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ABSTRACT 

Using of experimental measurement techniques not commonly used for the investigation of the 
structure and properties of polymeric materials, namely concurrent inelastic light scattering and tensile 
testing, in combination with atomic scale simulations, we have gained new insights into structural 
developments of polymers during cure and in response to mechanical stimuli or spatial constraints.  
We have identified subtle structural relaxations taking place during cure, which lead to the optimiza-
tion of molecular packing and ensuing increase in non-bonding interactions.  Imposed mechanical 
strain causes immediate structural reorganization in polymer chains.  However, over time, the structure 
reconstitutes and the original physical properties are recovered.  We observe that the reconstitution of 
entropic aspects of the structure occurs at much higher rates than the reconstitution affecting enthalpic 
aspects.  Spatial confinement, in particular as are established in the interfacial regions of composites, 
can result in significantly enhanced structural stiffness that is accompanied with a densification of 
matter.  The reason for the improved mechanical properties is the suppression of structurally weak 
molecular conformations as a result of the confinement. 

 

1 INTRODUCTION 

Polymer matrix composites (PMC) are attractive for various structural and functional applications.  
In view of producing high-strength lightweight material, fiber-reinforced PMC is one of the most 
promising materials systems.  Compared to metals, fiber reinforced PMC can achieve up to tenfold 
higher specific strength and up to fourfold higher specific stiffness (normalizing with respect to mate-
rial density) [1].  Beyond lightweight structural materials, PMC applications range from microelec-
tronics devices to medical implants [2–7].  Additional weight savings can be achieved by incorporat-
ing auxiliary functionality into the material, such as sensing, actuating, energy harvesting, thermal 
management, signal processing, etc., which eliminates the need to carry separate devices for these 
purposes.  This opportunity arises from the fact that a composite combines multiple types of materials, 
with contrasting properties, and without necessarily establishing thermodynamic equilibrium between 
phases. 
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Therefore, interfaces, which are an essential feature of composite materials, may not only be dis-
ruptive to the transmission of various types of impulses, but they provide the capacity for accommo-
dating functionality that allows one to control and harness these impulses.  Indeed, interfaces chiefly 
determine the properties and performance characteristics of these materials.  In many cases, interfaces 
constitute the origin of materials functionality.  Interfaces are not strictly localized to an atomically 
resolved planar feature, defined by the juxtaposition of chemically distinct species.  For one, interfaces 
possess irregularities, defects, and roughness resulting from processing or materials growth conditions.  
Secondly, because of the long-range influence of chemical disparity and the inherently non-
equilibrium thermodynamic state of materials at interfaces, the structure and properties of specifically 
the polymer, within a region of significant spatial extent adjacent to the interface, manifestly differ 
from those of the bulk polymer [8–14]. 

The existence and spatial extent of this interfacial region, referred to as the interphase, is deter-
mined based on the variation in chemical character, e.g., the concentration profile of a telltale species, 
typically imaged using scanning electron microscopy (SEM) [15–19] or secondary ion mass spectrom-
etry (SIMS) [11, 20], or based on the variation of the polymer’s mechanical response, as revealed by 
nano-indentation using an atomic force microscope [21–24].  Depending on the materials system and 
technique of investigation, interphase thicknesses between 100 nm and several µm have been reported 
[25, 26].  Irrespective of size, it is generally believed that the constitution of the interphase chiefly 
affects the overall mechanical and other properties of the composite [27, 28].   

The interphase develops naturally in composites, and although the underlying mechanisms have not 
yet been systematically established, its formation strongly correlates with the circumstance that mate-
rials with dissimilar chemistries are paired.  A number of explanations have been proposed.  For ex-
ample, the surface morphology of the embedded phase, such as roughness and pores, promote polymer 
chain entanglement or limit accessible adsorption area depending on the length of the polymer chains 
[29–31].  Geometric constraints on the polymer can also create internal stresses in the polymer back-
bone, resulting in localized residual stress fields at the interface between fiber and polymer [13, 16, 27, 
32].  Based on these conjectures, various strategies for altering the surface chemistry of reinforcing 
fibers have been pursued to improve interfacial properties.  Surface treatments, also referred to as siz-
ing, are typically designed to promote covalent bonding between fiber and polymer.  Fibers are coated 
with a strongly adherent thin layer of organic molecules that carry additional reactive functionality to 
bond with the matrix monomers [11, 33, 34].  Based on their premise, these strategies may be limited 
to only a few molecular layers adjacent to the interface, but experimental evidence indicates that the 
structural developments in the entire interphase region may be affected [12, 31, 35].  In fact, surface 
functionalization and sizing concepts have been expanded to creating interfacial regions with deliber-
ate chemical, structural, and functional gradients [35].  This may involve the coupling between organic 
and inorganic molecular building blocks to form hybrids in which the intimate juxtaposition of con-
trasting materials characters affords a tremendous flexibility in controlling thermal and mechanical 
properties [36–39].   

Alternatively, various types of nano-particles are simply added to the thermoset mixture, and one 
relies on their tendencies to segregate and self-assemble near the interfaces to manipulate interphase 
properties [40–43].  Significant improvements of the materials properties, such as toughness, tensile 
strength, elastic moduli, abrasion resistance, etc., have been reported [42, 44].  It is believed that these 
minuscule particles particularly enhance the interphase region by imparting their own dominant prop-
erties [44–48].  For example, embedding carbon nanotubes (CNT) into polymer is done with the ex-
pectation that these fillers segregate near the polymer/fiber interface to increase the mechanical 
strength and thermal conductivity of the interphase, which may have beneficial effects during pro-
cessing or under operating conditions, or both [49–52]. 

Evidently, a fundamental understanding of the interfacial structure and phenomena during materi-
als fabrication and application is required.  The experimental investigation of interfaces is severely 
impeded by their minute spatial extend in at least one dimension and by the fact that they are typically 
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buried, and therefore difficult to access by most characterization techniques.  Here we employ a novel 
combination of inelastic light scattering and tensile testing to characterize the mechanical response of 
polymeric materials at the molecular scale.  In addition, modeling and atomistic simulation provide 
crucial tools of investigation to complement experiments in revealing the mechanistic underpinnings 
of the interfacial phenomena by relating the observed phenomena to molecular structure. 

2 PROCEDURAL DETAILS 

2.1 Sample preparation 

In this paper we report on findings for two types of polymeric materials, polyvinylidene fluoride 
(PVDF), representing chainlike polymers, and epoxy, archetypical for cross-linked polymer networks.  
PVDF thin films are prepared via solution casting. PVDF powder (Sigma Aldrich, 534,000 MW) is 
dissolved in N,N-dimethylformamide (DMF) (Sigma Aldrich, 99.8%) at a concentration of 16.7 wt%. 
The PVDF/DMF mixtures are stirred overnight to obtain homogenous and transparent solution.  The 
solutions are then cast into glass Petri dishes and the DMF is removed at 110°C.  The resulting PVDF 
discs are cut into dogbone shapes using a scalpel.  Sample thicknesses are measured using a Fowler 
electronic dial depth gauge.  The thicknesses of all samples are between 0.25 and 0.35 mm. 

The epoxy system used for this study is composed of Epon 862 resin (Diglycidyl Ether of Bi-
sphenol F, Hexion Specialty Chemicals) mixed with Epikure 9553 amine hardener (proprietary formu-
lation, Hexion Specialty Chemicals).  For the temperature dependent measurements, all samples are 
mixed using the stoichiometric epoxide to amine ratio recommended by the manufacturer.  To prepare 
each sample for the light scattering measurements, resin and hardener are added to a glass vial such 
that the desired concentrations of amine and epoxide are available for reaction.  The components are 
mixed by hand for one minute at room temperature.  The mixture is then allowed to stand for an addi-
tional minute to allow any trapped gas bubbles that formed during the mixing process to escape.  Next, 
the sample is injected into a sample holder composed of a perforated spacer separating two glass co-
verslips.  The sample fills a circular aperture with a 20 mm diameter and 2 mm thickness. 

2.2 Materials characterization 

For the purpose of this investigation, samples have been characterized using a number of experi-
mental techniques, including thermal analysis to determine glass transition behaviors, x-ray diffraction 
for the detection of crystalline phases, IR and Raman spectroscopies for the identification of specific 
molecular groups, phase character, and the degree of cure in the epoxy systems.  These techniques are 
fairly standard methods for materials characterization, and detailed descriptions would surpass the 
scope of this paper, as they can be readily found in the literature. 

Central to this investigation, however, is the unique application of inelastic light scattering for ma-
terials characterization, specifically, concurrent Raman (RLS) and Brillouin light scattering (BLS).  As 
the latter technique is perhaps less common, a few words of introduction may be in order.  In the BLS 
experiment, light is used to detect the propagation and attenuation of thermal phonons that exist in any 
equilibrium condensed phase at finite temperature.  No external forcing is required.  The spectrum of 
scattered light contains a peak at a frequency that is Doppler-shifted by ωS relative to that of the inci-
dent light.  ωS is proportional to the velocity of sound, and consequently, the elastic storage modulus 

of the scattering medium according to 
  
M '(ω ) =

ρ0ω S
2

q2  [53].  ρ0 is the average density of the scattering 

medium, and q is the wavevector selected by the scattering geometry,   q = 2n λ sinθ 2 , where θ is the 
angle between the incident and scattered light, n is the refractive index of the scattering medium, and λ 
the wavelength of the light.  This technique probes the elastic properties of the structure at the nano-
scale, equivalent to subjecting a large number of ~50 nm long dog bone specimens to cyclic tensile 
tests.  Frequency shifts probed by this technique are in the GHz frequency regime, and as a conse-
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quence, it yields the adiabatic moduli.  This is because, on such a short time scale, heat exchange with 
the environment is negligible, i.e.,   δq T = 0 ⇒ dS = 0 .  Moreover, the probing light does not impart 
any significant energy; it does not exert external forcing.  Temperature changes are below the detec-
tion limit,   cV dT = 0 ⇒ dU = 0 .  In other words, the BLS technique is non-invasive, and it measures the 
adiabatic modulus of a material in thermodynamic equilibrium and at the molecular scale. 

2.3 Molecular Simulations 

All molecular dynamics (MD) simulations were performed using LAMMPS.[54] Alkane-alkane in-
teractions are controlled with OPLS-AA parameters [55], metal-metal interactions are controlled by 
the EAM potential [56].  Interactions between the metal substrate and alkane are controlled according 
to geometric mixing rules using the Lennard-Jones parameters for FCC metal optimized by Heinz et 
al. [57].  Structures are generated by randomly orienting linear alkane chains at very low density.  The 
fully periodic structure was then gently compressed at elevated temperatures for 60 ps and under con-
stant pressure conditions of about 10 MPa, to accelerate the elimination of the free volume generated 
the construction of the initial configuration.  After this, the simulation box dimensions parallel to the 
metal substrate are kept constant.  The applied pressure is released, and the structure is allowed to 
relax while zero constant pressure conditions were applied to the direction perpendicular to the sub-
strate only.  The resulting structures are then analyzed and subject to various types of non-equilibrium 
MD runs to determine the desired properties. 

3 RESULTS AND DISCUSSION 

3.1 Relaxation 

Concurrent RLS and BLS was used to monitor the formation of epoxy networks over time, both in 
terms of the structural connectivity of the network and the evolution of chemical bonding configura-
tions, as well as to measure the visco-elastic properties of the system at the molecular scale.  Using 
this approach we have studied the cure kinetics of epoxy cured with an amine hardener at different 
temperatures and for a range of epoxy-to-hardener molar ratios [58].  Both factors strongly influence 
the relationship between the elastic properties of the network and the degree of cure.  For a given max-
imum degree of cure, the resulting epoxy network exhibits the same mechanical properties.  The elas-
tic modulus of the epoxy network consist of two contributions: that of network of covalent bonds and 
that of non-bonded interactions between network segments, which arise when the structure relaxes into 
an optimally packed configuration.  The latter is associated with the so-called relaxational modulus in 
visco-elastic theory.  By probing high-frequency phonons, Brillouin scattering allows one to resolve 
this relaxational modulus, which is an attribute of a structure in its energy minimum.  Static tensile 
testing, on the other hand, does not resolve the relaxational modulus, as it measures the elastic proper-
ties of a structure constrained by the applied stress.  Structural changes between relaxed and strained 
networks are reversible.  With increasing rate of cure, the relaxational aspects of network formation 
become more apparent, because the relaxation process becomes rate limiting in reaching the equilibri-
um configuration of the network structure.  This behavior is summarized in Fig. 1.  The unreacted 
mixture of resin and hardener is a liquid and therefore only exhibits a finite bulk modulus, while the 
relaxational modulus is essentially zero.  As the reaction progresses, cross-links rigidify the structure 
and the longitudinal modulus gradually deviates from the bulk modulus.  If only covalent bonds were 
to contribute to the structural stiffness, one would observe the static modulus upon completion of the 
cure, whether it is probed at zero or infinite frequency.  However, the structural relaxation that leads to 
packing optimization and the increase in non-bonding interactions is responsible for the additional 
elastic energy storage capacity, reflected in the relaxational modulus. 
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Figure 1:  Longitudinal elastic modulus as a function of cure for different cure rates.  The curves 
are derived from the model fit to different data sets, as described in ref. [58].  Inset: Arrhenius plot for 

the reaction rate coefficient k and the relaxation rate coefficient B. The values of the relaxation rate 
coefficient have been normalized by the change in modulus due to relaxation at each temperature. This 

normalization allows us to compare the reaction and relaxation rates on the same scale. 

3.2 Reconstitution 

To further elucidate the nature of these subtle changes in polymeric materials we displaced two 
systems, epoxy and PVDF from thermodynamic equilibrium by subjecting them to mechanical strains 
using a tensile tester, of which the readout provides the stress-strain derived isothermal modulus, while 
simultaneously measuring the adiabatic properties using BLS.  This unique combination of techniques 
enables concurrent measurement of the adiabatic longitudinal modulus and the isothermal tensile 
modulus of a sample while it is uniaxially strained.  The longitudinal modulus can be measured in the 
direction parallel or perpendicular to the applied strain as well as any direction in between.  Changes 
in these two moduli are related to stress- and strain-induced microstructural developments.  The data 
in Fig. 2a shows that for PVDF the adiabatic modulus is on average about 4.5 times larger than the 
isothermal modulus.  Upon applying the strain, the both moduli drop immediately.  However, while 
held at the imposed strain, the moduli recover, trending towards their values at zero imposed strain, 
from which we can conclude that the structure of the material reconstitutes while under this constraint.  
The relaxation rate describing the time dependence of the isothermal modulus is between one and two 
orders of magnitude faster than that describing the adiabatic modulus.  Note that the isothermal modu-
lus is related to the free energy change of the system due to deformation, while the adiabatic modulus 
is related to the potential energy change associated with this process.  Accordingly, the entropic as-
pects of the structural deformation recover up to two orders of magnitude more rapidly than the en-
thalpic aspects. 
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We observe a similar behavior for the epoxy systems (Fig. 2b).  This behavior is consistent with 
that observed during epoxy cure, in that the applied strain removes the network structure from its 
ground state configuration, lowering the relaxational component of its elastic modulus by reducing the 
non-bonding interactions associated with optimal packing.  Upon ensuing relaxation, the structure 
reconstitutes and the system regains the lost elastic energy storage capacity. 

5%

M
is

o (
G

Pa
)

1.5

2.0

2.5

3.0

M
ad

i (
G

Pa
)

9.0

9.2

9.4

9.6

Time (min)
0 50 100 200 400 600

Unstrained

2% Strain
Lo

ng
itu

di
na

l M
od

ul
us

 (G
Pa

)

10.60

10.65

10.70

10.75

10.80

10.85

10.90

10.95

11.00

Time (min)
0 100 200 300 400

 
 (a) (b) 

Figure 2 a) Time dependence of the adiabatic (top) and isothermal (bottom) longitudinal elastic 
moduli of PVDF strained to 5% and then held at that strain for two hours.  Data points are fit assuming 
exponential relaxation with a single rate constant.  The last segment shows the relaxation of the modu-
lus for the sample strained to 5% after complete release of this strain; b) Time dependence of the adia-

batic modulus and exponential fit of epoxy strained to 2% and held at this train for five hours. 

3.3 Structural ordering upon densification 

Experimental results are complemented with information provided by molecular dynamics simula-
tions.  This is particularly useful for the investigation of interfacial regions in polymer matrix compo-
sites, which are difficult to access experimentally.  Using simulations, we have investigated the struc-
tural developments in alkane polymer adjacent to an interface with a metal substrate, by systematically 
varying the alkane chain length, the substrate lattice parameter, and, in a parametric fashion, the sub-
strate-alkane interaction strength [59].  The structure of the alkane film near an interface has been 
examined according to a variety of metrics.  In all cases we observed a strongly pronounced layering 
of the alkanes near the interface, which is associated with an optimized packing of the chains within 
the layer planes, leading to a density increase of up to four times the bulk alkane density (Fig. 3a).  
The peak density exhibits a logarithmic dependence on the interaction strength between metal and 
alkane, reflecting the saturation in the ability for alkane chains to pack onto the substrate surface, 
while the inter-chain spacing follows the inverse trend.  The lattice parameter of an fcc metal substrate 
has the potential to accentuate both dependencies, but the range of experimentally observed interaction 
strengths is comparably limited.  In all cases, the magnitude of the structural variation is increased for 
shorter chain lengths.  Longer chains show more entanglement between layers, implying a stronger 
effect on macroscopic properties for smaller molecules.  The layering, densification, and lateral con-
finement at interfaces also enhance the mechanical stiffness of the alkane phase.  Most surprisingly, 
this increase in elastic modulus is characteristic of the interfacial structure even beyond the region 
affected by the obvious layering and densification.  The most likely reason for this effect is a confine-
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ment-induced suppression of cis conformations in the polymer chains, which eliminates inherently 
unstable segment orientations that directly detract from the structural stiffness, and which affect the 
polymer phase to an extent that is neither visually apparent, nor is it evident when applying lower-
order measures of structural characterization measures.  However, two-dimensional pair correlation 
functions with slices parallel to the interface and similarly parsed backbone dihedral angle analyses 
provide evidence for such structural features.  Accordingly, insertion of small concentrations of nano-
particles, whose surfaces can serve as templates for the polymer assembly, can dominate the structural 
evolution within the interphase and, according to our findings, have dramatic effects on the mechani-
cal properties – a phenomenon that is already well known from experiments. 
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Figure. 3 a) Density profile in an alkane (n=20) film as a function of the distance from the 
interface with a Cu substrate; b) Composite elastic moduli for different layer thicknesses from simula-
tion as a function of the alkane volume fraction (circles); the modulus of the alkane segment, consider-
ing stresses and strains in that phase only, are shown as squares.  The elastic modulus for the Cu seg-

ment in our simulations is 25.15 GPa.  Two rules-of-mixture constructs are provided for reference: the 
dashed lines are based on the elastic moduli of the pure phases computed for their respective bulk 

configurations and the solid lines are based on the moduli computed for the respective segments in the 
laminates. 

 
4 CONCLUSIONS 

Polymer structures displaced from equilibrium, either as a result of undergoing polymerization and 
cross-linking reactions that result in network structure where its constituents initially end up slightly 
removed from their ground state configuration, or when subjecting fully cured networks to elastic 
strains, tend to reconstitute so as to optimize molecular packing and maximize non-boning interactions 
(minimize their potential energy), which in turn results in an enhanced capacity for elastic energy stor-
age.  Molecular simulations show that the optimization of molecular packing, in this case achieve 
through the adhesive forces exerted by a nearby substrate, tend to significantly enhance the elastic 
moduli of these structure, even beyond the range that is measurably densified.  This is due to the fact 
that packing optimization causes the elimination of mechanically unstable molecular conformations. 
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