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Brief “history” of fiber-reinforced 
polymers (in cars)
• 1960s-1970s fiberglass!  Light weight and rigid, not great in 

a car crash

• 1990s polymer (plastic) body panels (Saturn), in order to be 
safe in a car crash, the plastic panels had to be too thick, 
ended up weighing more than steel panels with worse 
performance

• 2000s-now Fiber-reinforced polymer (FRP) (better 
fiberglass and carbon-fiber reinforced polymer) : high 
performance materials used in aerospace and high 
performance cars, often use woven fiber sheets embedded 
in the polymer

• Why does my Toyota still have primarily steel components?  
Also, why did SpaceX abandon FRPs for stainless steel for 
its “Starship” rocket program?
FRPs are not well enough understood to ensure processing 
will yield material/parts with properties that are consistent 
enough to ensure reliability without testing 



Sheet molding 
compound 
process chain

• In first process epoxy 
resin components are 
mixed and blended with 
chopped fibers (~room 
temperature process)

• Curing is a two-stage 
process with potentially 
a large time between

• Fibers in the resin are 
also bonded to the 
epoxy during the curing 
process



Some relevant questions that can be addressed 
using molecular dynamics:

• Polymer Matrix-Fiber interfacial properties:  Fiber pull-out is a failure 
of the interface between the polymer matrix  and the fiber surface 
- Can we model and characterize the interfacial properties?
- Why does the system fail here?

• Mechanical properties evolution during curing while the FRP (thermoset) is 
being processed (typically in hot press).  To model this process (using a 
continuum model) these evolving properties needs to be known.
- It is very difficult to measure evolution of these properties experimentally.
- We can measure these properties in a simulation.

• Resulting polymer network properties (in progress) :
- The all-atom simulations yield a realistic polymer network at different 
stages of the curing process.  Can we use this knowledge to realistically 
coarse-grain and get a better understanding of these materials?



Reaction and Characterisation of 
UPPH using molecular dynamics
work with Felix Schwab (1st Gen. IRTG PhD student)

Motivation:
• Material properties of the thermoset UPPH 

depend on degree of cure 𝜁𝛼 and temperature Θ.
• The curing process involves significant changes in 
𝜁𝛼 and Θ.

• Experimentally determining material properties 
curing the cure would be extremely difficult

• In a simulation we can freeze 𝜁𝛼 (i.e. stop further 
reactions) and hold Θ constant at any point

• Gain a better understanding of the behavior and 
characteristics of the system during curing



Force Field (Compass)
Non-Bonded interactions include a Coulomb term and a van der Waals term:
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Bonded interactions include a 2-body harmonic bond term, a 3-body angle term, 
and a 4-body dihedral term class2 potentials (mixed terms included):

Simulations are done using LAMMPS, with some 
modifications based on bond forming routines of 
Timothy Sirk

bonds angles

dihedrals













Curing



Cheats:
• The time for some reactions to complete is too slow (for MD time scales) 

primarily because it takes a long time for reaction partners to find each 
other (via weakly driven diffusive motion).

• Perfect mixed initial state helps, but to further enhance reaction partners 
finding each other we add “auxiliary charges” to electrophile and 
nucleophile centers until they have found a partner (only acting between 
these centers, does not interact with other charges in the system) 

-

+

• The goal is not to track the time evolution 
but to create a reasonable polymer network 
as a function of the degree of cure and 
temperature.  

• We hope the slightly altered dynamics still 
yield similar network properties as a 
function of the degree of cure.



Effect of auxiliary charge on polyurethane reaction









Polymer Matrix-Fiber interfacial properties

• Fiber pull-out is a failure of the interface between the polymer matrix  
and the fiber surface 
- Why does the system fail here?

• Does the fiber affect the polymer-
matrix in its proximity?

• How does the matrix attach to the
sizing during curing?

Resin

Sizing

Fiber
surface

Backbone

Connections

Fiber surface

Radical
chains

work with Lukas Schöller (2nd Gen. IRTG PhD student)

L. Schöller, B. Nestler, C. Denniston, Nanoscale Advances 5, 106, 2023.



System:

• Resin:  Same UPPH 
as before, will follow
same curing protocol

• Fiber: E-glass.  As the
coupling agent 
interacts primarily with the Si atoms on the fiber surface so we can 
skip most of the details of the fiber itself and represent it with 
appropriately spaced configuration of fixed Si atoms.

• Sizing: …it’s a secret…



Sizing
• Sizing is a bit of a black-box technology as size formulations are kept secret.  

As a result, understanding in the literature is quite limited and fragmented.

• Main components are: 
- The film former is mainly intended to protect the fiber during processing.  
Must be compatible with the matrix material (UPPH) so we take it as 
identical.
- The coupling agent reacts (bonds) with the fiber surface as well the resin.

• Looking at different sources it seems that the primary coupling agent for 
polyesters appears to be g-methacryloxypropyltrimethoxysiline (g-MPS) so 
we will use that.

• However, the hydrolyzed g-MPS undergoes a condensation process where 
the hydroxyl groups form hydrogen bonds with other hydroxyl groups, 
followed by the formation of covalent bonds while losing a water molecule





The condensation reaction is followed by the 
previous two-stage reaction of UPPH



Polyurethane reaction Radical polymerization



L. Schöller, B. Nestler, C. Denniston, Nanoscale Advances 5, 106, 2023.



Conclusions
• Ideal mixing significantly speeds up the curing process

• Material properties measured were consistent with experimentally known values 
(where available) with the exception of the glass transition temperature.

• We can use MD to study the full fiber+sizing+resin system but trade secrets mean 
it is difficult to exactly match a specific commercially available fiber/size

• Probably there are low concentration components of the size that limit the 
condensation but we don’t know what they are.  Nevertheless, the resulting 
system should be reasonably represented.

• The presence of the fiber slows the radical reaction somewhat, probably by 
blocking diffusion of styrene molecules

• The properties of the polymer matrix change as we approach the interfacial 
region
- lower conversion ratio for the reactions
- lower crosslink density

• To do: 
- How does the change in properties of the polymer matrix affect material 
properties in the interfacial region
- coarse-grain the move to larger scales
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