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Abstract: Debonding between core and facings is a common failure mode of sandwich structures that can severely dam-

age the load-carrying capacity of the structure. The objective of this work is to study the effect of debonding in double 

cantilever beam specimens made of aluminum facings and PVC foam cores. The configuration follows the standard 

ASTM D5528-94a peel test. Four PVC foam core materials under the commercial name Divinycell H with densities 60, 

80, 100, and 250 kg/m
3
 are considered. In each case debonding is introduced between the core and the adhesive at the 

loaded facing of the beam. Linear elastic fracture mechanics is used to model interfacial crack growth and crack kinking 

into the core. Due to the different mechanical properties of the adjoining materials mixed-mode loading conditions domi-

nate in the neighborhood of the crack tip. Results for the stress and displacement fields are obtained using a finite element 

computer code. The energy release rate and both opening- and sliding-mode stress intensity factors for interfacial and core 

cracks are calculated and found that they can be approximated as linear functions of crack length. From results of stress 

intensity factors in conjunction with the maximum circumferential stress criterion it was obtained that for weak interfaces 

debonding grows along the interface. On the contrary, for strong interfaces, crack kinks into the core, followed by rapid 

curving. After a small initial curved depth h  the crack becomes parallel to the interface. It was obtained that h  is in-

versely proportional to the modulus of elasticity of the core material and independent of the core thickness.  

Keywords: Sandwich beams, Debonding, Foam cores, Finite elements, Linear elastic fracture mechanics, Strain energy release 
rate. 

1. INTRODUCTION 

 Sandwich structures are composed of dissimilar materials 

and exhibit various failure modes including facing compres-

sion or tension failure, core shear failure, compression facing 

wrinkling, indentation failure and debonding between the 

core and the facings. Failure modes can be caused by acci-

dental overloads of the structure or by initial defects. Sand-

wich structures offer improved stiffness and strength to 

weight ratios compared to monolithic materials. Further-

more, they present excellent thermal and acoustic insulation 

properties. They have found wide applications in weight-

sensitive structures where the main loads are flexural.  

 A thorough investigation of failure modes of composite 

sandwich structures made of carbon/epoxy facings and PVC 

foam core materials was performed by Daniel and Gdoutos 

[1-5]. Debonding between core and facings is a serious fail-

ure mode of sandwich structures. It can be modeled as an 

interface crack between dissimilar materials and studied by 

linear elastic fracture mechanics (LEFM) [6, 7]. Zenkert [8] 

applied LEFM to analyze the facings to core debonding in 

sandwich structures. Carlsson and Prasad [9-11] studied the 

mixed-mode fracture in a sandwich plate for different load-

ings on the debonding sandwich facing. A comprehensive 

study of the facing to core debonding was performed by Rat-

cliffe and Cantwell [12]. Østergaard et al. [13] measured the 

interface toughness in sandwich double cantilever beams  
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made of glass/polyester facings and PVC cores and found 

that it strongly depends on the mode mixity. Berggreen et al. 

[14] developed a numerical model based on finite elements 

for the prediction of debonding between facing and core in 

foam core sandwich structures. Grau et al. [15] determined 

the interfacial fracture toughness in composite sandwich 

panels made of graphite/epoxy facings and an aramid fi-

ber/phenolic resin honeycomb core. They found that the in-

terfacial fracture toughness increases as much as 70% as the 

shear component increases, which leads to an overestimation 

of the load carrying capacity of debonded sandwich panels.  

 In the present work we consider a sandwich double canti-

lever beam (DCB) specimen made of aluminum facing and 

foam core with initial debonding in the form of an interfacial 

crack (Fig. 1). The growth behavior of the interfacial crack is 

studied by a finite element analysis coupled with failure cri-

teria. The fundamentals of interfacial crack propagation in 

linear elastic fracture mechanics (LEFM) are first presented. 

Then, we describe the materials and the geometry of the 

sandwich DCB specimen and its discretization. From the 

finite element analysis we obtain results for the strain energy 

release rate and the opening- and sliding-mode stress inten-

sity factors for the interfacial crack. These results are cou-

pled with the maximum circumferential stress criterion [16] 

to obtain the crack growth behavior in the core. Results for 

the dependence of the crack growth path in the core are ob-

tained as a function of the stiffness of the core. It was found 

that for weak interfaces debonding grows along the interface, 

while for strong interfaces crack kinks into the core, fol-

lowed by rapid curving. After a small initial curved depth h  

the crack becomes parallel to the interface. It was obtained 
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that h  is inversely proportional to the modulus of elasticity 

of the core material and independent of the core thickness.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Sandwich peel test specimen. 

 

2. INTERFACIAL CRACKS 

 In this section we provide a theoretical background of the 

mechanics of fracture of cracks along bimaterial interfaces. It 

will help the reader to understand the problems encountered 

in dealing with interfacial cracks in the rest of the paper. 

  Consider an interfacial crack between two dissimilar 

materials, 1 and 2 (Fig. 2). We briefly present the fundamen-

tals of fracture mechanics of interfacial cracks [17-20]. In 

elastic problems of bimaterial bodies two parameters  and  

(
  
j {1,2} ), that express the mismatch of the elastic properties 

of the adjoining materials, are defined by [21]: 
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 The singular normal and shear stresses, yy and xy, and 

the opening and sliding displacements of the crack faces x 

and y, along the crack axis are given by [7]: 
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 In the above equation K is the complex stress intensity 

factor and K1 and K2 are the opening-mode and sliding-mode 

stress intensity factors. Note that the displacement field has 

an oscillatory term   r
i

which leads to overlapping of the 

crack faces in a very small area near the crack tip. For most 

practical applications  is small and it can be assumed equal 

to zero. Under such circumstances no overlapping of the 

crack faces takes place. 

 

 

 

 

 

Fig. (2). Interfacial crack between two dissimilar materials. 

 

 Thus, the singular stress and displacement fields in the 

neighborhood of the interfacial crack are proportional to [7] 
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 The strain energy density is given by [7] 
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 For similar materials (
  E1 = E2 = E ) Eq. (4) gives the 

value of the strain energy release rate for a crack in a mono-

lithic elastic material as: 
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 The interfacial crack may propagate along the interface 

or kink into one of the adjoining materials. The angle of ini-

tial crack propagation, , is given, according to the maxi-

mum tangential (hoop) stress criterion [16], by: 
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 Kinking of the interfacial crack into the core occurs when 

the following inequality is satisfied: 
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 The critical strain energy release rate for the core mate-

rial in mode I, 
  
G

I,cr
, and the critical interfacial strain energy 

release rate, 
  
G

cr
( ) , as function of mode mixity, are deter-

mined experimentally. They are characteristic parameters of 

the core and the interface, respectively. On the other hand, 

the values of energy release rate for crack growth in the core 

and along the interface depend on the applied loads and the 

geometry of the sandwich plate, and are determined numeri-

cally.  

3. SIMULATION OF CRACK GROWTH 

 We consider a sandwich double cantilever beam (DCB) 

specimen of length 152.4 mm (6 in) and width 25.4 mm (1 

in) loaded by a concentrated load at a distance 25.4 mm (1 

in) from its end (Fig. 1). The beam is made of aluminum 
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2024 T3 facings of thickness 1 mm and a PVC foam (Divi-

nycell H) core of thickness 25.4 mm (1 in). The core is 

bonded to the facings by of epoxy adhesive (Araldite AV 

138M paste with HV998 hardener [22]) of thickness 0.3 mm. 

Four different PVC core materials, H60, H80, H100, and H 

250, with densities 60, 80, 100 and 250 Kg/m
3 

were studied 

[23]. Material properties are given in Table 1. All Divinycell 

core materials are considered as linear elastic and isotropic. 

The specimen configuration follows that proposed by Prasad 

and Carlsson [10, 11], which is similar to the standard 

ASTM D5528-94a test [24]. An interfacial crack of length 

51.1 mm is introduced between the core and the adhesive at 

the loaded end of the specimen. Propagation of the interfa-

cial crack is studied under condition of plane strain.  

 Modeling and analysis is performed using a computer 

program developed by the Fracture Group of Cornell Uni-

versity under the commercial name FRANC 2D [25]. The 

initial meshing, the fracture toughness parameters (
  
K

I,cr
, 

  
G

int,cr
( ) ) and the initial crack configuration are first intro-

duced. Then, as the crack propagates FRANC 2D removes 

automatically the affected portions of the mesh, places a new 

rosette of appropriate size around the new crack tip and per-

forms local re-meshing semi-automatically. The elastic stress 

and displacement fields and the stress intensity factors are 

obtained, and the preferred direction of crack propagation is 

calculated based on the maximum circumferential stress cri-

terion [16]. The crack tip is then moved to its new location 

by a user-specified increment. 

 The model of the sandwich DCB specimen is shown in 

Fig. (3). It is composed of seven topological regions. Each 

region is divided into regular and transition sub-regions. 

Sub-region boundaries are then subdivided into segments of 

appropriate number and proportions, and meshing is done 

automatically by boundary extrapolation, using Q8 and T6 

elements for regular and transition sub-regions, respectively. 

The initial model contains 1501 elements (986 Q8 and 515 

T6), of which 282 discretize the upper face, 114 the upper 

layer of adhesive, 97 the lower layer of adhesive, 97 the 

lower facing and 911 the core.  

 Fig. (4) shows the mesh part of the specimen with the 

applied concentrated load and the interfacial crack. The in-

terfacial crack has an initial length of 25.4 mm and depth of 

0.3 mm, and is introduced between the upper layer of adhe-

sive and the core. It is surrounded by a two-layer octagonal 

rosette, which is surrounded by a local T6 transition mesh. 

The internal layer covers 30% of the rosette radius and is 

made of triangular square-root-singular elements (degenerate 

quarter-point Q8, [25]), whereas the external layer covers 

70% of the radius and is made of trapezoidal Q8 elements. 

The ability of FRANC 2D to work with square-root-singular 

elements is of major importance since it can model the in-

verse square root singularity in the neighborhood of the 

crack tip.  

 The initial model is analyzed based on Eq. (3) (for  =  

= 0) to obtain the initial stress intensity factors (SIFs) by 

means of the displacement correlation method, which works 

correctly both for interfacial and core cracks. In the case of 

three-noded edges of square-root singular elements, the 

stress intensity factor is given by [26]: 
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where  u  is the vector of relative crack flank displacements. 

On the basis of the SIFs obtained, FRANC 2D identifies the 

three directions of propagation (along the interface, into the 

core, or into the adhesive) and computes the associated en-

ergy release rates. Then Eq. (7) is used to determine whether 

the crack will propagate in the facing, the adhesive or the 

core. 

 The PVC-foam core is porous and has very strong 

chemical affinity with the epoxy adhesive. Thus, the critical 

Table 1. Material Properties 

Materials 
t 

(mm) 

E 

(GPa) 

 

 

 

(GPa) 

GInt,cr 

(Nmm/mm
2
) 

GI,cr 

(Nmm/mm
2
) 

Al2024T3 1.00 62.30 0.33 69.95   

AralditeAV138M 0.30 4.700 –0.22 4.939   

Divinycell H60 25.40 0.056 0.26 0.059 0.28 0.10 

Divinycell H80 25.40 0.080 0.29 0.087 0.45 0.22 

Divinycell H100 25.40 0.100 0.25 0.107 0.78 0.30 

Divinycell H250 25.40 0.280 0.30 0.308 1.55 1.00 

 

 

 

 

 
Fig. (3). Initial meshing. 
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interfacial energy release rate, 
  
G

int,cr
, is expected to be 

greater than the that for crack propagation in the core, 
  
G

I,cr
. 

In fact, experimental values reported in [27] suggest 

   
G

int,cr
2G

I,cr
 (Table 1), so that for any initial interfacial 

length, the crack kinks into the core. In view of these obser-

vations, we consider two sequences of configurations (trajec-

tories) for each model: 

 

 

 

 
Fig. (5). Curved interfacial crack propagation in the core. 

 

• a natural trajectory, where the crack kinks into the 

core (subsequent propagation according to the maxi-

mum circumferential stress criterion), and  

• an artificial trajectory, where the crack is forced to 

stay on the interface, by introducing artificially low 

values for 
  
G

int,cr
.  

 The natural trajectory near the kink is followed in very 

small crack increments, since it exhibits high curvature. In 

both cases the crack is simulated for values of the distance 

from the crack tip, x, up to 25.4 mm (1 in), where x is meas-

ured from the lower re-entrant corner as shown in Fig. 

(5).The results obtained for the artificial trajectory serve as 

reference values and a basis for comparisons.  

4. NUMERICAL RESULTS AND DISCUSSION 

 For the prediction of the crack trajectory we use the inter-

face toughness values for normal adhesion (Table 1). It is 

obtained that first the interfacial crack kinks into the core 

and then curves back toward the interface (Fig. 6). For in-

termediate values of the distance x from the crack tip (3 

mm< x <30 mm), we obtain the following results: 

• the crack after a at a small depth h becomes parallel 

to the interface (as shown in Fig. 5) 

• 
  
K

I,int
, 

  
K

II,int
, and 

  
K

I,core
 vary linearly with the distance 

x from the crack tip linear in x (Fig. 7), and 

• 
  
G

int
 and 

  
G

core
 vary linearly with x and are almost in-

dependent of the core properties (Fig. 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). Initial crack path trajectory. 

 

 Regarding the sub-interfacial crack propagation into the 

core we observe that the crack becomes parallel to the inter-

face at a constant depth 
 
h . An explanation of the constant 

value of 
 
h  and the linear variation of stress intensity factors 

with the distance from the crack tip x can be obtained by 

noting that the debonded part of the specimen (above the 

crack) can be considered as a thin cantilever beam 

(
   
l d 25 ), elastically supported by the foam core, and sub-

jected to a dominant bending moment varying linearly with x 

and to a relatively small (constant) shear force. Thus, the 

near-tip stress field is linearly proportional to x and, hence, 

the crack propagates in a self-similar manner parallel to the 

interface. The strain energy release rate can be determined 

by differentiating the work of the applied load with respect 

to the distance from the crack tip and is constant during 

crack propagation. 

 The core stiffness appears to be the main factor that in-

fluences the value of the asymptotic depth 
 
h . Indeed, it can 

be obtained from Table 2 that the product 
 
Eh  is almost 

constant and equal to 60 N/mm for the three PVC foam mate-

rials H60, H80 and H250. For H100 it takes the value 70 

N/mm. Thus, the depth 
 
h  is inversely proportional to the 

modulus of elasticity of the core material. 

CONCLUSIONS 

 An investigation of the debonding of the facing from the 

core in sandwich structures with relatively soft brittle core 

materials (PVC foams) and stiff facings (aluminum) under a 

concentrated load pertaining to the standard “peel test” 

(ASTM D5528-94a) was undertaken. Under such conditions 

and for a critical applied load, debonding propagates along 

 

 

 

 

 

 

 

 

 

Fig. (4). Finite element discretization and loading. 
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Fig. (7). Dependence of the SIFs on the distance from the crack tip. 

 

Table 2. Values of Critical Distance h and Strain Energy Release Rates 

 E   
h  

 
Eh  

   
G

core
x( )

0
+

1
x +

2
x

2
 

 

(GPa) (mm) (N/mm) 
 0

10
2

 
 1

10
3

 
 2

10
5

   

G
core

G
int 3mm

 

  

G
core

G
int 30mm

 

H 60 0.059 1.01 59.6 9.4 5.4 7.7 2.3 2.3 

H 80 0.087 0.70 60.9 8.0 5.1 8.1 2.3 2.3 

H 100 0.107 0.65 69.6 8.0 5.1 8.1 2.5 2.4 

H 250 0.308 0.20 61.6 6.7 4.8 8.7 2.0 2.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). Dependence of the energy release rates on the distance x from the crack tip. 
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the interface only when the adhesion between the interface 

and the core is weak. Otherwise, the crack kinks into the core 

and after a small initial curved path it propagates parallel to 

the interface at a depth 
 
h . The value of 

 
h  is inversely pro-

portional to the modulus of elasticity of the core. This behav-

ior is independent of the core thickness, which is an order of 

magnitude larger than the thickness of the facing and the 

adhesive. Away from boundary effects (e.g., concentrated 

loads, beam supports, crack kinking, etc.) both stress inten-

sity factors and strain energy release rate can be approxi-

mated as linear functions of the crack length.  
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