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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 Smulation 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 (z) is estimated for all the models using WA values for respective interface models.

1 Introduction

There is a consensus that interfacial bonding isrmandatory for ascertaining properties of a
composite material, in addition to the propertiést® constituent materials [1-10]. Similarly,
improvement in composite properties is also reliantthe quality and extent of interfacial
bonding. However, exact measurement of interfaaiédesion is difficult due to the very small
region involved and its submerged nature [2,7,10-V4rious methods and techniques have
been developed to date to measure the extentesfantal bonding [3,4,15,16]. These techniques
can be divided broadly into two categories: (1) Natcal testing, and (2) Physical analysis.
Mechanical testing methods include fragmentationgrobond and micro indentation tests
[1,3,4,16-28] in which shear strength between sirfider and matrix is measured to estimate
extent of interfacial bonding. Another very usetghnique of Atomic Force Microscopy (AFM)
is also being used to measure interfacial bonchgthe of composites [17,18,21]. Physical
analysis comprises of Inverse Gas Chromatogragb@)land wetting analysis which attempt to
measure polar and dispersive components of sudiaergies of separate samples of matrix and
fiber and then the extent of interfacial bondingstimated indirectly by calculating the work of
adhesion [2,15]. Besides the development of seveeghanical and physical testing techniques
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for the characterization of interfacial propertieb composites, a state of uncertainty and
incompleteness still exists amongst various quadrahresearchers [18]. Therefore, there is a
need to develop some method to estimate interfadalesion of composites based on true
interactions of constituents at the interface ardciv can bridge the gap between existing
characterization techniques. Zhandarov S, and M&d§gt] have attempted to calculate work of
adhesion from interfacial shear strength valuesgusingle fiber microbond test. They evaluated
various micromechanical tests particularly micradbaoest and showed the relationship between
‘practical adhesion’ (bond strength) with ‘fundartedradhesion’ (work of adhesion). Molecular
simulation technique has been used successfutheifield of drug designing but its application
to composite materials is quite rare [7,29-31].ctessible and submerged interface of a
composite material can be best explored with the dlemolecular simulation by evaluating true
interactions at the molecular scale. However, \fexy researchers have attempted to employ
molecular simulation to study the interface of CHRR4-16].

In this paper, interaction energy between T300 @@F300 carbon fiber models and various
epoxy/hardener monomer models is calculated withhelp of MD simulations. Afterwards,
work of adhesion values for respective models ateutated on the basis of true adhesional area.
Ultimately, interfacial bond strength is calculattt each model with the help of work of
adhesion data. In this manner effect of surfacelaiion of carbon fibers and effect of true
adhesional area of an interacting monomer on wbddbesion and interfacial shear strength is
investigated. Physical and mechanical phenomenonCHRP composites is correlated
guantitatively and compared with respective expental literature data.

2 Experimental

21 Materials

Sized and unsized, T300 (Toray Japan) and CCF3ah@v/Guangwei China) carbon fibers

were selected as reinforcement fibers. DGEBA (gicetidyl ether of bisphenol-A) and

TGDDM (Tetra Glycidyl Diamino Diphenyl Methane) veerthe epoxies and DDS33 (3,3-

diaminodiphenyl sulfone), DDS44 (4,4-diaminodiphensulfone) and IPD (isophorone

diamine/1-amino-3-aminomethyl-3,5,5-trimethylcyctodane) 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 useldbadeners.

Figure 1. Atomistic models of T300 and CCF300 carbon fibers

2.2 Modéels devel opment

Carbon fiber models were developed on the baskRS8 data and respective atomistic models
were constructed by using ‘Build’ menu of Matei&udio 4.3 (Accelrys Software Inc.), that are

shown in Figure 1. It may be noted that T300 (urdjzhas highest O/C ratio and number of
oxidative functional groups on its surface. T30i2gd) can be graded at second tier. CCF300
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either sized or unsized has very less differendaraas O/C ratio is concerned. Detail of carbon
fiber models development can be found elsewhereAB]11x types of monomer models for
epoxies and hardeners were developed by usingdBuiénu of Material Studio 4.3 (Accelrys
Software Inc.). Each crystal form of monomer modek structurally optimized by using MD
simulations for 50 ps at 598 with time step of 1fs and using NVT ensembleu&tures were
again energy minimized using ‘smart minimizer’ $@tt energy converges to less than 0.1
Kcal/mole. COMPASS force field was used for all siiulations. Final monomer structures are
shown in Figure 2.

2.3 MD Smulations

Separate interface models for each of carbon finerevery monomer model were constructed
using ‘Layer builder’ module of Materials Studio34software. Vacuum slab of 100Avas
inserted in each model to avoid any interactiorth wubsequent layers due to periodic boundary
conditions. Figure 3 reflects, as an example, thmdets of T300 carbon fibers, creating
interfaces with monomers. ‘Discover’ module was duge perform MD simulations using
COMPASS force field. All interface models were aneminimized using ‘smart minimzer’ tool
of ‘Discover’ module so that the energy convergesess than 0.1 Kcal/mole. MD simulations
were conducted using NVT ensemble for 80 ps wittetstep of 1fs at 59K for equilibration.
Post MD minimization was also carried out with eyyeconvergence below 0.1 Kcal/mole for
structure optimization. Separate MD simulationsevearried out for all 11 kinds of monomer
models with four types of carbon fiber models. Almulations were conducted with five
different orientations and starting configuratioAserage values of potential energy are used in
subsequent calculations. For the comparison pusp@s®ulations with pure graphitic structure
(carbon fiber without any surface moieties) are alenducted. All energy values are the total
potential energies of the structures concerned.

(a) DGEBA (b) TGDDM (cpDS33 (d) IPD (eys@

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

Figure 2. Atomistic models of monomers of epoxies and haeden

3 Resultsand Discussions

MD data obtained by molecular simulations can belus calculate interaction energy, work of
adhesion and interfacial shear strength valuegv¥ery model by using following relationships
[20,22,31-33]:

El::'ﬂ:'s!'cc:':'m-!," = El:cc!'b.:-.v!_.‘:'l:s!'—mﬂﬂﬂms!'} - (ECE!'.'JGH_.":'.'JE!' _Em.:-ﬂoms!'j (1)
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where,

£

(interaction)

= interaction energy,
= total potential energy of the interfaced®ip and
= sum of potential energies of fiber and monomegeaparate states.

'El:cm'bﬂn Fibarimonomer)

(E L+E

carbon fiber monmmarj

Figure 3. Atomistic model of carbon fiber making interfacéhwarious monomers
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where,
W, = work of adhesion,
—AG .. = negative of interaction energy,
a,..; = molar adhesional area of respective monamerarbon fiber surface, and
N = Avogadro’s number (6.0221415 %30
T=Lkw. =21 [I_m]i.-"fur (3)
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Figure 4. Interactions between T300 carbon fibers and varinanomers
where,

T = interfacial shear strength,
proportionality constant for specific interact,
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-

A = distance up to which molecular forces are sspgd to act (8A 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 ancedeesented in Figure 4, as an illustration, for
interactions of all 11x monomers with T300 (sizdt)nay be noted that high value SE for a
specific model does not always mean to have a Vadire of W, or T due to the effect of actual
adhesional area. Howeval, and T are directly proportional to each other and tlast fis
evident from equation-3 and Figures 5-b and 5-@dneral, highest values AE, W, andT are
demonstrated by T300 (unsized) carbon fiber model td higher level of oxidizing functional
groups present on its surface. At the same timeaay also be noted that Jeffamine® Diamines
and Triamines have shown the highest degre#Eotluring interaction with all kinds of fiber
models as compared with both of the epoxies andratbnventional hardeners (Figure 5-a). In
the case oW, and T, still most of the high magnitudes belong to Jeffee® Diamines and
Triamines (Figures 5-b and 5-c).
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(c) Interfacial shear strength

Figureb. Interaction energy, Work of adhesion, and Intédlashear strength values of various monomers
against graphite and carbon fiber models

According to the results, the lowest valueTa estimated for Graphite-DGEBA interaction i.e.
19.53 MPa and the highest value is predicted fad0T@insized)-T403 combination i.e. 57.7
MPa (Figure 5-c). Results for interfacial strengtitained in this study are corroborated well by
numerous data cited in literature. Choi et al [R&8$ introduced quasi disk specimen microbond
test for the measurement of interfacial shear gtremand reported a value of 20 MPa for a
carbon/epoxy specimen. Allen Yu & Vijay Gupta [2#gs calculated the stress at the interface
of carbon fiber/epoxy composite with the help ofMFEnodeling to be 214 MPa. But they
admitted that maximum possible value of interfaghkar strength cannot exceed 55 MPa,
therefore, they concluded that composite must feiled beyond the threshold of 55 MPa. J. P.
Ryan [25] has found that interfacial shear stremgftthigh modulus (HM) carbon fiber with
epoxy matrix is increased from 20 MPa to 58 MPargftasma surface treatment. A.N. Netravali
[26] has discovered that interfacial shear stremdtbarbon fiber with stiff, moderate and weak
epoxy matrices are 38, 66 and 42 MPa respectiigit B.A. and Bradley W.L [27] have
estimated the interfacial strength of carbon figgoky composites to be 43 MPa at most at 0%
moisture content. N. Melanitis et al [28] has chdted IFSS value of carbon fiber epoxy
composite as 42 MPa. As a result, literature valaeationed above clearly support the results
obtained in this work and proved that the modeting methodology to estimate interfacial shear
strength of carbon fiber/epoxy composites to begadte. Specially, effect of true adhesional
area and extent of surface oxidative functionaligeoin various types and states of carbon fiber
models are quite obvious.

4 Conclusions

Interfacial shear strength of carbon fiber/epoxymposites is estimated with the help of
molecular dynamics (MD) simulation technique. Wodt adhesion is calculated using
interaction energy values of interfacial modelsafious carbon fibers, epoxies and hardeners on
the basis of real adhesional area. Derived valtigsterfacial shear strength are corroborated
well by the numerous data cited in literature. URsshave shown very clearly that interfacial
adhesion increases with the increase in oxidatimetfonal groups on carbon fiber surface. It is
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also established that true value of interfacial ashstrength can be achieved only after
normalizing the attraction force with real adhesicarea.
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