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I. Introduction

While porosity in traditional thermoset prepreg composites is well-controlled during autoclave processing, new
manufacturing challenges are emerging in the aeronautics sector. The demand for accelerated manufacturing
processes to increase productivity (e.g., rapid curing cycles or out-of-autoclave processes) is growing. At the
same time, the development of advanced materials such as thermoplastic-toughened prepregs, introduces
new process parameters that can generate void content [1]. Porosity is a defect known to significantly degrade
the mechanical properties and durability of the final composite parts [2].

Numerical modelling is required to better understand and predict defect formation and evolution. While macro-
scale models are useful for process optimization, they are based on homogenized properties and cannot
capture the local physics governing bubble nucleation, growth, and transport at the fibre level. This work aims
to overcome these limitations by developing a micro-scale model. The primary objective is to create a
predictive tool capable of simulating how local fibre architecture and process parameters interact to control
void formation and evolution.

I Methodology

The research is conducted using the open-source CFD software OpenFOAM, based on the Finite Volume
Method (FVM). A custom, multi-physics, two-phase compressible solver has been developed to capture the
complex phenomena occurring during the curing process. The Volume of Fluid (VoF) method is employed to
track the evolution of the resin-gas interfaces. This new solver fully couples several key physics:

e the resin's cure kinetics (polymerization);

e the evolution of resin viscosity as a function of both temperature and degree of cure;

e the exothermic heat of reaction generated by the polymerization.

This new solver developed is used to simulate the evolution of bubble populations within representative
volumes of a prepreg ply, created to match a specified fibre volume fraction. These geometries feature a
random distribution of fibres to represent the realistic microstructure of the material, as shown in Figure 1.

Industrial processing conditions are replicated by imposing autoclave-like temperature and pressure cycles as
boundary conditions to the representative volumes. This allows for the direct simulation of how processing
parameters influence void dynamics (growth and transport) at the micro-scale. The solver is designed to
simulate the entire manufacturing process, which is broadly divided into two main phases:

e Compaction phase: an external pressure is applied to mimic the consolidation of the laminate stack.
This phase captures the corresponding resin redistribution within the spaces between fibres. The
model resolves the evolution of the flow field within the porous network, thereby enabling a detailed
assessment of the initial void content generated during compaction.

e Curing phase: following compaction, the model applies industrial autoclave-like temperature and
pressure cycles as boundary conditions. The solver tracks the void dynamics (growth, shrinkage, and
transport) as the resin's properties evolve. A key focus is the variation of resin viscosity, which is
affected by the local temperature field.
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Preliminary results indicate that both the applied compaction pressure and the viscosity
profile strongly influence the porosity and bubble radius, according to literature review

[2].
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Figure 1 — Example of an RVE of a prepreg ply with porosity used in the simulation.

I1I. Current capabilities and future work

The primary achievement of this work is the development of a robust, custom multi-physics solver. This
framework provides the capability to simulate bubble nucleation and evolution within realistic, fibre-scale
representative volumes subjected to industrial manufacturing cycles.

Ongoing developments aim to improve the solver through the integration of moisture diffusion, which plays a
key role in the formation and evolution of porosity in prepregs [3]. Future work will extend the model to
incorporate additional factors such as layer stacking sequence, and the homogenisation from microscale in
OpenFOAM to macroscale in the finite element software Abaqus, using a reduced-order modelling approach.
This scale-bridging will enable part-scale manufacturing process simulation with higher fidelity compared to
the semi-analytical models currently in use.

Furthermore, an experimental validation campaign is planned to support and validate the numerical model.
This campaign will track the evolution of pore morphology during the compaction and curing process. Initial
tests will be conducted using X-ray tomography, followed by in-situ 4D monitoring on a synchrotron beamline
to capture the void dynamics in real-time during compaction and polymerisation.
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