
RESULTS (continued)

Another consideration for the reacting resin system is the heat produced by the
free radical exotherm during the reaction.

A simple scintillation vial reaction experiment was conducted to measure the
temperature of the curing resin as a function of time. Figure 9 shows the
temperature profile of the curing resin as a function of time.

As in the chemorheological experiments, the resins are matched to the same initial 
viscosity of 150 cP. The cycle time from the bath temperature to bath temperature is 
much faster for the resin that has the initial molecular weight that is lower.

DISCUSSION and FUTURE WORK
The experiments presented here show that the molecular weight of the polymer in
solution greatly affects the cure properties of the system. A high initial molecular
weight tends to lengthen the cure time while the low molecular weight solution has a
shorter cure. However, the low molecular weight solution also contains less monomer
to begin with (conversion is essentially higher) so this could explain the quicker cycle
time, rather than a molecular entanglement argument.

Thus far, the zero shear viscosity measurements have not broken any new ground in
the field of solution rheology for this system. However, the effects of polydispersity on
the viscosity of polymer solutions in the semi-dilute region is to this point poorly
understood. Future work in this field should include determining the zero shear
viscosity of polydisperse solutions in the semi-dilute region and then plotting those
data in a similar way to those in Figure 4. This will help to shed light on whether the
solution properties depend only on the weight average molecular weight or rather on
the molecular weight distribution of the polymer in solution.

Figure 4 also shows a temperature dependence in the data at each concentration.
Further work should explore the temperature dependence of the intrinsic viscosity (or,
equivalently) the overlap concentration, as these parameters are inversely related:

𝑐∗ ≅
1

[𝜂]

In order to decouple the effects of viscosity and conversion on the cure profile, a
similar experiment to the one presented above should be conducted that equates the
initial weight loading of polymer in the resin system. The solutions with the higher
average molecular weight will therefore be more viscous to begin. In this way, the grid
of four experiments of low and high molecular weight at equal initial viscosities and at
equal initial weight loadings can give insight into the cause of the onset of the
Trommsdorff effect.

One focus of this work is to further characterize the separate, but coupled effects of
molecular weight of polymers, polydispersity, and conversion on the kinetic and
rheological properties of the curing resin system. The next step is to develop
parameterized equations that can be used in commercial software being developed by
our collaborators to develop a complete model of the reaction and flow during a
VARTM infusion. Such a model will allow accurate prediction of the required amount
of polymer, initiator, and operating temperature for these systems. This will prevent
costly trial and error determination of optimal operating parameters while using the
VARTM system.

MOTIVATION
Thermoplastic polymer composites represent a transformative technology which can:
• lower the cycle time
• reduce the embedded energy
• increase the recyclability
• lower the cost
of composite materials compared with traditional thermosetting resins.

Viscosity control is critical for fabrication of composite parts by resin infusion. Only a narrow
range (~100 to 300 cP) is desirable for infusion of large scale parts such as wind turbine
blades. Therefore, characterization of the rheological properties which are drastically
affected by temperature, polymer concentration, and polymer molecular weight is critical
in the development of resin for infusion. The present study aims to characterize the
rheological properties of solutions of PMMA dissolved in MMA. The viscosity of the solution
is investigated as a function of polymer concentration, polymer molecular weight,
temperature, and shear rate. Additionally, an experiment is designed to measure the
rheological properties of the curing resin as a function of time.

EXPERIMENTAL
Shear rate sweeps were conducted for various resins at several molecular weights of PMMA
(PolySciences) and concentrations. To the greatest extent possible, MMA (Sigma) was
shielded from light exposure by wrapping the sample containers in aluminum foil to prevent
UV radical initiation.

An AR-G2 rheometer was used for rheological measurements. Due to the volatile nature of
MMA, a solvent trap (Figure 2) was used to prevent evaporation of material from under the
geometry. A cone and plate rheometer was used for the shear rate sweep measurements
and a parallel plate geometry was used for the chemorheological measurements so that the
gap between the plates could be varied as the material cured.

• Shear rate sweeps were conducted over shear rates from 10 s-1 to 1000 s-1. Additionally,
temperature sweeps were conducted in the Newtonian region from 0 °C to 70 °C.

• Chemorheological experiments were conducted at 20 °C with a 100 °C post cure. In
order to initiate the polymerization at room temperature, dimethyl-p-toluidine (DMT)
was also added to the resin at a concentration of 0.5 mol% relative to MMA. The
reaction was started by adding the resin to a specific mass of benzoyl peroxide (BPO).
For the experiments shown here, the BPO was added at a ratio of 0.026 g Luperox/ g
MMA (commercial BPO initiator). The mixture was thoroughly stirred in a scintillation
vial then transferred into the rheometer geometry. An oscillatory protocol was
implemented that kept the strain above 0.02%. Additionally, the normal force was set to
remain at zero so that the upper plate could “float” on top of the curing resin.

RESULTS
Shear rate and temperature sweeps
A typical shear rate sweep is shown in Figure 3. The Carreau-Yasuda model predicts the
shear thinning behavior of the material at higher shear rates:

𝜂 ሶ𝛾 = 𝜂0 1 + (𝜏𝜂 ሶ𝛾)𝑎
(𝑛−1)/𝑎

Where 𝜂 is the viscosity, 𝜂0 is the zero shear viscosity, 𝜏𝜂 is the characteristic relaxation

time, ሶ𝛾 is the shear rate, 𝑎 is a fitted parameter which describes the breadth of the

transition from the zero shear to shear tinning regimes, and 𝑛 defines the slope in the shear
thinning regime. The model tends to fit the data well for a 45 wt% solution of MW 75,000
g/mol PMMA dissolved in MMA.

The zero shear viscosity can be extracted from the Carreau-Yasuda model for each system 
and temperature investigated. Then, the viscosity of the solution can be reduced (or further, 
specified) by the viscosity of the solvent:
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RESULTS (continued)
The specific viscosity can then be plotted as a function of the concentration times the intrinsic 
viscosity (calculated from Stickler et al. 1987) to collapse the data onto a single master curve as 
shown in Figure 4.

Additionally, temperature sweeps were conducted for various weight loadings of PMMA 
as shown in Figure 5 at left. 

The temperature dependence of the viscosity of a polymer solution may be described by 
the Andrade-Eyring equation:

ln(𝜂0) = ln(𝐾2) +
𝐸𝜂

𝑅𝑇

where K2 is a pre-exponential factor and Eη is the flow activation energy. The parameters
for this equation were fit to the data for each composition using a least squares
regression, the results of which are summarized in the right hand plot of Figure 5. The
Andrade-Eyring equation describes the temperature dependence of the zero shear
viscosity well for the PMMA/PMMA resin system.

Chemorheology
Of prime interest for this study was the development and implementation of a procedure 
to investigate the viscosity of the curing system as a function of time. The rheological 
properties of the curing resin were investigated for three systems that were matched to 
the same initial viscosity of 150 cP: 11 wt% MW 500 kg/mol, 30 wt% MW 25 kg/mol, and a 
commercial methacrylate based resin system. All resins were PMMA dissolved in MMA. 
The storage modulus of the polymers as a function of cure time are shown in Figure 6.

Additionally, it is of interest to examine the gap of the curing resin as a function of the 
reaction time. The normal force of the upper plate of the geometry is set to zero so that it 
does not exert a force on the sample, but rather merely moves with the curing (and 
shrinking) specimen. In this way, the linear shrinkage in the z-direction can be measured 
through the cure. The gap profile is commensurate with the storage modulus profile and the 
vast majority of the cure shrinkage occurs in just a few minutes. 

This rheological and cure study of a methacrylate based resin system provides
parameters that will be important for simulation and modeling of reactive
infusion of these systems. Additionally, the chemorheological experiment
demonstrated here provides an important tool to measure the cure shrinkage
of a curing free radical system in conjunction with the rheological properties.
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FIGURE 2. Loading the sample

into the rheometer geometry

(left) and adding MMA to the

solvent trap (right). The

geometry has a well for

solvent on top and the

enclosure creates a saturated

environment to prevent

evaporation during the

experiment.
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FIGURE 1. Left: Vacuum
assisted resin transfer molding
(VARTM) infusion of a 9 meter
wind turbine blade (IACMI
Wind Technology project).
Right: carbon fiber/ glass fiber
panel using an MMA based
thermoplastic resin system.
The red material is flow media
to assist the resin flow.

FIGURE 3. Shear rate sweeps for 45

wt% MW 75,000 g/mol PMMA in

MMA at three temperatures. The

lines represent a non-linear least

squares regression to the

parameters of the Carreau-Yasuda

model which fits the data well. This

represents a “standard” set of data

for the shear rate sweeps

conducted in this study, although

they are most pronounced here

because this was the most viscous

solution investigated to this point.

𝜂𝑠𝑝 =
𝜂

𝜂0
− 1

FIGURE 4. Master curve of
specific viscosity of PMMA in
MMA solutions as a function
of concentration multiplied by
the intrinsic viscosity. The
viscosity curves of different
molecular weights and
concentrations collapse to a
single master curve when
plotted in this manner. The
intrinsic viscosity is a measure
of the polymer size in solution
so acts to “screen out” the
effect of varying molecular
weights.

FIGURE 5. Left: Temperature dependence of the zero shear viscosity of solutions of Mw

= 100 kg/mol PMMA in MMA. Right: Parameters from the Andrade-Eyring equation as
a function of polymer weight loading.

FIGURE 6. Cure profiles of the for various methacrylate resin systems. Each system
uses the same ratio of MMA : BPO initiator : amine co-initiator since the amount of
pre-dissolved polymer changes. The profiles have been cut short of the full cure cycle
(including a heating step) for clarity.

FIGURE 7. Geometry gap as a function of time for the three resin systems of
interest. The profiles have been cut short of the full cure cycle (including a
heating step) for clarity.

FIGURE 8. Scintillation vials in

a continuously stirred oil bath

for exotherm measurement of

the curing resin system. A hole

in the lid allows insertion of a

thermocouple which is

positioned as close as possible

to the center of the vial.

FIGURE 9. Temperature profiles of curing PMMA in MMA solutions as a
function of reaction time. The three initiator concentrations shown here
represent a constant ratio of MMA:initiator between experiments. The resin
with a lower molecular weight initially shows a faster cycle time, but a higher
peak exotherm temperature than the high molecular weight resin.
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