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2.  Development of Multifunctional Materials for Toughening and Healing  
 
2.1  Materials and methods 
 
A phase separation of an epoxy (828:DDS) and thermoplastic (PBAE) was created by mixing resin 
and thermoplastic at elevated temperature and melt-casting. The purpose of this material is to show 
solvent based self-healing upon the inclusion of microcapsules.  Phase morphology and 
mechanical properties were studied for varying mass fractions of included thermoplastic.  
 
Inclusion of solvent (EPA) filled microcapsules was also studied. Phase interactions at the capsule 
surface were observed, as well as the thermal stability of the capsules during mixing and curing. 
The environmental stability of the capsules was then studied by exposing samples to a high-
temperature, high-humidity environment.  
 
Finally, self-healing was studied using Tapered Double Cantilever Beam (TDCB) specimen 
geometry with active material as an insert. The self-healing was compared to high temperature 
healing and healing done by deliberate injection of solvent to the crack site. The healing of 
thermoplastic /carbon fiber interfaces was studied using the microbond technique using solvent 
casting to create thermoplastic beads. Glass fibers and sized carbon were shown to preferentially 
bond to epoxy phase, but unsized carbon fibers can be used to have thermoplastic interfaces.  
 
2.2  Self-Healing Resin Results 
 
Phase separation of the thermoplastic and epoxy system was shown to have three distinct 
morphologies [1]. At low thermoplastic concentration, small (ca. 1μm) regions of thermoplastic 
were interspersed in continuous epoxy. At high concentration, the phases were reversed and small 
(ca. 5μm) regions of epoxy were interspersed in thermoplastic. In middling concentrations, the two 
phases coexist in a bi-continuous morphology. Figure 2 shows all three regimes. A low 
temperature storage modulus on the order of 3GPa was measured using Dynamic Mechanical 
Analysis (DMA). Additionally there was a softening of the material at ca. 80ºC attributed to 
thermoplastic glass transition and a system Tg around 170ºC. Interestingly, the Tg increased at the 
highest thermoplastic concentration (Figure 3), and storage modulus decreased slightly when the 
bi-continuous phase was present compared to lower thermoplastic concentrations. Inclusion of 
microcapsules (5 wt %) caused a decrease in the storage modulus and a slight decrease in Tg. The 
decrease in Tg remained within the experimental error for capsule free specimens.  
 
Microcapsules were shown to attract the epoxy rich phase after ca. 45 min at high temperature 
(150ºC) for both PDA coated and uncoated capsules [2]. At curing temperature (180ºC) the 
uncoated capsules were shown to lose some structural integrity, but the PDA coating prevented 
this. After curing, voids appear in the capsules during cooling below 100ºC. These voids are 
suspected to be water. Leaving the samples at 95% relative humidity and 70ºC caused the voids to 
grow, suggesting water diffusion is the cause of void formation. Figure 4 shows the void formation 
and thermal degradation of capsules.  Samples left for the same time at ambient conditions showed 
no void growth indicating capsule stability under non-extreme conditions. 
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Figure 4. Thermal stability of PDA coated (left) and uncoated (right) capsules during a typical 
cure cycle (top to bottom). The degradation of uncoated capsules can be seen in figure (d) with 
slight wrinkling of most capsules and complete collapse of others indicated by the dark circles. 
Void formation in coated capsules can be seen in figure (e), while figure (g) shows little to no 
further void growth. 
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Figure 5. Effect of PBAE concentration on virgin and healed fracture toughness in reference 
samples.  Zero healing was observed for 0 and 10 wt %. 

 

 
Figure 6. Healing efficiency after aging for 20 wt % PBAE. Healing efficiency and fracture 
toughness remained constant.  

 
Figure 7. Healing of IFSS for PBAE.  The highest healing efficiency comes for an unsized fiber 
with no thermal treatment.  The heat treatment increased virgin IFSS, but had no effect on healed 
strength.   
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3. Processing and Characterization of Toughened Self-Healing Composites  
 
3.1 Material and methods 
A unidirectional carbon fiber/thermoplastic-toughened epoxy prepreg with EPA-filled 
microcapsules (ca. 2.8 µm) was fabricated using a bench-top prepregger. The prepregger consisted 
of a carbon fiber bobbin (AS4C-3k, Hexcel), a self-inking sizing drum, a resin-impregnator, and a 
take-up drum (Figure 8.). During the prepreg fabrication, a carbon tow was coated with a sizing 
agent containing microcapsules, impregnated with epoxy/thermoplastic blend resin, and wound 
onto a take-up drum. The sizing agent consisted of a mixture of microcapsules and butanone 
(MEK) solvent and was consistently supplied to a sizing drum from a vortex mixer. The sizing 
drum delivered a sizing agent to the carbon tow as it traveled below the drum. Drying process was 
not required after fiber-sizing because the resin impregnation process also contained MEK solvent. 
The capsule-sized tow was then impregnated with a mixture of epoxy (EPON 828, DDS), 
thermoplastic (PBAE), and MEK solvent. A take-up drum continuously wound this resin-
impregnated tow side-by-side to create the unidirectional prepreg fabric. The residual MEK 
solvent within the prepreg fabric was removed at 80 °C under vacuum for 45 min.  

Self-healing laminated composites were fabricated from the prepreg fabrics. A stack of prepreg 
was hot-pressed at 120 °C under 0.3 MPa for 3 hours, followed by 180 °C under 0.3 MPa for 1 
hour. The vacuum was applied at room temperature and held until the temperature reached 120 
°C. Confocal fluorescent microscopy was used to visualize the microcapsules within a composite 
and scanning electron microscopy was used to examine the fracture surface and morphology of 
the microcapsules and phase-separated thermoplastic.  
 
3.2 Composite Processing Results 
The sizing drum successfully separated the tow fibers and delivered the capsules into the interior 
region of the tow. Intact microcapsules were found to reside in the interstitial spaces of fibers in 
prepreg as shown in Figure 9. The tow was then successfully impregnated with resin after 
evaporating the MEK solvent. The final microcapsule concentration of the prepreg was 
proportional to the capsule concentration of sizing agent. The fiber volume fraction of the prepreg 
was controlled by the solvent concentration in the resin. MEK solvent reduced the viscosity of the 
resin, facilitating flow during the tow impregnation process. Too much solvent (ca. > 130 pph), 
however, led to an insufficient amount of resin in the prepreg. The prepreg obtained capsule 
volume fraction (Vc) of 0.024, and fiber volume fraction (Vf) of 0.43 corresponding to a sizing 
agent containing 2 wt% capsules and a prepreg resin with 60 pph MEK. The deviation of fiber 
volume and capsule volume was < 10 % across the width of prepreg.   

The prepreg was then processed into composite laminates with Vf = 0.62 and Vc = 0.031. A 
confocal fluorescent image of the consolidated composite (Figure 10) reveals intact EPA filled 
microcapsules in the interstitial spaces between fibers and thermoplastic phase. Figure 11 contains 
an optical image of a polished cross-section of the composite that reveals good consolidation and 
minimal void content (ca. 0.007).  
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Figure 10. Confocal fluorescent image of a self-healing laminated composite demonstrates the 
presence of intact microcapsules and thermoplastic phase within the matrix. 

 
 
 
 
 

 

 
 

Figure 11. Optical microscope image of a self-healing composite shows the cross-section of fiber 
(white pixels) and microcapsules (black pixels) without the presence of voids. 
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