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Abstract 
Finite element study was done with Abaqus Standard cohesive zone model and crushable foam 
hardening properties assuming surface to surface standard interaction between face sheet and core. 
Finite element study is followed by experimental investigation on interface fracture toughness of 
glass-epoxy (G/E) PVC core sandwich composite with and without MWCNT.  Results demonstrate an 
improvement in interface fracture toughness values (Gc) of samples with a certain percentages of 
MWCNT. Dispersion of MWCNT through sonication  in epoxy resin system  used with vacuum resin 
infusion (VRI) technology  in this study is an easy and cost effective methodology in comparison to 
previously adopted other methods limited to laminated composites. The study also identifies the 
optimum weight percentage of MWCNT addition in the resin system for maximum performance gain 
in interfacial fracture toughness.  The results agree with finite element study, high resolution 
transmission electron microscope (HRTEM) analysis and fracture micrograph of field emission 
scanning electron microscope (FESEM) investigation. 
 
 
1. Introduction 
 
Sandwich composites are advantageous for their higher strength to weight ratios. Interfacial 
delamination between the face sheet and core is a major problem in these structures. Numerical study 
on debonding or crack propagation in sandwich composites are reported in literatures [1-6]. Many 
research works are devoted to improve the interfacial fracture toughness of nano or laminated 
composites through structural or constituent modifications using different toughening agents including 
carbon nano tubes [7-18]. Sandwich Composites are modified structurally using z-pin [19,20], 
stitching concept [21], peel stopper device [22,23], or, shear key concept [24]. Modification of core 
materials in sandwich composites are reported for varied performances [25-27]. Interface of laminates 
are reinforced with CNTs to change the interlaminar fracture toughness [28-31].  Mixed numerical 
experimental study on influence of multiwalled carbon nano-tubes (MWCNT) dispersed resin system 
on interface fracture of glass-epoxy PVC core sandwich composite is extremely limited.  
 
 
2.  Manufacturing of samples 
 
PVC foam with density 100 kg/m3 and 30mm thickness of trade name Divinycell H100 supplied by 
DIAB Inc. was used for the manuscript. PVC foam core was covered by a layer of glass fiber stitched 
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combination mat followed by a layer of woven roving mat (WRM) on both top and bottom was 
enclosed air-tight in a vacuum bag fitted with  inlet and outlet pipes. Epoxy resin (Airstone 780E of 
Dow Chemicals with 1400 mPas viscosity and 1.15 g/cc density at 25 °C) and hardener (Airstone 
785H of Dow Chemicals with 13 mPas viscosity and 0.94 g/cc density at 25 °C) in 30wt% of epoxy 
resin are mixed by stirring at 150 rpm for 15 min. In case of CNT sonicated samples, The resin is 
mixed with MWCNT in different wt% of epoxy resin using a  sonicator (500 W, 20 kHz Vibracell 
Liquid processor) for 2.5 hours intermittently at room temperature (25 °C)  and then mixed with the 
above hardener as stated above to prepare the resin system. The samples are casted through VRI 
technology with the prepared resin  system  and allowed to cure for more than 48 hours at room 
temperature (25 °C). Initial delamination was provided with 80 μm thick non-stick impermeable 
Teflon sheet by coating the upper surface of the core. The sample with required dimensions (length 
(L) = 170 mm, width (b)= 25 mm,  and thickness(T) = 36 mm) and the pre-crack were prepared 
from these casted sandwich plates.  
 
3. Numerical Investigation 
 
Finite element analysis was done with Abaqus Standard cohesive zone model and crushable foam 
hardening properties assuming surface to surface interaction between face sheet and core. Two 
dimensional plane strain model of  DCB specimen was modelled using 1892 nodes, 1615 4-noded 
bilinear CPE4 plane strain quadrilateral solid elements (based on convergence study) in Abaqus 
standard version 6.11. The dimensions and material properties of the GFRP face sheet and PVC foam 
core used represent those obtained from the experimental program. The modulus of elasticity and 
Poisson’s ratio of the GFRP face sheets and the foam core were calculated from the experimental 
investigations carried out on the component parts as per ASTM D3039/D3039M-14.The 
experimentally determined material proper ties are as listed in Table 1 below: 
 

Table 1. Material properties used for the simulation 
 

Description of 
parameters 

Face sheet 
(Ef) MPa 

PVC Core 
(Ec) MPa 

Mean Value StdDev 
(%RSD) 

Mean Value StdDev 
(%RSD) 

Modulus of 
Elasticity 

10724 5.17 70 1.44 

Poisson’s Ratio 
(ν12) 

0.17 9.08 0.336 1.96 

 
Face-sheet was fabricated with two alternate layers of 995 gsm stitched combination mat (WRM 
stitched and assembled with Chopped Strand mats (CSM) of  glass fibers) and 1161 gsm resin treated 
plain Woven Roving glass fiber mat (WRM). The face sheets are assumed to be isotropic with the 
properties shown above for the chopped strand mats are stitched with WRM. The foam core of much 
lower yield stress than that of  glass fibers is modelled with crushable foam hardening properties for it 
exhibits plasticity during deformation. 
  
Initial debond of 48 mm between the top face sheet and the core equal to that provided for 
experimental investigation as a pre-crack was introduced in the sample for numerical analysis also. 
Cohesive contact was assigned between the top face sheet and core excepting portion for initial 
delamination (where no contact was assigned). A tied-contact was provided between core and face 
sheet at bottom throughout the entire length. Assuming a cohesive layer between the top face sheet and 
core is a simplification of  the crack propagation in a smeared layer of face sheet and core. The 
interaction properties were assigned through prescribing the cohesive behavior, damage properties 
with fracture toughness and fracture criteria  and a quadratic traction.The normal fracture energy was 
calculated using modified compliance calibration technique [32]using a value of the exponent n as 
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2.22 (as obtained from Compliance versus crack length plot). The normal fracture energy was 
calculated to be 898 J/m2 (with relative standard deviation (RSD) 1.62%) for conventional sample and 
1165 J/m2 (for particular sample) for sample with 1.5 wt% MWCNT were used for the numerical 
study. The boundary conditions similar to experimental set up were used for the simulation. The 
damage initiayion value can not be determined by the experiment and adopted to be 1.2 MPa and 1.6 
MPa for conventional and CNT- samples respectively from previous simulations of the authors and 
found to be correlated well with the experimental results. Displacement control condition on the nodes 
of face sheets was adopted for the simulation. The deflected shape of the simulated DCB specimen for 
conventional sample and that with the parameters for sample with 1.5 wt% of MWCNT are shown in 
Fig.1 and Fig. 2 respectively. 
 

 
 

Figure 1. Deflected shape of the simulated DCB specimen for conventional sample  
 

 
 

Figure 2.  Deflected shape of the simulated DCB specimen for sample with 1.5wt% MWCNT 
 

The deflected shape of the face sheet shown in figure is after 69 increments for conventional sample 
and 78 increments for samples with MWCNT respectively and completion of the analysis. The strain 
contour plot shows that the fracture is mode I dominating type associated with a slight mode mixity at 
the crack tip.   
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4.  Experimental Investigation 
 
Sandwich samples of dimensions 170mm Х 25 mm Х 36 mm were cut from the initially 
manufactured plates. The length of initial debond was kept within 48±1 mm. Instron 
Electropulse 1000 UTM with pneumatic grips and 1 kN load cell was used to apply tensile 
load to the specimens at a cross-head speed of 0.5 mm/min through Aluminum hinge tabs 
attached  on  both faces (top and bottom) of sandwich samples up to a crack propagation of at 
least 20 mm from the point of crack initiation. The load versus displacement data at discrete 
propagation points were recoreded by a software utility service of the computer attached to 
the UTM whereas the crack propagation was recorded through camera attachments. The data 
for the fracture of sandwich specimens with 0.5%, 1%, 1.5%  and 2% MWCNT and without 
MWCNT were recorded for further analysis. 
 
 
5. Results and discussions 
 
The load displacement plots for the simulated DCB specimen superposed with that of the typical 
experimental result of the conventional sample is shown in Fig. 3. 
 

 
 

Figure 3.  Simulated load-disp plot superposed with that of experimental result for neat sample 
 

 
 

Figure 4.  Simulated load-disp plot superposed with that of experimental result for sample with        
1.5 wt% MWCNT 

 
The figures show a good agreement in the initial linear portion of the plots which is an expected result. 
The minor difference in the non linear portion is due to the slight variation in assumptions (using mean 
value of normal fracture energy instead of that of the particular experimental sample superposed) 
made in simulation than reality and for this reason, the simulated peak load is slightly more than the 
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experimental one. The post peak stick and slip nature of the experimental plot is due to the crack 
propagation through smeared layer of face sheet and core which is not so prominent in the simulated 
plot for assuming a cohesive layer between the isotropic (as assumed in the simulation) top face sheet  
and the PVC core. 
The superposed load displacement plots for the conventional sample and sample with MWCNT 
sonicated resin system for 1.5wt% (for maximum gain) is shown in Fig. 5.  
 

 
 

Figure 5.  Load displacement plots for the conventional and sonicated CNT-sample 
 

The plots show good match in initial portion. The greater stiffness and peak load of the CNT samples 
in the  nonlinear part is due to the resistance offered by the MWCNT against crack initiation and 
propagation over that of non-CNT samples. The displacement ductility in the post peak portion is 
observed to be more in the CNT samples in comparison to the samples without MWCNT. The 
improvement in peak load carrying capacity is about 20%.  Interface fracture toughness calculated on 
the basis of modified compliance calibration technique used  in authors’ paper [32] with value of 
exponent (n) as 2.22 calculated to be 1.20 N/mm (with 4.98% relative standard deviation) and 0.898 
N/mm (with 1.62% relative standard deviation) for conventional sample and sample with 1.5wt% of 
MWCNT respectively. The maximum improvement in interface fracture toughness was observed for 
1.5 wt% of MWCNT and calculated to be 33.6% in comparison to neat sample which is significant. 
Good dispersion of MWCNT was observed in HRTEM with 1.5 wt% MWCNT addition (Fig. 6) in 
comparison to other wt% of MWCNT as observed from Table 2. FESEM studies has also 
demonstrated good dispersion and fiber bridging (Fig. 7) of MWCNT in resin system. The results 
agree with the findings of Almuhammadi et al.[12], and  Joshi&Dixit[13] for laminated composites 
and that of the authors[32] for sandwich composites. In addition, an easy and cost effective 
methodology is used for MWCNT dispersion in resin system in comparison to complex methodology 
used by Garcia et al. [29] for 50% improvement in mode I fracture toughness of laminates. 
 

                                        
 
Figure 6.  Magnified CNT  under HRTEM   Figure 7. CNT bridging two resin systems under FESEM 
                for 1.5wt% MWCNT.                 
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The fracture toughness values for different wt% of MWCNT are presented in Table 2. 
Table 2. Variation of Interface fracture toughness (Gcmcc) with MWCNT wt% 

 
MWCNT 

(wt%) 
Gcmcc 

(N/mm) 
RSD (%) Remarks 

0.0 0.898 1.62 (i) mcc stands for modified 
compliance calibration. 
 
(ii) RSD stands for relative 
standard deviation. 

0.5 1.11 6.73 
1.0 1.165 9.13 
1.5 1.20 4.98 
2.0 1.006 8.11 

 
Maximum improvement in interface fracture toughness of sandwich composite samples is observed 
for 1.5 wt% MWCNT in comparison to other wt% of MWCNT over samples without CNT as 
observed from Table 2.   
 
6. Conclusions 
 
The results of the numerical  investigation shows good correlation with that of the experimental 
investigation for conventional and MWCNT dispersed sandwich specimens. Significant improvement 
(33.6%) was recorded in interface fracture toughness of sandwich samples with 1.5 wt% MWCNT 
over conventional samples using simpler sonication method. Maximum improvement in interface 
fracture toughness of sandwich composite samples is observed for 1.5 wt% MWCNT in comparison to 
other wt% of MWCNT over samples without MWCNT.  Good dispersion of MWCNT was observed 
in HRTEM with 1.5 wt% MWCNT addition. FESEM studies has also demonstrated good dispersion 
and fiber bridging of MWCNT in resin system. Ductility is also observed to be higher for samples 
with MWCNT. The results agree with the findings of previuos researchers for laminated composites 
and that of the authors for sandwich composites. In addition, an easy and cost effective methodology is 
used for MWCNT dispersion in resin system in comparison to the complex methodology used by 
previous researcher for 50% improvement in mode I fracture toughness of laminated composite. 
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