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ABSTRACT: Co-curing of a thermoset epoxy matrix in contact with thermoplastic foils is an 

essential step in damage-free joining of polymers or polymer-based composites. We present 

results of all-atom molecular dynamics simulations that shed light into the resulting hybrid 

interface. Using polyvinylidene difluoride (PVDF) and a multicomponent epoxy resin as model 

systems, we have developed a computational co-curing protocol that ensures both adequate 

structural representation and mobility of the PVDF chains and a realistic cross-linking 

conversion and topology of the epoxy resin. As a result, we reveal that mutually entangled loops 

of thermoplastic chains and resin strands form across the interface within the extended interphase 

region separating the two polymers. In tensile stress simulations we find that these loops 

contribute to a surprisingly large interfacial strength. In the absence of extrinsic defects, failures 

nucleate at the PVDF side of the interphase and propagate via a chain-pullout mechanism 

characteristic of semi-interpenetrating polymer networks involving thermoplastic materials. 

1. INTRODUCTION 

The ongoing effort to design novel light-weight materials brings forth entirely new material 

concepts, which consequently require innovative joining techniques. A prominent example is the 

use of carbon or other fiber-reinforced plastics (FRP) as a light-weight alternative to aluminum 

alloys for structural components in the aerospace sector1. Joining FRP with conventional riveting 

entails inevitable weakening of the composite structure as a consequence of cutting the 

reinforcing fibers across holes drilled to accommodate the rivets2,3. In recent years, thermoset 

welding, enabled by a re-meltable thermoplastic surface layer, has been developed as an 

innovative solution for FRP-joining that guarantees integrity of the fiber architecture3,4. 

The two-step joining procedure involves first the co-curing of a thermosetting (TS) FRP matrix 

with a thermoplastic (TP) foil attached to its surface. In the subsequent welding step, the TP 



 3 

surfaces of two components are heated, which causes the polymer chains to soften and entangle 

across the surfaces, thus forming a joint. Crucial to the stability of this joint is not only a 

successful thermoplastic welding, but also strong adhesion of the hybrid TS/TP interface, which 

forms during co-curing. 

In this work we focus on the molecular-scale details of such a TS/TP hybrid interface, using 

all-atom molecular dynamics simulations. Our aim is to provide a realistic model for the 

interphase region between a typical TP polymer (polyvinylidene difluoride, PVDF) and a typical 

multicomponent TS epoxy resin (vide infra). As the TS matrix and the TP layer are dissimilar in 

reactivity, chain size and density, it is not obvious that the interactions within the TP/TS 

interphase will be as strong and reliable as per the strict regulations with which aerospace 

components must comply3. Remarkably, the adhesive strength of co-cured and welded TS/TP 

FRP components has been found to be competitive with commercial adhesive solutions5. 

However, the molecular mechanisms governing the adhesive strength at the interphase are very 

poorly understood. In particular, it remains to be explored whether only physical (non-covalent) 

interactions between the hybrid components occur, or if instead, and under which conditions, 

covalent bonds may form as a result of the epoxy resin chemically reacting with the TP chains.  

To date, neither the exact extent of miscibility of the components, nor the molecular topology 

of hybrid TS/TP interfaces is known. Such details are challenging to resolve via experimental 

approaches alone, which motivates the use of all-atom molecular simulation techniques in the 

present work. In previous simulations reported by Dumont et al.6, smaller epoxy resin molecules 

were found to readily diffuse into a melt of TP oligomers (polyethersulfone and phenoxy). 

However, neither the effect of TS chains longer than five or six repeat units, nor the effect of 

epoxide-amine cross-linking reactions on the interphase formation has been investigated to date.  
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Here we consider both the dynamics of longer PVDF chains, of the order of 100 repeat units, 

and the evolution of cross-linking within the epoxy matrix, and develop an effective 

computational co-curing protocol to produce small-scale hybrid TS/PS interfacial models. In 

doing so, we explore the possible formation of a semi-interpenetrating polymer network (semi-

IPN) in the interphase region, capable of capturing entanglements between the two components 

in a strong and stable joint. Using all-atom techniques bears the obvious disadvantage of 

addressing only a very small region of the interface, which extends, in the engineering reality, 

over many microns (Figure 1, left and center). However, this is the only technique that can 

provide atomistic details of the intermolecular and intramolecular interactions. The structural 

models produced by our work can serve as a basis for future studies addressing the possible 

formation of covalent bonds across the TP/TS interface (Fig 1, right). 

 

Figure 1. Schematic representation of a hybrid interface between an epoxy resin and a 

thermoplastic polymer (PVDF) at a microscopic scale (left), the nanoscopic scale accessible to 

all-atom molecular dynamics simulations (center), and the atomic scale with details of the atom-

atom interactions (right). 
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2. METHODOLOGY 

2.1. Computational details. All molecular dynamics (MD) simulations were carried out using 

the LAMMPS (lammps.sandia.gov) simulation software package7. The inter-atomic forces were 

calculated using the DREIDING8 force field. Newton’s equations of motion were time-integrated 

using the velocity-Verlet algorithm with a time step of 1 fs. The Nosé9-Hoover10,11 thermostat and 

barostat were used for temperature and pressure control, respectively. Periodic boundary 

conditions were implemented in all directions (unless otherwise stated). The long-range 

electrostatic interactions were evaluated using the PPPM Ewald summation method12. The 

neighboring list cutoffs were set to 12 Å. Tail corrections were applied to compute the total 

energy and pressure. Partial atomic charges were calculated using the charge equilibration 

method (QEq) proposed by Rappe and Goddard13, as implemented by Demir and Walsh14. This 

requires averaging of charges belonging to symmetry-equivalent atomic sites, which are part of 

the same unique atom environment within each molecular structure. Non-bonded interactions 

were calculated within 3D periodic boundaries with a Buckingham potential. All of the 

parameters used in this study are summarized in the Supplementary Information, Table S1 and 

Figures S1-S3.  

2.2. Thermoplastic polymer model. As a model of the thermoplastic polymer we used linear 

chains of polyvinylidene difluoride (PVDF) (Figure 2b). The input structure for the bulk PVDF 

was created using the Polymer Modeler tool15, randomly placing 136 chains, each consisting of 

125 repeat units, in a cubic simulation cell with dimension of 15 nm. The initial packing density 

was deliberately set to a low value of 0.5 g/cm3, and the simulation cell size was then reduced 

until the experimental density of 1.78 g/cm3 was reached. This was realized by rescaling the 

atomic coordinates within the periodic simulation cell during a simulation run in the isothermal-
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isobaric (NpT) ensemble using the LAMMPS deform command. A 21-step relaxation procedure 

was employed for an enhanced equilibration as described by Abbot et al.16 (based on procedures 

published by Hofmann17 and Larsen et al.18), implementing a maximum temperature of 1000 K 

and a maximum pressure of 5·104 bar, and targeting the final values of 500 K and 1 bar in the 

final step. As pointed out in the original literature16-18, the use of a very high simulation 

temperature allows for complete relaxation of the degrees of freedom internal to the individual 

polymer chains, in particular allowing for easy rotations of the torsional angles within the 

connected monomers. At the same time, a high simulation pressure is required to achieve further 

densification of the structure created at low density, and to remove any voids that might have 

remained after initial compacting. This guarantees that a correct and uniform density is obtained 

at the end of the 21-step equilibration. The whole relaxation protocol was carried out over the 

simulation times of either 1.56 ns or 15.6 ns (depending on the relaxation schedule, as detailed 

herein), leading to a sufficiently well equilibrated PVDF melt, as represented in Figure S5 of the 

Supplementary Information.  

2.3 Epoxy relaxation and cross-linking. The thermoset polymer was modelled as a mixture 

comprising the diglycidyl ether of bisphenol F (BIS), tetraglycidyl diaminodiphenyl methane 

(TGD), and triglycidyl-p-aminophenol (TRI) as epoxide monomers, and diaminodiphenyl 

sulphone (known also as dapsone, DDS) as the curing agent (Figure 2). A total of 3738 

molecules in the approximate ratio BIS:TGD:TRI:DDS = 8:5:4:8 were used to model the liquid 

bulk material before cross-linking. The single molecules were built and geometry optimized 

using Avogadro19 and randomly placed in a periodically repeated simulation cell with initial 

dimensions of 30x30x15 nm3 using the Packmol20 software package. The simulation cell size was 

reduced to 10x10x15 nm3 (a density of 1.24 g/cm3) using the LAMMPS deform command. The 
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liquid mixture was equilibrated using the same 21-step procedure used for PVDF, at the end of 

which the molecules were uniformly distributed in the simulation cell (see S.I., Figure S6). 

Starting from the liquid epoxy/diamino mixture, a cross-linked thermoset resin was obtained 

via use of a slight modification of the original simulation protocol developed by Demir and 

Walsh14. This procedure allows for the formation of chemical bonds between the reactive nitrogen 

sites of the amino groups of the curing agent and the reactive carbon sites of the epoxy rings 

during a classical MD simulation run. In the simulated system, the epoxide monomers were 

modeled already in their ‘activated’ form, with terminal OH and methyl groups instead of epoxy 

rings (as represented in Figure S2). The cross-linking protocol is summarized in the scheme of 

Figure 3, and the corresponding reaction in Figure 2c. 

Covalent cross-link bonds between the reactive atomic sites were created on the basis of a 

distance-cutoff criterion with probability of 100%, distinguishing between primary bonds formed 

by free terminal -NH2 groups, and secondary bonds formed by -NH- groups of a pre-linked chain. 

Initial cutoff distances of 3.5 Å and 4.5 Å were chosen for the primary and secondary bonds, 

respectively. We found that choosing the same cutoff for both bond types led to a strong 

discrimination against the formation of secondary bonds, likely due to steric hindrances. Both 

cutoff values were increased by 0.5 Å each after ten cross-linking attempts, in order to 

compensate for the increasing stiffness and reduced mobility of the cross-linked network. 
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Figure 2. Ball-and-stick representations of all simulated molecules. Oxygen: red, carbon: grey, 

hydrogen: white, nitrogen: blue, fluorine: green, sulfur: yellow. 

Each cross-linking cycle consisted of (1) a bond formation step; (2) a topology and charge 

update step; and (3) a stepwise bond equilibration step. The three steps were performed 

separately for primary and secondary bonds, in this order.  

In the first step, all distances between the reactive atomic sites are computed. For all distances 

that are smaller than the set cutoff, a covalent cross-link bond is created using the LAMMPS 

bond create function. In the second step, the reacted atoms are assigned new atom types, angles, 

dihedrals and charges. The excess hydrogen atoms of the amine groups (present because of the 

use of already activated epoxy molecules) are deleted. The partial charges of the atoms involved 

in the new bonds are updated to new QEq values calculated for the new topology, under the 

constraint of charge neutrality of the whole system14. In the present implementation, the topology 
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and charge updates are conducted on the fly within the LAMMPS code, which greatly reduces 

time-consuming out-of-code processing. As a technical note, we point out that LAMMPS allows 

for the specification of only one dihedral type when forming a new bond, whereas the newly-

formed cross-linked C-N bond is involved in sp3-sp3 as well as sp2-sp3 dihedrals. However, we 

have found that use of sp3-sp3 dihedral parameters is perfectly adequate for our purposes. 

In the third step, the bond-equilibration stage, the equilibrium bond distance of all newly 

created bonds is reduced stepwise from the cutoff value to the bond equilibrium length of the 

DREIDING force field, while at the same time the bond force constant is stepwise increased, 

starting from one tenth of the DREIDING value, up to its equilibrium value. This prevents large 

and sudden fluctuations of the mechanical stress in the simulation cell after the bond-creation 

step, which may lead to instabilities in the MD integration. Typically, the bond parameters are 

varied linearly in 10 steps of NVT simulations, each lasting 10 ps. After reaching the correct 

DREIDING values, an NpT run of 20 ps at 1 bar and 500 K is carried out to relax the stress. We 

found that this sequence of steps ensures the simulation stability more reliably than alternative 

approaches, such as those based on NpT runs while the bond parameters are varied. 

At the conclusion of the 10 bond creation cycles (primary and secondary bonds), an NpT 

simulation lasting 50 ps was performed at 1 bar and 500 K. The bond-distance cutoff values were 

increased by 0.5 Å, as mentioned above, and the protocol was repeated until the number of cross-

linked bonds reached saturation. In our case, saturation values of about 95% (considering both 

primary and secondary bonds) were obtained (as detailed in Results).  

2.4. Estimation of thermo-mechanical properties. The bulk polymer matrices were 

characterized via calculation of the glass transition temperature, Tg and the elastic Young’s 

modulus, E following the procedure of Demir and Walsh14. Tg was obtained as the intersection 
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point of two linear regressions fitting the variation of density as a function of temperature. To 

accomplish this, the bulk systems were cooled down in a stepwise manner from the equilibration 

temperature of 500 K to a temperature (typically, 70 K) far below the experimentally known 

value of Tg, in steps of 10 K. At each temperature step, the system was equilibrated in the NpT 

ensemble for 0.5 ns and the density was computed as the average value obtained over the whole 

step. The linear fits were performed over temperature ranges of 150 K well above and below the 

change of slope in the obtained density-temperature curves. 

 

Figure 3. Flow chart summarizing the cross-linking algorithm. Primary and secondary cross-

links are formed separately. The steps of bond-creation, topology and charge update and 

multistep relaxation are repeated 10 times in each cycle. After that follows a short relaxation in 

the NPT ensemble and the procedure is repeated until saturation of the cross-linking conversion. 

The Young’s moduli of the bulk systems were obtained in simulated tensile tests performed as 

non-equilibrium MD runs at 300 K. Strain was applied to the simulation cell with the LAMMPS 

deform command at the constant strain rates of 5·106, 5·107, and 5·108 s-1 along the z direction 
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(using the LAMMPS erate command), while remapping the velocities of the atoms in the same 

direction (using the LAMMPS remap command). The simulation cell was allowed to relax in the 

x and y directions by application of a non-uniform barostat. The components of the total stress 

vector were calculated from the sum of the components of the atomic force vectors divided by 

the initial area of the cell in the xy plane (engineering stress). The so-obtained stress-strain curves 

were linearly fitted in the region of strain up to 2%. 

 

Figure 4. Average distribution, P (R) of the end-to-end distance R for step 1 (a), and for step 21 

(b) of the 21-step equilibration procedure (1.56 ns). The black curves show the distributions 

predicted by the ideal freely-joined-chain model. 

3. RESULTS 

The reliable prediction of atomistic structural details at hybrid thermoplastic/thermoset 

interfaces during co-curing requires objective consideration of whether the model system is 

adequate for this purpose. In particular, it should be ensured that the thermoplastic chains are 

sufficiently long to form an extended interphase region, and that the mobility of all molecules 

(i.e. due to diffusion) is balanced against the rate of simulated cross-linking in the resin 

(conversion). These two aspects are inherently incompatible, since modelling polymer chains 

close to their experimental lengths would result in exceedingly large system sizes, which would 
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not allow us to perform MD simulations of sufficiently duration to capture adequate diffusion. 

For this reason, the chain lengths are chosen so that correct prediction of experimental thermo-

mechanical polymer properties can be achieved within the simulation times accessible to all-

atom MD simulation. This approach could be viewed as a sort of accelerated scheme, whose 

individual components (characteristic lengths on one side, characteristic rates on the other side) 

are far from the physical reality in their right, but together deliver an acceptable and physically-

reasonable behavior of the experimental system. As a drawback, a quantitative assessment of the 

kinetics of the simulated processes is not possible, since neither the true cross-linking rate nor the 

true inter-diffusion coefficients are considered in the simulations. This approach is first tested for 

the isolated thermoplastic and thermoset components before addressing the formation of a hybrid 

interface. 

3.1 Bulk components. The PVDF system built with Polymer Modeler yields chains that are 

predominantly in the 𝛼 configuration, with an alternating trans-gauche arrangement of the CF2 

moieties along the chain (Figure 2b). The structures produced by the packing algorithm (S.I., 

Figure S5) and relaxed via the 21-step protocol proposed by Abbott et al.16 can be characterized 

by the histogram distribution, P (R), of the end-to-end length R, as reported in Figure 4a. This 

histogram can be compared to the end-to-end distance distribution of ideal freely-joined chains 

for the same mean R2-value21  

𝑃#$(𝑅,𝑁)4𝜋𝑅,𝑑𝑅 = / 3
2𝜋	𝑁	𝑏,4

#/, 𝑒𝑥𝑝 9− 3𝑅,
2𝑁	𝑏,; 4𝜋	𝑅,𝑑𝑅 

where 𝑃#$(𝑅, 𝑁) is the probability for the length of the end-to-end vector 𝑅<⃗  to be within a 

spherical shell ranging from 𝑅 to 𝑅 + 𝑑𝑅, N is the number of freely joined segments, and b is 

their length (the Kuhn length). Here, the fit is performed with the constraint that N·b be equal to 
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the length of a completely outstretched chain, Rmax. The latter can be computed for our chain 

model given the equilibrium length of the C-C bonds, l = 1.53 Å, the equilibrium C-C-C angle, q 

= 109.47°, and the number of bonds in each chain, n = 249 (corresponding to 125 monomers): 

𝑁𝑏 =	𝑅?@A = 𝑛𝑙 cos(θ/2) 
Furthermore, the average square end-to-end distance 〈𝑅,〉 resulting from the fit can be 

employed to compute the Flory’s characteristic ratio 

𝐶K = 〈𝑅,〉/(𝑛	𝑙,) 
The values are summarized in Table 1 for the bulk PVDF structures directly produced by 

Polymer Modeler and after 21-step equilibration, both using the short-time protocol of Abbott et 

al.16 (1.56 ns in total), and a longer relaxation time (15.6 ns). 

 

Table 1. Properties of the PVDF chain models at 500 K before (Step 1) and after (Step 21) short 

(1.56 ns) and long (15.6 ns) relaxation. 

 Step 1  Step 21 Step 21 (15.6 ns) 

〈𝑅,〉	(Å,) 5201 5213 5566 

𝑏	(Å) 16.72 16.76 17.89 

#	𝑁 18.60 18.56 17.39 

𝐶K 8.92 8.94 9.55 

 

From the histogram in Figure 4 and the estimated structural properties in Table 1 it can be 

observed that the as-produced structure before relaxation already presents an acceptable 

distribution of end-to-end lengths, characterized by a Kuhn length (b) of 1.7 nm, which is in the 

typical range expected for linear substituted hydrocarbon chains, and a Flory’s ratio of 8.9, 
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which is in excellent agreement with an available experimental estimate (8.9 ± 2)22. As mentioned 

in the Methods section, the application of the 21-step relaxation leads to equilibration of the 

intra-chain degrees of freedom (due to the high applied temperature), and to a better compaction 

of the chains toward their equilibrium bulk density (due to the high applied pressures). In 

particular, the evolution of the density during the relaxation is reported in Figure S4. In fact, only 

negligible variations of the properties are obtained after the short 21-step relaxation, and slight 

overall increases of the average end-to-end distances, Kuhn length and Flory’s ratio are obtained 

after longer relaxation. 

 

 

Figure 5. Density as a function of temperature (a,c) and tensile stress-strain curves (b,d) for 

PVDF (a,b) and epoxy (c,d). The glass transition temperature is estimated as the intersection of 

the linear fits (fitted regions shaded) of the lower and higher temperature areas (red lines in a,c). 
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The elastic moduli of three different strain rates are calculated in the linear range up to 2 % strain 

(lines in b,d). The strain rates in the legends are given in s-1. 

The evolution of the PVDF density with temperature is reported in Figure 5a. Linear fits in the 

lower and higher temperature regions indicate a glass transition temperature Tg ≈ 320 K, which 

should be compared with the experimental value of about 230 K. The overestimation of Tg is not 

uncommon and is due to the low chain mobility during the short MD runs in which the density is 

optimized, which do not give the chains sufficient time to relax completely. Nevertheless, the 

deviation from the experimental value is still acceptable and comparable to values obtained for 

thermoplastic polymers with similar methods15. The predicted density at 300 K (1.68 g/cm3) is 

only slightly lower than the experimental density of 1.78 g/cm3,23 in part because of the lack of 

crystalline regions and in part because the shorter chains possess a larger free volume at the 

chain ends. 

The predicted stress-strain curves at three different strain rates are reported in Figure 5b. 

Linear fits up to a strain of 2% leads to Young’s moduli between 1.6 and 3.7 GPa, which 

compare very favourably with experimental values around 2.6 GPa24.  

As far as the thermoset component is concerned, the cross-linking procedure after relaxation of 

the liquid mixture of the three epoxy molecules and the curing agent led to a saturated 

conversion value of about 95% (Figure 6a). This is calculated as the ratio of reacted N sites and 

the maximum available sites. It should be noted that, due to the resin composition, there are 

about 1.5 times more reactive carbon sites than nitrogen sites.  

A conversion of 95 % thus means that only 63 % of all available carbon sites have undergone a 

cross-linking reaction. The non-monotonous evolution of the conversion with the number of 

cross-linking cycles is due to the increment of the cross-linking cutoff distances after cycles 11 
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and 21, as explained in the Methods section. The slightly lower conversion of secondary bonds 

with respect to primary bonds in Figure 6a is clear, although the curves follow the same trend 

and converge to roughly the same value at saturation. A representative snapshot of portion of a 

cross-linked network is shown in Figure 6b. 

The predicted Tg of 455 K (Figure 5c) and Young’s moduli between 3 and 4 GPa (Figure 5d) at 

the considered strain rates agree remarkably well with values of typical epoxy resins at high 

cross-linking conversion (476 K and 3.5 GPa for a commercial multicomponent resin25). As 

articulated earlier, since the cooling rate implemented in our simulations is several orders of 

magnitude faster than the experimentally accessible cooling rates, a discrepancy between the 

calculated and experimental Tg values is expected. 

 

Figure 6. (a) Conversion of primary and secondary bond sites as a function of secondary bond 

cycle number. Each ten loops the cutoff distances are incremented by 0.5 Å. (b) Molecular detail 

of the cross-linking between DDS (cyan) and three BIS molecules (green, ice-blue, pink). Blue 

and red bonds depict primary and secondary cross-linked sites, respectively. 
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Figure 7. Left: Scheme of the interface generation procedure. PVDF molecules: green, Epoxy 

molecules: cyan, cross-linked sites: red. Right: Final distribution of cross-linked nitrogen atoms 

at 93% of total conversion along the z axis perpendicular to the interfaces, averaged in 2Å-wide 

intervals (red dots) superimposed to the density profiles of PVDF and Epoxy normalized to their 

bulk densities at 500 K (1.55 g/cm3 and 1.05 g/cm3, respectively) 

3.2. Thermoplastic/thermoset interface. Having ensured a reasonable prediction of bulk 

properties for both PVDF and the epoxy phases, an interface model system was then created with 

both phases in a common simulation cell. The epoxy liquid phase was prepared as before, with 

the four molecular components intermixed and the density of this mixture optimized using the 

rescaling option. Rescaling was carried out with periodic boundary conditions applied to the x 

and y directions, but not the z direction perpendicular to the hybrid interface. In the z direction 

molecules were restrained from passing the boundary by the action of two dynamically moving 

Lennard-Jones planar walls that were oriented parallel to the upper and the lower faces of the 

simulation cell (LAMMPS wall command). The so-obtained slab was then placed in a large 

simulation cell. The PVDF phase was created starting from a non-periodic input file to obtain 

clean PVDF surfaces to be initially interfaced with the epoxy phase (Figure 7, left). This was 
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realized by first placing PVDF chains in their unwrapped state in a very large simulation cell (see 

S.I., Figure S7). Then a slab was created by a reduction of the density with help of Lennard-

Jones walls in the z direction as described above for the epoxy system. The so-obtained 

thermoplastic slab was placed near the epoxy slab with an initial distance of ca. 5 Å between the 

surfaces in the z direction, resulting in a simulation cell with initial dimensions of 10.2 × 11.0 × 

27.7 nm3. 

At this point, the combined system was relaxed employing the already described 21-step 

equilibration protocol following Abbott et al.16. This scheme was designed specifically to 

overcome the energy barriers associated with the translation and rotation of the monomers in 

each TP chain and reach a uniform equilibrium density within reasonable simulation times, by 

applying unphysically high peak temperatures and pressures (1000 K and 5·104 bar, respectively) 

before cooling and relaxing to the desired final state (in our case, 500 K and 1 bar). As stated 

earlier, in the case of bulk PVDF the application of this protocol was not crucial to obtain a 

reasonably good model of the thermoplastic melt (see Table 1). In the case of the interfacial 

system, however, the accelerated equilibration at several consecutive steps of high temperatures 

and pressures is precisely what is needed to generate a well inter-penetrated interphase between 

PVDF and the liquid epoxy precursor (Figure 7), at the expenses of knowledge about the true 

time associated with the inter-diffusion process. 

Only at this stage, after 21-step equilibration, was the cross-linking between the epoxide 

monomers and the curing agent activated, following the same conversion cycles as before (see 

Figures 3 and 6). As a result, we obtained a dense and cross-linked PVDF/epoxy/PVDF system 

periodically repeated in all directions, as shown in Figure 7. The profiles of the densities of the 

two phases integrated in xy planes show that the interphase regions extend over about 5 nm and 
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are separated by sufficiently large bulk regions of the pure components (Figure 7). The 

interphase can be unambiguously defined as the space in z direction where neither the epoxy nor 

the PVDF component has a zero density. Superimposed on the density profiles is the number of 

cross-linked N atoms (red dots in the graphic in Figure 7), at the saturation conversion of 93%. 

These results indicate that the cross-link bonds were not only created uniformly across the whole 

epoxy body, but also extend into most of the interphase volume. 

The formation of a cross-linked epoxy network deep into the TP region means that there is a 

high probability of forming mutually interpenetrating chain loops that lock the two phases 

together via topological constraints of their molecular structures. In fact, a qualitative search for 

the formation of such loops immediately revealed a number of them, as illustrated in the example 

provided in Figure 8. Such loops are the result of the epoxy cross-linking taking place into and 

around the interfacial PVDF chains, which have entered the epoxy phase via thermal activation 

of their mobility during co-curing. The formation of mutually entangled loops at hybrid polymer 

interfaces is the characteristic feature of so-called semi-interpenetrating polymer networks (semi-

IPN). The interlocking of PVDF molecules in the cross-linked epoxy network is expected to be a 

major contributor towards a very strong interfacial adhesion, owing to the extended interphase 

between the TS and TP components. 

As a first, qualitative estimation of the interfacial strength, we modelled the behavior of the 

hybrid TS/TP system under tensile strain at a strain rate of 5·107 s-1 (Figure 9). In the low-strain 

linear region of the stress-strain curve, the elasticity of the hybrid system can be well described 

by a linear superposition of the separate components. Indeed, the Young modulus obtained by 

linear fit of the curve up to 2% strain (3.5 GPa) agrees well with the modulus of mixing 

computed from the moduli of the bulk components weighted by their volume fractions: 
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𝐸OPQRSTU@VR = 𝐸WX$Y 	φ +	𝐸RT[A\ 	(1 − φ) 
In our system, j is 0.41, leading to Einterphase = 3.3 GPa. 

Increasing the strain up to 45% caused no noticeable failure at the interface or in the bulk 

components (Figure 9a), while the stress curve deviated from the linear elastic regime (Figure 

9b). It should be noted that experimental systems tested with inter-laminar shear tests fail at 

much lower strain (of the order of 2 to 5%) due to the presence of critical defects of 

characteristic sizes much larger than our simulation system. Failure might occur due to 

weaknesses between non-bonded polymer chains, covalent bond breakage, or both. It should be 

noted that the force-field used in our simulations cannot capture dynamic bond breakage events. 

However, what our simulations tell us is that even at very high strain levels, a perfectly entangled 

interface can remain strongly adhered and does not show signs of incipient failure.  

The onset of failure takes place at 49.8 % strain at the edge of the interphase region at the 

PVDF side (see snapshots in Figure 9a). The presence of not entirely cross-linked epoxy 

molecules in the immediate neighborhood of the growing void is a notable feature (Figure 9c). 

Further increasing the strain causes evident pull-out of individual PVDF chains, that unwind 

from the TP bulk while still remaining locked into the epoxy resin at the opposite side of the 

interface (Figure 10). 

The observed failure behavior is therefore correlated with the presence of numerous mutually 

entangled loops such as the one shown in Figure 8. Even in the absence of covalent bonding 

between the epoxy molecules and the PVDF chains, such high degree of entanglement (shown in 

Figure 10) may confer an interfacial adhesion almost as strong as the cohesion within bulk 

PVDF itself. 
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Figure 8. A pair of mutually entangled loops between a PVDF chain (highlighted as a blue tube) 

and a cross-linked molecular pathway within epoxy (cyan sticks, red bonds), obtained after 

simulated co-curing and cooling to 300 K. 

4. DISCUSSION 

4.1. Advantages and limitations of the model systems. All-atom molecular dynamics 

techniques present obvious limitations when employed to study polymer materials, especially 

thermoplastics. Neither their complex microstructural features, for example partial crystallinity24, 

nor their dynamical behaviour spanning a multitude of time scales can be addressed with current 

code implementations and computer architectures. 
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Figure 9. (a) Snapshots of a MD simulation of the fracture of the interface system under tensile 

strain (indicated in % under each snapshots). (b) Corresponding stress-strain curve. (c) Details of 

the failed interface at 55% strain, showing that epoxy molecules (cyan) remain trapped within 

the stressed PVDF matrix (green). 
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Figure 10. Pull-out of a PVDF loop (highlighted in blue) tightly intertwined with the cross-

linked epoxy phase during interface failure at large tensile strain (55-60%). The color scheme is 

described in Fig. 7. 

For this reason, all-atom models with chain lengths of about 100 repeat units represent the state 

of the art15, with much smaller oligomer models being the standard until recent times27,28. The use 

of short chains, however, presents the advantage that realistic structural and thermo-mechanical 

properties can be computationally predicted in shorter times due to a compensation of errors. For 

instance, the glass transition temperature is much smaller for shorter chains than for longer 

chains. However, since the simulated cooling rate used to obtain density/temperature curves is 

typically orders of magnitude greater than the experimental cooling rates, we have been able to 

obtain reasonable agreement between experimental and predicted values (Figure 5). Similar 

considerations hold for the prediction of elastic moduli taking into account the much larger strain 

rates used in the simulations.  

That said, in the present work we did not seek a quantitatively accurate prediction of thermo-

mechanical properties. These are, for technological polymeric materials, determined more by the 

nature and amount of additives rather than by the intrinsic properties of the pure polymers. While 

PVDF is also available as high-purity homopolymer (e.g. Kynar®) epoxy resins, for instance, are 

always made more compliant by the addition of softeners, which are not considered in our model 
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systems. In contrast, our systems were purposely constructed with the aim of providing 

previously unknown atomic-level insights into the structure of hybrid TS/TP interfaces. The aim 

of our work is to provide practical guidance for engineers to optimize process steps (in our 

specific case: co-curing) with a better understanding of the system’s chemical features. 

Nevertheless, it is reassuring that our computationally predicted values of the density at 300 K, 

Flory’s characteristic ratio C¥, glass transition temperature Tg and elastic modulus E are well 

within the range of typical experimental values, and that the observed deviations can be readily 

ascribed to the system-size and simulation-time limitations, as mentioned above. It must be also 

stressed that some degree of subjectivity is always present, since different choices of the regions 

in which the density/temperature and stress/strain curves are fitted with linear regressions may 

impact the predicted Tg and E values by as much as 20 to 50%. 

A crucial aspect of our simulations is the protocol employed to cross-link the epoxy molecule 

with the curing agent. The procedure is conceived in a way that a realistic topology of the 

network (conversion, density, branching) can be obtained without explicit consideration of true 

reaction rates and diffusion14. The algorithm used in this work has been validated in a number of 

previous studies14,29-32. It is reasonably simple, efficient, and can be implemented via the use of 

LAMMPS internal scripts to perform polymerization and topology updates ‘on the fly’ during 

MD simulation runs. As an extension of the algorithm used in the present study, a Monte-Carlo 

step in addition to the distance cut-off criterion could be implemented to account for the different 

reactivity of chemically different components, if wished. However, this was not necessary in the 

present work. 

4.2. Details of the hybrid TS/TP interface. In the current literature to date, no atomistic 

model has been ever proposed for hybrid thermoset/thermoplastic interfaces produced by co-
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curing. The model that we have obtained in this work relies on two features: First, the capability 

of the 21-step equilibration to promote diffusion of the thermoplastic chains in the liquid epoxy 

mixture. Second, it relies on the ability of the cross-linking procedure to generate an epoxy 

network even at the lowest concentrations of molecules deeply buried in the PVDF phase. 

Several simulation parameters can be tuned to control the degree of interpenetration of the two 

matrices. The first is the total time spent during the TP equilibration, which exerts a direct 

influence on the width of the interphase region, provided that the two phases are well miscible. 

In our case, an interphase width of about 5 nm was obtained with the pristine 21-step protocol16. 

In additional test simulations, a ten-times longer equilibration time led to a threefold increase of 

the width (see S.I., Figure S9). In reality, the interphase itself spans much larger distances, of the 

order of 10 µm (see Figure 1, left), so that a full-size atomic-scale modelling of all of its features 

is beyond our current capabilities. Being primarily interested in the potential formation of a 

semi-interpenetrating polymer network (semi-IPN), the system size and short equilibration time 

used here are acceptable. 

The temperature and pressure values in the individual steps of the equilibration could also be 

varied as needed. At this stage, we have not performed a systematic study of how these affect the 

interfacial properties. That said, we observed that excessive pressures acted against the growth of 

the semi-IPN features, because the PVDF chains were less able to escape the bulk and form open 

loops within the epoxy liquid. However, identification of which parameters are closer to the 

experimental reality is very difficult to assess, given that the stepwise, abrupt changes of 

temperature and pressure do not allow for quantification of diffusion coefficients of the 

interfaced components. In fact, our procedure is specifically designed to avoid explicit 

consideration of diffusion. Experimental characterization of the interfacial roughness at the nm-
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scale, if possible, would provide a means for comparison against our obtained structures (see 

S.I., Figure S8), but has yet to be reported. As a further improvement of the simulation 

procedure, numerical solutions of reaction-diffusion equations parametrized so as to reproduce 

experimental details of the interphase geometry (e.g. its thickness) could be employed to 

augment the MD results with quantification of the so far not accessible process kinetics. This is 

required for instance to assess the extent of miscibility and the depth of interpenetration of the 

TP and TS components during co-curing. 

The formation of mutually entangled loops between PVDF chains and the cross-linked epoxy 

matrix is perhaps the most intriguing and compelling feature predicted by our simulations. Our 

findings indicate that the interface may be mechanically as strong as pure PVDF, even in the 

absence of covalent bond formation between the reactive sites of the epoxy molecules and 

PVDF. Formation of such bonds is theoretically possible, and will be worth investigating in 

future studies, given that the cross-linking conversion is not fully saturated in the interphase 

region and that the polarity of the PVDF chains may promote chemical attack by the terminal 

epoxy rings. 

To date, comparable experimental data remain to be reported, and therefore our analyses are 

qualitative as far as the predicted entangled topology is concerned. Nonetheless, a more 

quantitative characterization could be performed in future to analyse the entanglement density, 

for instance by mean of primitive path analysis33. Also, it could be interesting to model the 

interpenetration of PVDF into the epoxy liquid precursor and at the same time its gelation due to 

cross-linking34, in order to study kinetics effects due to the balance between conversion rate and 

diffusion. 
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4.3. Interface strength. As mentioned above, we ascribe the entangled loops depicted in 

Figure 8 to the interfacial strength, which we have addressed here by applying a constant strain 

rate in direction perpendicular to the interface to our model system. At low strains, elongation 

follows linear elasticity, with a viscoelastic contribution visible in the variability of the Young 

modulus with the applied strain rate. In our model the resin is only slightly viscoelastic, but it 

should be noted that experimental resin formulations typically include softeners that strongly 

affect their mechanical properties. Also, we note that the quantification of the elastic response of 

our models relies on the harmonic DREIDING force-field parameters, which is reasonable and 

robust in the linear-elastic regime but may be too simplistic at the highest strain conditions 

explored in our simulations. 

As a compelling indication of the strength of the interface, no failure of the system took place 

up to elongations that are ten times greater than those sustained by real systems. We propose this 

is due to the small simulated system size, which prevents the inclusion of critical defects, from 

which cracks can nucleate. We found that incipient failure was accompanied by chain pull-out, a 

typical behaviour of thermoplastic systems, which has been reported before in coarse-grained 

simulations of a heterogeneous TP/TP interface33. 

It remains an open question how the putative formation of covalent bonds between PVDF and 

the epoxy would further strengthen the interfacial adhesion properties. Such bonds would 

certainly prevent chain pull-out from the epoxy network. We therefore expect that, in the absence 

of microscopic sources of stress concentration extraneous to the polymer components, fracture 

would not preferentially occur or propagate along the hybrid interface. 
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5. CONCLUSIONS 

In summary, our computational procedure for modeling the formation of a hybrid TP/TS 

interface recovered features of inter-diffusion, semi-IPN formation, and chain pull-out upon 

tensile deformation of the interphase. However, diffusion could not be tracked quantitatively, 

and the competition of diffusion and cross-linking could not be evaluated. Based on our 

interphase model generated in this work, the complexity of the system may be further increased 

by consideration of chemical reactivity between the TS and TP molecules. Moreover, chemically 

predictive simulation techniques may be used to further investigate the possible mechanisms of 

interfacial failure, taking into account critical crack propagation associated with breakage of 

covalent bonds. Moreover, future studies could benefit by improvements in terms of addressing 

challenges associated with simulation timescale. Specifically, this could be achieved for example 

by multi-scale modelling employing united-atom approaches35 or coarse grain models33,34. 

However, as these models would average over atomistic properties that could be essential to 

properly describe the heterogeneous interface, the use of all-atom benchmarks will be essential. 

In particular, the issue of remapping from a coarse-grained onto a correct atomistic 

representation should be addressed with great care. 

ASSOCIATED CONTENT 
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and 21, as explained in the Methods section. The slightly lower conversion of secondary bonds 

with respect to primary bonds in Figure 6a is clear, although the curves follow the same trend 

and converge to roughly the same value at saturation. A representative snapshot of portion of a 

cross-linked network is shown in Figure 6b. 

The predicted Tg of 455 K (Figure 5c) and Young’s moduli between 3 and 4 GPa (Figure 5d) at 

the considered strain rates agree remarkably well with values of typical epoxy resins at high 

cross-linking conversion (476 K and 3.5 GPa for a commercial multicomponent resin25). As 

articulated earlier, since the cooling rate implemented in our simulations is several orders of 

magnitude faster than the experimentally accessible cooling rates, a discrepancy between the 

calculated and experimental Tg values is expected. 

 

Figure 6. (a) Conversion of primary and secondary bond sites as a function of secondary bond 

cycle number. Each ten loops the cutoff distances are incremented by 0.5 Å. (b) Molecular detail 

of the cross-linking between DDS (cyan) and three BIS molecules (green, ice-blue, pink). Blue 

and red bonds depict primary and secondary cross-linked sites, respectively. 
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Figure 7. Left: Scheme of the interface generation procedure. PVDF molecules: green, Epoxy 

molecules: cyan, cross-linked sites: red. Right: Final distribution of cross-linked nitrogen atoms 

at 93% of total conversion along the z axis perpendicular to the interfaces, averaged in 2Å-wide 

intervals (red dots) superimposed to the density profiles of PVDF and Epoxy normalized to their 

bulk densities at 500 K (1.55 g/cm3 and 1.05 g/cm3, respectively) 

3.2. Thermoplastic/thermoset interface. Having ensured a reasonable prediction of bulk 

properties for both PVDF and the epoxy phases, an interface model system was then created with 

both phases in a common simulation cell. The epoxy liquid phase was prepared as before, with 

the four molecular components intermixed and the density of this mixture optimized using the 

rescaling option. Rescaling was carried out with periodic boundary conditions applied to the x 

and y directions, but not the z direction perpendicular to the hybrid interface. In the z direction 

molecules were restrained from passing the boundary by the action of two dynamically moving 

Lennard-Jones planar walls that were oriented parallel to the upper and the lower faces of the 

simulation cell (LAMMPS wall command). The so-obtained slab was then placed in a large 

simulation cell. The PVDF phase was created starting from a non-periodic input file to obtain 

clean PVDF surfaces to be initially interfaced with the epoxy phase (Figure 7, left). This was 
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Figure 8. A pair of mutually entangled loops between a PVDF chain (highlighted as a blue tube) 

and a cross-linked molecular pathway within epoxy (cyan sticks, red bonds), obtained after 

simulated co-curing and cooling to 300 K. 

4. DISCUSSION 

4.1. Advantages and limitations of the model systems. All-atom molecular dynamics 

techniques present obvious limitations when employed to study polymer materials, especially 

thermoplastics. Neither their complex microstructural features, for example partial crystallinity24, 

nor their dynamical behaviour spanning a multitude of time scales can be addressed with current 

code implementations and computer architectures. 
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Figure 9. (a) Snapshots of a MD simulation of the fracture of the interface system under tensile 

strain (indicated in % under each snapshots). (b) Corresponding stress-strain curve. (c) Details of 

the failed interface at 55% strain, showing that epoxy molecules (cyan) remain trapped within 

the stressed PVDF matrix (green).
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