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ABSTRACT 

A digital image correlation technique is used to estimate the interface cohesive laws between 
glassy carbon and an epoxy matrix. Glassy carbon is selected as model material to mimic carbon 
fibres. This choice enables the use of planar specimen for which the application the J-integral 
approach is straightforward. Digital image correlation enables measurements of deformation 
fields with a sufficient precision over large areas. The limitations of the technique are discussed 
and suggestions for improvements are given. 

1. INTRODUCTION 

Composite mechanical properties such as strength and maximum strain that are governed by the 
matrix and interface properties are strongly dependent on the level of adhesion, interfacial bond 
strength, between the reinforcing fibres and the polymeric matrix in which the fibres are 
embedded (Madhukar and Drzal 1991). An example is given in Fig. 1.(a) which shows 
schematically a notched unidirectional composite structure under general loading such that 
mixed mode crack growth takes place. The fracture resistance can be significantly enhanced by 
fibre bridging shown in Fig. 1(b). Fibre bridging is controlled to a great extend by the interface 
properties as interface failure (shown by the arrows in Fig. 1.(b)) occurs at a certain point under 
monotonic loading. To design a composite material with specific properties a relationship 
between the interface adhesion and fracture behaviour of the composite and a method to control 
the level of adhesion are required. The interfacial bond can be optimised through fibre surface 
chemical modification (Drews et al. 2007), whereas the former can involve both experiments 
and modeling. In both cases a method to measure the interface fracture behaviour is needed. 
Usually the fibre/matrix interface debonding is characterised in terms of fracture energy (linear 
fracture mechanics) under the assumptions of small-scale non-linear interface crack tip zone. If 
this assumption is not met, then cohesive laws (stress-separation relations) need to be used. The 
cohesive laws (see Fig. 1(c)) are particular favourite for simulating fracture. In the present work 
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we present an experimental method to directly measure interface cohesive laws under nominal 
Mode I (normal crack opening) using digital image correlation. The limitations of the method 
are discussed and suggestions for improvements are proposed.  
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Fig. 1. (a) Schematic illustration of a notched unidirectional composite under general loading, 
(b) fibre bridging under mixed mode conditions, (c) Interface cohesive law.  

2. MATERIALS AND SPECIMEN GEOMETRY 

Planar glassy carbon (SIGRADUR G, HTW Hochtemperatur, Germany) substrates 
(65x1x5 mm3) were chosen to simulate carbon fibres. Planar specimens offer several advantages 
over circular fibres. Chemical treatment/modification and surface analyses are easier performed 
on flat surfaces. It is also possible to investigate their adhesion to an epoxy resin using DCB 
(Double Cantilever Beam) specimens (see Fig. 2) by the J-Integral approach which is explained 
in the subsequent section. However, the use of glassy carbons presents also some disadvantages 
as their much Young’s modulus (E =35 GPa) is significantly lower than typical carbon fibres 
due to their disordered structure and there are quite brittle.  
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Fig. 2. (a) Sketch of the DCB sandwich specimens (all units in mm), (b) close view of the DCB 
specimens near the notch. 

The glassy carbon substrates presented in the current work were pulsed plasma treated with 1,2-
methylenedioxybenzene (ppMDOB). The plasma power was 0.7 W/L and the treatment time 
equal to 10 min. Under these conditions the thickness of the deposited polymer film is 
approximately 100 nm (Drews et al. 2007). This type of monomer was chosen because of its 
special abilities under soft plasma. During plasma the dioxy-ring opens and creates carboxylic 
acid groups or ester linkage while the ring structure is preserved (Winther-Jensen et al 2005). A 
schematic illustration of the possible ppMDOB film is given in Fig. 3.  
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The plasma treated glassy carbon substrates were placed in a rubber silicon mould and as epoxy 
resin (Prime-20, SP systems, UK) was cast in between the glassy carbons after it has been 
degassed to remove trapped air. Teflon spacers (0.5 mm thick) were used to keep the glassy 
carbon substrates apart during casting. The teflon spacer also acts as a crack starter as can be 
seen in Fig. 2(b). The DCB specimens were then cured for 24 hrs at room temperature and 
subsequently post-cured at 50oC for 16 hrs. After curing the specimens were ground and fine 
polished with a diamond paste to create a fine flat surface necessary for the digital image 
correlation technique. Then two steel beams (6 mm thick), which could be mount on the test 
fixture briefly described in the subsequent section, are glued in the sandwich specimens as can 
be seen in Fig. 2(a). An epoxy adhesive (Scotch Weld) was used to glue the DCB specimens to 
the steel beams. The curing time was 24 hrs at room temperature. 

The specimens were placed into an aqueous environment. The plasma coating reacted with the 
water. A lost of adhesion was observed between the modified glassy carbon and the epoxy resin. 
This behaviour could be attributed to hydrolysis of the ester linkages e.g. breaking the polymer 
into smaller pieces. Such a low adhesion interface was selected as a test case to assess the 
capabilities of the digital image correlation technique to measure small deformation fields at low 
loads.  

glassy carbon

 

Fig. 3. Schematic illustration of the deposited MDOB film on the glassy carbon surface. The 
blue lines represent the entangled polymer chains, the red lines indicate cross-linking of the 
polymer chains and the grey circles bonds between the glassy carbon and MDOB 

3. BASIC MECHANICS 

3.1 J-integral measurement. A special fixture (Sørensen et al. 1998) was used to load the DCB 
sandwich specimens with force couples (Fig. 5). This creates pure bending moments as shown 
in Fig. 4. The plane strain energy release rate can be determined by taking the J-integral (Rice 
1968) along the external boundaries of the specimen:  

2 2
2

2 3 3
2

1 MJ
E B H n I
ν−

=
 

(1)

 

where E2 and ν2 are Young’s modulus and Poisson’s ratio of the steel. M is the applied moment, 
H the steel thickness and B the width. The parameters η and I depend on the geometry and 
elastic properties of the steel beams and glassy carbon substrates. In Eq.1 the contribution from 
the epoxy is neglected as its stiffness is much lower than the steel and the glassy carbon. For this 
specimen crack growth is stable (Bao et al. 1992; Sørensen 2002) and the J-integral is 
independent of the crack length. 

3.2 Derivation of cohesive law. The J-integral along a path just outside the failure process zone 
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is (Rice 1968): 
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0
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where δ* is the end-opening of the cohesive zone and σ are the cohesive stresses. Due to its path 
independence, the J-integral in Eq. 2 has the same value as in Eq. 1. Differentiation with respect 
to δ* gives (Suo et al. 1992): 

 
* *( ) /Jσ δ δ= ∂ ∂  (3)

 
Thus, by recording J (function of the moment, M, from Eq. 1) and the end-opening, δ*, 
simultaneously the cohesive law can be obtained from Eq. 3. In the next section a method to 
measure the end-opening via the digital image correlation technique is presented. 
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Fig. 4. Schematic illustration of a DCB specimen loaded with pure bending moments. #1: glassy 
carbon and #2: steel. 
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Fig. 5. Random speckle pattern (TiO2) on the surface of the DCB sandwich specimens. The size 
of the image in pixels is 1280x1024. The blue frame indicates the area used in the digital image 
correlation technique (all dimensions in mm). 

4. DIGITAL IMAGE CORRELATION 

Digital image correlation is a robust experimental method to measure real-time deformation 
fields, usually on the surface of a body, by recording the motion of a speckle pattern before and 
after deformation. The accuracy of the correlation between recorded images depends upon the 
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quality of the speckle pattern and the resolution of the imaging equipment. The quality of the 
speckle pattern is described by the refinement, distribution and randomness of the speckle with 
respect to pixel size (Berfield et al. 2007). An optical microscope equipped with a CCD camera 
with 1280x1024 pixel resolution was used. The imaging set-up produced a resolution of 0.78 
μm/ pixel limited by the magnification capabilities of the microscope. Given the image 
resolution, TiO2 micro-particles were chosen for the speckle pattern. TiO2 micro-particles were 
added in ethanol. The suspension was put into an ultra-sonic bath for 10 min to evenly distribute 
the titanium dioxide particles. The suspension was then left for 4 hrs to allow the larger particles 
to move to the ground. The suspension was then filled into a fine airbrush system - air was 
provided by a constant 3 bar pressure regulated compressed air system. The distance between 
the airbrush nozzle and the specimen was approximately 15 cm. During spraying the ethanol 
evaporates and afterwards it was make sure that particles that do not rest on the specimen were 
fall in the ground. A typical speckle pattern is shown in Fig. 5 where the blue rectangle is the 
boundary of the area analysed via digital image correlation. Although there are not well-define 
guidelines to assess the quality of a speckle pattern the image intensity profiles, where the 
number of pixels at a given grey-scale intensity value from 0 to 255 are plotted against the 
intensity value, can be used to qualitatively describe the quality of a pattern. Such a profile for 
the pattern given in Fig. 5 is shown in Fig. 6. The pattern appears to have a bimodal distribution 
and a sharp peak and at the end of gray scale. This is directly associated with the presence of 
two materials (glassy carbon and epoxy) with quite different reflectivity as can be seen in Fig. 6 
where the image intensity profile is decomposed to two profiles: one from the region occupied 
from the epoxy and one from the glassy carbon area. The light was adjusted in such a manner to 
have a bell-shape distribution in the epoxy region while keeping the brightness in the glassy 
carbon to a low values. In this way the peaks in the glassy carbon are quite lower than in the 
epoxy resin as can be seen in Fig. 6.  
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Fig. 6. Pixel intensity histograms for the pattern presented in Fig. 5. 

The analysed area (see Fig. 5) via the digital image correlation (using the Aramis software) was 
divided in subsets (or facets) of 15x15 pixels. The overlapping of the facets was 2 pixels. Higher 
size of the subsets would lead to smoother results but at the same time it would be not possible 
to capture accurately local deformations. On the other hand smaller subset sizes could not be 
used due to the size of the TiO2 particles which in turn were chosen based on the limited 
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magnification capabilities of the optical microscope that was available.  

5. RESULTS & DISCUSSION 

In Fig. 7(a) contours of displacement in x direction are given for four different loadings. 
Fig. 7(a) corresponds to the initial configuration – zero displacement. In Figs. 7(b) to 7(d) the 
applied moment is 0.19, 0.55 and 0.65 Nm respectively. The white elements indicate failure of 
the image correlation algorithm in these areas.  

(a) (b) 

 

(c) (d) 

Fig. 7. Contours of displacement in x direction at different loadings: (a) undeformed 
configuration, (b) applied moment M = 0.19 Nm, (c) M = 0.55 Nm, and (d) M = 0.65 Nm. 

In Fig. 7(b) the deformation filed is uniform along the x direction indicating uniform straining of 
both the epoxy and the glassy carbon. In Fig. 7(c) a discontinuity in the displacements can be 
seen in the right interface, the interface starts to debond from the glassy carbon. The other 
interface (on the left side) is intact as the deformation field is still uniform. Finally, in Fig. 7(d) 
the interface is completely broken. To measure the end-opening, δ*, the displacement in the x 
direction along section α (Fig. 7(a)) is used at different load steps. The profiles corresponding to 
Figs 7(b) to 7(d) are plotted in Fig. 8. The displacement discontinuity at the right interface can 
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be clearly captured by the digital image correlation technique. The end-opening, δ*, can be 
calculated as the difference in displacements across the interface. 
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Fig. 8. Displacement x profiles along section α at different applied moments. δx
gc is the 

displacement of the point in the glassy carbon at the far right point of section α (see Fig. 7(a)). 
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Fig. 9. Displacement x profiles along section β at different applied moments. δx
ep is the 

displacement of the point in the epoxy at the upper point of section β (see Fig. 7(a)). 

The capabilities of the digital image correlation technique in measuring small deformation field 
can also be seen in Fig. 9 where the displacements in x direction along section β are plotted for 
different applied moments. If the displacement profile for M=0.65 Nm is considered then it can 
be seen that the difference in displacement between the upper and lower point of section β is 
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0.7 μm less than the image resolution which is 0.78 μm/pixel. All the intermediate points are 
calculated with sub-pixel resolution. Next in Fig. 10 the displacement in x direction are plot 
along sections β and γ for two different applied moments. The difference in displacement 
between the two sections gives the crack opening along the interface. For an applied moment the 
crack is fully open in the window analysed.  
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Fig. 10. Displacement x profiles along sections β (epoxy) and γ (glassy carbon) at two different 
applied moments.  
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Fig. 11. J-integral as a function of the crack end-opening δ*. The solid lines represent different 
fitting curves.  

The J-integral calculated from Eq. 1 are plotted as a function of the crack opening measurements 
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obtained from the method described (see Fig. 8) in Fig. 11. The dashed lined indicates the 
critical crack opening. The experimental up to the critical crack opening are fitted with a number 
of different curves to obtain the interface cohesive laws through Eq. 3. All the experimental data 
below the dotted line in Fig. 11 are calculated with sub-pixel resolution. As it is realised that 
with the given magnification there are uncertainties in the measurements, simple functions were 
chosen to fit the experimental data. The estimated interface cohesive laws are shown in Fig. 12 
with the cohesive stress set to zero at the point of the critical crack opening. The obtained 
interface cohesive laws should be considered only estimations of the actual interface cohesive 
laws. Although the method described here proved to be quite powerful more accurate analyses 
are required to allow measurement of interface cohesive law shape and accurate peak stress and 
critical interface crack opening. The required accuracy could be obtained by using a microscope 
with higher magnification capabilities or by performing the experiments inside the chamber of a 
scanning electron microscope. In this case nano-particles should be used instead of micron size 
TiO2 particles used in the present work. Such experiments would also give detailed information 
about the deformation (i.e. plasticity) in the resin close to crack tip. 
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Fig. 12. Estimated interface cohesive laws. 

5. CONCLUDING REMARKS 

The feasibility of the digital image correlation technique in measuring interface cohesive laws at 
the micron scale was demonstrated. The micro-scale pattern was produced using TiO2 particles 
and it was possible to measure deformations (displacements) less than a micron. The same 
technique can be equally used to different length scales, i.e. nano-scale, to measure both the 
interface cohesive laws more accurately and the strain filed in the matrix material near the 
failure process zone. 

ACKNOWLEDGEMENTS 

This work is supported by the Danish Technical Research Council under grand # STVF fund no. 
26-03-0160 “Interface Design of Composites Materials”. C.H. Madsen and E. Vogeley are 

189



 Goutianos and Drews 

acknowledged for technical assistance and Dr C. Berggreen from the Mechanical Engineering 
Department-Technical University of Denmark for providing access to the Aramis (GOM mbH) 
software. 

REFERENCES 

Bao, G., Ho, S., and Suo, Z. (1992). The role of material orthotropy in fracture specimens for 
composites”. Int. J. Solids and Structures, 29. 1105-1116. 

Berfield, T.A., Patel, J.K, Shimmin, R.G., Braun, P.V., Lambros, J. and Sottos, N.R. (2007). 
Micro- and nanoscale deformation measurement of surface and internal planes via digital 
image correlation. Exp. Mech. 47. 51-62. 

Drews, J., Goutianos, S., Kingshott, P., Hvilsted, S., Rozlosnik, N., Almdal, K. and Sørensen, 
B.F. (2007). Plasma polymerized thin films of maleic anhydride and 1,2-
methylenedioxybenzene for improving adhesion to carbon surfaces. J. Vacuum Sci. Techn. 
A. 25. 1108-1117. 

Madhukar, M.S. and Drzal, L.T. (1991). Fiber-matrix adhesion and its effect on composite 
mechanical properties – Properties 2. Longitudinal (0-degrees) and transverse (90-degrees) 
tensile and flexural behavior of graphite epoxy composites. J. Comp. Mat. 8. 958-991. 

Rice, J. R. (1968). A path independent integral and the approximate analysis of strain 
concentrations by notches and cracks. J. Applied Mech. 35. 379-386. 

Suo, Z., Bao, G., and Fan B. (1992). Delamination R-curve phenomena due to damage. Mech 
Phys Solids. 40. 1-16. 

Sørensen B.F. (2002). Cohesive law and notch sensitivity of adhesive joints”, Acta Materialia. 
50. 1053-1061. 

Sørensen, B.F., Horsewell, A. Jorgensen, O., Kumar, A. (1998). Fracture resistance 
Measurement Method for in situ Observation of Crack Mechanisms. J. Am. Ceram. Soc. 81. 
661-669. 

Winther-Jensen, B., Norrman, K., Kingshott, P., West K., (2005). Characterisation of plasma-
polymerised fused polycyclic compounds for binding conducting polymers. Plasma Processes 
and Polymers. 2, 319-327. 

 

190




