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Abstract 
Molecular modelling and simulations are conducted to study interfacial interactions between 
various epoxies and their hardeners with T300 and CCF300 carbon fibers. Atomistic models of 
T300 and CCF300 carbon fibers, both in sized and unsized states are prepared on the basis of 
their X-ray Photoelectron Spectroscopy (XPS) data. Interaction energies between all the 
atomistic models of carbon fibers/epoxies and carbon fibers/hardeners are calculated separately 
with the help of molecular dynamics (MD) simulations using Materials Studio 4.3 software 
(Accelrys Software Inc.) with COMPASS (Condensed-phase Optimized Molecular Potentials for 
Atomistic Simulation Studies) force field. Subsequently, work of adhesion (WA) for every 
interface model is calculated on the basis of true adhesional area and finally, interfacial shear 
strength (τ) is estimated for all the models using WA values for respective interface models.  
 
 
1 Introduction 
There is a consensus that interfacial bonding term is mandatory for ascertaining properties of a 
composite material, in addition to the properties of its constituent materials [1-10]. Similarly, 
improvement in composite properties is also reliant on the quality and extent of interfacial 
bonding. However, exact measurement of interfacial adhesion is difficult due to the very small 
region involved and its submerged nature [2,7,10-14]. Various methods and techniques have 
been developed to date to measure the extent of interfacial bonding [3,4,15,16]. These techniques 
can be divided broadly into two categories: (1) Mechanical testing, and (2) Physical analysis. 
Mechanical testing methods include fragmentation, microbond and micro indentation tests 
[1,3,4,16-28] in which shear strength between single fiber and matrix is measured to estimate 
extent of interfacial bonding. Another very useful technique of Atomic Force Microscopy (AFM) 
is also being used to measure interfacial bond strength of composites [17,18,21].  Physical 
analysis comprises of Inverse Gas Chromatography (IGC) and wetting analysis which attempt to 
measure polar and dispersive components of surface energies of separate samples of matrix and 
fiber and then the extent of interfacial bonding is estimated indirectly by calculating the work of 
adhesion [2,15]. Besides the development of several mechanical and physical testing techniques 
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for the characterization of interfacial properties of composites, a state of uncertainty and 
incompleteness still exists amongst various quadrants of researchers [18]. Therefore, there is a 
need to develop some method to estimate interfacial adhesion of composites based on true 
interactions of constituents at the interface and which can bridge the gap between existing 
characterization techniques. Zhandarov S, and Mader E. [4] have attempted to calculate work of 
adhesion from interfacial shear strength values using single fiber microbond test. They evaluated 
various micromechanical tests particularly microbond test and showed the relationship between 
‘practical adhesion’ (bond strength) with ‘fundamental adhesion’ (work of adhesion). Molecular 
simulation technique has been used successfully in the field of drug designing but its application 
to composite materials is quite rare [7,29-31]. Inaccessible and submerged interface of a 
composite material can be best explored with the help of molecular simulation by evaluating true 
interactions at the molecular scale. However, very few researchers have attempted to employ 
molecular simulation to study the interface of CFRP [7,14-16].  
 
 
In this paper, interaction energy between T300 and CCF300 carbon fiber models and various 
epoxy/hardener monomer models is calculated with the help of MD simulations. Afterwards, 
work of adhesion values for respective models are calculated on the basis of true adhesional area. 
Ultimately, interfacial bond strength is calculated for each model with the help of work of 
adhesion data. In this manner effect of surface oxidation of carbon fibers and effect of true 
adhesional area of an interacting monomer on work of adhesion and interfacial shear strength is 
investigated. Physical and mechanical phenomenon in CFRP composites is correlated 
quantitatively and compared with respective experimental literature data.  
 
2 Experimental 
2.1 Materials 
Sized and unsized, T300 (Toray Japan) and CCF300 (Weihai Guangwei China) carbon fibers 
were selected as reinforcement fibers. DGEBA (di-glyceridyl ether of bisphenol-A) and 
TGDDM (Tetra Glycidyl Diamino Diphenyl Methane) were the epoxies and DDS33 (3,3-
diaminodiphenyl sulfone), DDS44 (4,4-diaminodiphenyl sulfone) and IPD (isophorone 
diamine/1-amino-3-aminomethyl-3,5,5-trimethylcyclohexane) were chosen as hardeners. In 
addition, long chain JEFFAMINE® diamines i.e. D400, D2000, D4000, and JEFFAMINE® 
triamines i.e.T403, T300, T5000, were also used as hardeners. 
 

    

Figure 1. Atomistic models of T300 and CCF300 carbon fibers 
 

2.2 Models development 
Carbon fiber models were developed on the basis of XPS data and respective atomistic models 
were constructed by using ‘Build’ menu of Material Studio 4.3 (Accelrys Software Inc.), that are 
shown in Figure 1. It may be noted that T300 (unsized) has highest O/C ratio and number of 
oxidative functional groups on its surface. T300 (sized) can be graded at second tier. CCF300 
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either sized or unsized has very less difference as far as O/C ratio is concerned. Detail of carbon 
fiber models development can be found elsewhere [9]. All 11x types of monomer models for 
epoxies and hardeners were developed by using ‘Build’ menu of Material Studio 4.3 (Accelrys 
Software Inc.). Each crystal form of monomer model was structurally optimized by using MD 
simulations for 50 ps at 598⁰K with time step of 1fs and using NVT ensemble. Structures were 
again energy minimized using ‘smart minimizer’ so that energy converges to less than 0.1 
Kcal/mole. COMPASS force field was used for all the simulations. Final monomer structures are 
shown in Figure 2. 

2.3 MD Simulations 
Separate interface models for each of carbon fiber and every monomer model were constructed 
using ‘Layer builder’ module of Materials Studio 4.3 software. Vacuum slab of 100A⁰ was 
inserted in each model to avoid any interactions with subsequent layers due to periodic boundary 
conditions. Figure 3 reflects, as an example, the models of T300 carbon fibers, creating 
interfaces with monomers. ‘Discover’ module was used to perform MD simulations using 
COMPASS force field. All interface models were energy minimized using ‘smart minimzer’ tool 
of ‘Discover’ module so that the energy converges to less than 0.1 Kcal/mole. MD simulations 
were conducted using NVT ensemble for 80 ps with time step of 1fs at 598⁰K for equilibration. 
Post MD minimization was also carried out with energy convergence below 0.1 Kcal/mole for 
structure optimization. Separate MD simulations were carried out for all 11 kinds of monomer 
models with four types of carbon fiber models. All simulations were conducted with five 
different orientations and starting configurations. Average values of potential energy are used in 
subsequent calculations. For the comparison purposes, simulations with pure graphitic structure 
(carbon fiber without any surface moieties) are also conducted. All energy values are the total 
potential energies of the structures concerned.  

 

     

(a)   DGEBA            (b)   TGDDM            (c)   DDS33             (d)   IPD                 (e)  D400 

     

(f) D2000        (g) D4000                (h) T403        (i) T3000              (j) T5000 

Figure 2. Atomistic models of monomers of epoxies and hardeners 
 

3 Results and Discussions 
MD data obtained by molecular simulations can be used to calculate interaction energy, work of 
adhesion and interfacial shear strength values for every model by using following relationships 
[20,22,31-33]: 
 

                  (1) 
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where, 

                         = interaction energy, 

       = total potential energy of the interface model, and  

 = sum of potential energies of fiber and monomer in separate states. 

 

     

Figure 3. Atomistic model of carbon fiber making interface with various monomers 
 

                                                               (2) 

where, 

         = work of adhesion, 
 = negative of interaction energy, 

      = molar adhesional area of respective monomer on carbon fiber surface, and 
N           = Avogadro’s number (6.0221415 x 1023) 
 

                                        (3) 

     

Figure  4. Interactions between T300 carbon fibers and various monomers 

where, 

Ƭ   = interfacial shear strength, 
k   = proportionality constant for specific interaction, 
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   = distance up to which molecular forces are supposed to act (5 ⁰A used during simulations) 
= matrix modulus (for simplicity used as 2.82 GPa) 

 = fiber modulus (for simplicity used as 230 GPa) 

 
Results calculated by using equations-1, 2 and 3 are presented in Figure 4, as an illustration, for 
interactions of all 11x monomers with T300 (sized). It may be noted that high value of ∆E for a 
specific model does not always mean to have a high value of WA or Ƭ due to the effect of actual 
adhesional area. However, WA and Ƭ are directly proportional to each other and this fact is 
evident from equation-3 and Figures 5-b and 5-c. In general, highest values of ∆E, WA, and Ƭ are 
demonstrated by T300 (unsized) carbon fiber model due to higher level of oxidizing functional 
groups present on its surface. At the same time, it may also be noted that Jeffamine® Diamines 
and Triamines have shown the highest degree of ∆E during interaction with all kinds of fiber 
models as compared with both of the epoxies and other conventional hardeners (Figure 5-a). In 
the case of WA, and Ƭ, still most of the high magnitudes belong to Jeffamine® Diamines and 
Triamines (Figures 5-b and 5-c). 
 

      

(a) Interaction energy 
 

  

(b) Work of adhesion 
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(c) Interfacial shear strength 

Figure 5. Interaction energy, Work of adhesion, and Interfacial shear strength values of various monomers 
against graphite and carbon fiber models 

 

According to the results, the lowest value of Ƭ is estimated for Graphite-DGEBA interaction i.e. 
19.53 MPa and the highest value is predicted for T300 (unsized)-T403 combination i.e. 57.7 
MPa (Figure 5-c). Results for interfacial strength obtained in this study are corroborated well by 
numerous data cited in literature. Choi et al [23] has introduced quasi disk specimen microbond 
test for the measurement of interfacial shear strength and reported a value of 20 MPa for a 
carbon/epoxy specimen.  Allen Yu & Vijay Gupta [24] has calculated the stress at the interface 
of carbon fiber/epoxy composite with the help of FEM modeling to be 214 MPa. But they 
admitted that maximum possible value of interfacial shear strength cannot exceed 55 MPa, 
therefore, they concluded that composite must have failed beyond the threshold of 55 MPa. J. P. 
Ryan [25] has found that interfacial shear strength of high modulus (HM) carbon fiber with 
epoxy matrix is increased from 20 MPa to 58 MPa after plasma surface treatment. A.N. Netravali 
[26] has discovered that interfacial shear strength of carbon fiber with stiff, moderate and weak 
epoxy matrices are 38, 66 and 42 MPa respectively. Pratt B.A. and Bradley W.L [27] have 
estimated the interfacial strength of carbon fiber/epoxy composites to be 43 MPa at most at 0% 
moisture content. N. Melanitis et al [28] has calculated IFSS value of carbon fiber epoxy 
composite as 42 MPa. As a result, literature values mentioned above clearly support the results 
obtained in this work and proved that the modeling and methodology to estimate interfacial shear 
strength of carbon fiber/epoxy composites to be adequate. Specially, effect of true adhesional 
area and extent of surface oxidative functional groups in various types and states of carbon fiber 
models are quite obvious. 
 
4 Conclusions 
Interfacial shear strength of carbon fiber/epoxy composites is estimated with the help of 
molecular dynamics (MD) simulation technique. Work of adhesion is calculated using 
interaction energy values of interfacial models of various carbon fibers, epoxies and hardeners on 
the basis of real adhesional area. Derived values of interfacial shear strength are corroborated 
well by the numerous data cited in literature.  Results have shown very clearly that interfacial 
adhesion increases with the increase in oxidative functional groups on carbon fiber surface. It is 
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also established that true value of interfacial shear strength can be achieved only after 
normalizing the attraction force with real adhesional area. 
 
References 
[1] Lopattananon N., Kettle A.P., Tripathi D., Beck A.J., Duval E., France R.M., et al. Interface      

molecular engineering of carbon-fiber composites. Comp Part-A, 30, pp. 49-57 (1999). 
[2] Mader E. Study of fibre surface treatments for control of interphase properties in 

composites. Comp Sci Tech, 57, pp. 1077-1088 (1997). 
[3] Zhuang H., Wightman J.P. The influence of surface properties on carbon fiber/epoxy matrix 

interfacial adhesion. J Adhesion, 62(1), pp. 213-245 (1997). 
[4] Zhandarov S., Mader E. Characterization of fiber/matrix interface strength: applicability of 

different tests, approaches and parameters. Comp Sci Tech, 65, pp.149-160 (2005). 
[5] Vickers P.E., Watts J.F., Perruchot C., Chehimi M.M. The surface chemistry and acid–base 

properties of a PAN-based carbon fibre. Carbon, 38, pp.675-689 (2000). 
[6] Pukanszky B. Interfaces and interphases in multicomponent materials: past, present, future. 

Euro Poly J, 41, pp.645-662 (2005). 
[7] Hamerton I., Hay J.N., Howlin B.J., Jones J.R., Lu S.Y., Webb G.A. et al. Molecular 

modeling of interactions at the composite interfaces between electrolytically surface-treated 
carbon fibre and epoxy resin. J Mat Chem, 7(1), pp. 169-174 (1997). 

[8] He H.W., Wang J.L., Li K., Wang J., G J.Y. Mixed resin and carbon fibres surface treatment 
for preparation of carbon fibres composites with good interfacial bonding strength. Mat and 
design, 31, pp.4631-4637 (2010). 

[9] Imran S.A., Wang X.Q., Huang P.C., Du S.Y. Developing an approach to calculate carbon 
fiber surface energy using molecular simulation and its application to real carbon fibers. J 
Comp Mat, 46(6), pp.707–715 (2012). 

[10] Wang X.Q., Imran S.A., Huang P.C., Du S.Y. Molecular dynamics simulations of interfacial 
adhesion between carbon fibers and various epoxies/hardeners and its calorimetric 
validation. J Comp Mat, (Published online before print May 3, 2012, doi: 
10.1177/0021998312444768). 

[11] Awaja F., Gilbert M., Kelly G., Fox B., Pigram P.J. Adhesion of polymers. Prog Poly Sci, 
34(9), pp. 948-968 (2009). 

[12] Gardner S.D., Singamsetty C.S.K., Booth G.L., He G.R. Surface characterization of carbon 
fibers using angle-resolved XPS and ISS. Carbon, 33(5), pp. 587-595 (1995). 

[13] Yang F., Pitchumani R. Effects of interphase formation on the modulus and stress 
concentration factor of fiber-reinforced thermosetting-matrix composites. Comp Sci Tech, 
64, pp. 1437-1452 (2004). 

[14] Kettle A.P., Beck A.J., Toole L.O., Jones F.R., Short R.D. Plasma polymerisation for 
molecular engineering of carbon-fibre surfaces for optimised composites. Comp Sci Tech, 
57, pp. 1023-1032 (1997). 

[15] Prithu M.I., Schreiber H.P. Aspects of acid-base interactions and use of inverse gas 
chromatography. Colloids and Surfaces A, 100, pp. 47-71 (1995). 

[16] Paiva M.C., Bernardo C.A., Nardin M. Mechanical, surface and interfacial characterization 
of pitch and PAN-based carbon fibres. Carbon, 38, pp.1323-1337 (2000). 

[17] Gao S.L., Mader E., Zhandarov S.F. Carbon fibers and composites with epoxy resins: 
Topography, fractography and interphases. Carbon, 42, pp. 515–529 (2004). 



ECCM15 - 15TH EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Venice, Italy, 24-28 June 2012 
 

8 

 

[18] Baillie C., Emanuelsson J., Marton F. Building knowledge about the interface. Comp Part A, 
32, pp. 305-312 (2001). 

[19] Drazel L.T., Madhukar M., Waterbury M.C. Adhesion to carbon fiber surfaces: Surface 
chemical and energetic effects. Comp struc, 27, pp. 65-71 (1994). 

[20] Pisanova E., Zhandarov S., Mader E. How can adhesion be determined from 
micromechanical tests. Comp Part A, 32, pp. 425-434 (2001). 

[21] Liu L., Song Y.J., Fu H.J., Jiang Z.X., Zhang X.Z., Wu L.N., Huang Y.D. The effect of 
interphase modification on carbon fiber/polyarylacetylene resin composites. Applied Surface 
Science, 254, pp. 5342–5347 (2008). 

[22] Pocius A.V., Dillard D.A., Chaudhury M.K.  Adhesion science and engineering. Elsevier 
Science B.V., Amsterdam (2002). 

[23] Choi N.K., Park J.E, Fiber/matrix interfacial shear strength measured by a quasi-disk 
microbond specimen.  Comp Sci Tech, 69, pp. 1615–1622 (2009). 

[24] Yu A., Gupta V. Measurement of in situ fiber/matrix interface strength in graphite/epoxy 
composites. Comp Sci Tech, 58, pp. 1827-1837 (1998). 

[25] Ryan J.P. Characterization of the graphite/epoxy interface with various surface treatments 
under cyclic loading. (Thesis) University of Illinois at Urbana-Champaign, (1997). 

[26] Mittal K. L., Netravali A.N. Carbon fiber/epoxy interfacial shear strength: Effects of plasma 
surface treatment and nanoparticle addition, Polymer Surface Modification: Relevance to 
Adhesion. Volume 5, Koninklijke Brill NV, Leiden, (2009).  

[27] Pratt B.A., Bradley W.L. Effect of moisture on interfacial shear strength: A study using the 
single fiber fragmentation test. High temperature and environmental effects on polymeric 
composites. ASTM STP 1302. Thomas S. Gtates and Abdul-Hamid Zureick. EDs., 
American Society for Testing and materials, 2nd volume, pp. 64-72 (1997). 

[28] Melanitis N., Galiotis C., Tetlow P.L., Davies C.K. Interfacial shear stress distribution in 
model composites part 2: Fragmentation studies on Carbon fiber/epoxy systems. J Comp 
Mat. 26(4), pp. 574-610 (1992). 

[29] Allington R.D., Attwood D., Hamerton I., Hay J.N., Howlin B.J. A Model of the Surface of 
oxidatively treated carbon fibre based on calculations of adsorption interactions with small 
molecules. Comp A, 29A, pp. 1283-1290 (1998). 

[30] Allington R.D., Attwood D., Hamerton I., Hay J.N., Howlin B.J. Developing improved 
models of oxidatively treated carbon fibre surfaces using molecular simulation. Comp A,  35, 
pp. 1161–1173 (2004). 

[31] Attwood D., Marshall P.I. Atomistic modeling of the adsorption of epoxy and amine 
molecules on the surface of carbon fibres. Comp A, 27A, pp. 775-779 (1995). 

[32] Deng M., Tan V.B.C., Tay T.E. Atomistic modeling- interfacial diffusion and adhesion of 
polycarbonate and silanes. Polymer, 45, pp. 6399–6407 (2004). 

[33] Leach A.R. Molecular Modelling- Principles and Applications, 2nd ed, Pearson Education 
Limited, UK (2001). 

 


