearance 

  Fracture specimen width 

  Separation 

   Separation at onset of damage initiation 

   Separation at failure 

  Cohesive energy 

   Hydrostatic part of stress 

       Cohesive strength  

       Equivalent Mises stress 

 



  

Research Highlights: 

 

 A methodology for fracture analysis of brazed joints using the CZM is developed. 

 Elastic part of the critical energy release rate is cohesive energy of brazed joints. 

 The CZM predicts brazed joint fracture independent of specimen configuration. 

 Effect of stress constraint on crack tip plastic zone is captured by the CZM. 

 


