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1 Summary 

The investigation of microcapsule shear strength has been completed. Microcapsules with 
shell thickness greater than 1.1 !liD survive normal spray painting conditions. An applied 
compressive stress on the order of 1 MPa was required to rupture the microcapsules. Dielectric 
spectroscopy has shown early promise as a nondestructive method for monitoring microcapsule 
hydrolysis. 

2 Project Goals and Objectives 
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The four milestones for phase IV are given below. For the purposes, of tracking our progress, 
we are currently at the end of month 3 in our revised research plan. 

1. Develop on site inspection method for monitoring self-healing and coating health by month 3. 
(Completed) 

2. Develop a method for continuous monitoring of OTS degradation by month 5. 

3. Demonstrate a method for measuring the fraction of broken microcapsules as a function of 
shear stress by month 6. (Completed) 

4. Establish baseline metrics for qualifying batches of microcapsules from the manufacturing 
process by month 12. 
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3 Key Accomplishments 

3.1 Thin-Shelled Microcapsules 

REDD-2013-323 

Preliminary measurements of microcapsule shear strength have been completed. In general, 
the microcapsules easily withstand the shear stress of mixing and spray painting. Our tests have 
confirmed that, generally, the microcapsules are exceedingly difficult to rupture via fluid 
stresses. But for the purposes of method development, we intentionally synthesized weaker 
microcapsules with thinner shells that would yield a measurable result (ie., broken 
microcapsules). 

As noted previously, we synthesized microcapsules with different shell thicknesses by 
adjusting the reaction time at 90°C. Figure 1 shows the average diameter, liquid fraction, and 
average shell thickness for this set of microcapsules. 
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Figure 1: (left) Average microcapsule diameter versus reaction time, (center) mass fraction of 
liquid versus time, and (right) polymer shell thickness versus time. 

3.2 Spray Paint Stress Measurement 

Due to the difficulty of breaking the fully cured microcapsules that have been reacted for 24 
hours, most of the fluid shear experiments were performed on the microcapsules cured for 4 
hours. As seen in Figure 1, these had a polymer shell thickness of approximately 0.9 iJm. The 
first measurement was performed by spraying the microcapsules through a spray gun using a 
pressure of 206 kPa and a viscosity of 500 eSt. Only the microcapsules with a 0.9 iJm shell 
broke during this test, with approximately 14% broken according to microscopic inspection. 
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Figure 2: (left) HVLP spray gun used for shear experiments. (right) Fraction of broken 
microcapsules as a function of shell thickness. 

3.3 Couette Viscometer Stress Measurement 

Next, microcapsules were tested on a Couette viscometer. The Couette viscometer is shown 
in Figure 3. It has a maximum speed of24000 RPM, the fluid has a 35 eSt viscosity, the cup 
diameter is 51 mm, and the bob diameter is 44 mm, giving a 7 mm gap. Only a small fraction of 
the 0.9 f.Lm microcapsules broke, even at 24,000 RPM. Only about 7% of the microcapsules 
broke at that speed according to microscopic inspection. 
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Figure 3: (left) Picture of the Couette viscometer with nested cylinders. (right) Plot of 
percentage of broken microcapsules with a 0.9 f.Lm shell thickness as a function of rotation speed. 

3.4 Compressive Strength 

Since shear stresses applied through fluid flow has proven insufficient to rupture the 
microcapsules using our test equipment, we supplemented the above measurements with a 
rupture test performed under uniaxial compression. This simple experiment consisted of placing 
a fixed number of microcapsules between a pair of glass slides. Weights were placed upon the 
upper slide to measure the percentage of broken microcapsules as a function of applied stress. 
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Here we calculate a first approximation of the compressive stress by dividing the total force 
equally among the microcapsules and then dividing by the cross-sectional area. 

As seen in Figure 4, the microcapsules do not begin to break until the stress is on the order of 
1 MPa. As expected, the thicker microcapsules ruptured at higher stresses than the thinner 
microcapsules. Further analysis of this measurement technique is necessary, but the initial data 
suggests greater differentiation among the stronger microcapsules than for the weaker 
microcapsules. In other words, the critical stress to reach 10% broken microcapsules is not a 
strong function of shell thickness. The critical stress to reach 70% broken microcapsules is a 
much stronger function of shell thickness according to this data. 
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Figure 4: The percentage of broken microcapsules versus compressive stress. 

3.5 In Situ Hydrolysis Measurements 

We are currently developing a method for monitoring microcapsule health using dielectric 
spectroscopy. By measuring the complex dielectric constant as a function of frequency, we are 
hoping to probe the quantity of liquid within a self-healing paint. As the liquid hydrolyses, the 
decreasing quantity of liquid or increasing viscosity should be reflected in the complex dielectric 
constant. These measurements are performed by patterning electrodes upon a printed circuit 
board and then applying a self-healing paint over the top. We then apply an alternating electric 
field across the electrodes and record the complex dielectric constant. At this stage, we are 
looking for correlations between the known volume fraction ofliquid and the real and complex 
dielectric constant. We are also looking for differences in the frequency dependence of the 
dielectric constant that might arise from the presence of entrained liquid.' 

Although currently there appears to be an increase in the real part of the dielectric constant 
with increasing microcapsule concentration, we are performing additional control experiments to 
verify it. 

3.6 Next Steps 

Having completed milestones for both the on site visual inspection and microcapsule strength 
measurements, our focus will turn towards continuous monitoring of microcapsule hydrolysis 
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and electrochemical impedance spectroscopy. Currently, dielectric spectroscopy appears to be a 
promising method. In contrast to infrared spectroscopy, thermogravimetric analysis, and gas 
chromatography, this method works for microcapsules embedded within a paint better than 
virgin microcapsules. Not only might it measure the percentage ofliquid as a function of time in 
a nondestructive fashion, but it might also make it possible to monitor microcapsule health under 
conditions that more closely approximate those while a paint is in service. 
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