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(a) Cure Fraction = 0.10 (b) Cure Fraction = 0.95

Fig. 10: Structure evolves differently for the samples cured with different temper-

ature profiles. C-C structure factors are shown for samples taken at 10% cure and

95% cure. The error bars show standard error.

We observe differences in how structures evolve between the isothermal and

linear ramp cures. At 10% cure, the linearly cured samples have larger feature sizes

compared to the isothermally cured samples based on the higher intensity at low

wave numbers(Figure 10(a)). This is in contrast to the final structures for the two

curing protocols, where isothermal cure results in larger sized features.

The observation that two different temperature histories give rise to different

morphologies at the same cure fractions is important because this is a qualitative

modeling feature needed to understand via simulations how processing influences

structure. The low standard error for the structure factors further reinforce that

the temperature histories curing a cure cycle has a strong influence on the resul-

tant microstructure. The ability to set generic temperature-time histories for curing

epoxies at 90 nm length scales enables the application of high throughput simula-

tions to this problem of industrial interest. Cure path sensitivities reported here

are not expected to hold for DGEBA/DDS/PES systems in particular, though we

expect calibrated models using the techniques reported here will advance towards

being predictive.

4. Conclusions

DPD simulations of millions of reacting particles can be performed with

experimentally-relevant temperature profiles in a few hours using epoxpy and

HOOMD-Blue on K20 and P100 GPUs from NVIDIA. Even though the bonding

algorithm is written specifically as a plugin for HOOMD-Blue, it should be fairly

straightforward to implement it in other MD tools such as LAMMPS as long they

permit adding bonds on-the-fly and provides access to their neighborlist. Given the
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object-oriented nature of epoxpy, extending it for other MD packages is also fea-

sible. With coarse-grained beads representing reactive monomers, million-particle

simulations approach representation of cubic volumes with 100 nm sides, and de-

sired reaction kinetics can be tuned by adjustment of the stochastic bonding rates,

an essential validation step. Here we find that to match first order reaction kinet-

ics, very small bond rates (0.002% of possible bonds) are required. Irrespective of

the kinetic model, our findings support the heuristic that low bonding rates are

necessary to match cure kinetics because of the fast transport enabled by DPD.

These observations inform a possible two-step process for calibrating nonequilib-

rium bonding simulations of reactive polymers: (1) Match cure kinetics to exper-

iments with stochastic reaction rates, and (2) use the dissipative drag parameter

γ to match structural relaxation times. We demonstrate the present model cap-

tures temperature history dependence on microstructure, that co-continuous do-

mains spontaneously phase separate of crosslinking with gelation transitions that

all qualitatively match experiments. We also find that a minimum system size of

1.2 × 106 particles is necessary to clearly detect the peak in the C-C structure

factor which characterizes microphase separation. With this ability to capture the

relevant structure and dynamics of crosslinking polymers, future work will focus on

developing and validating models for specific reacting systems and incorporating

interaction potentials that enable chain entanglements to be modeled.
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