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samples, a single-center hexagonal grid network and a single square grid network, as presented

in Figure 12 and Table 2.

Figure 12: 3D model representations of imprint layers placed between fiberglass sheets. Top, square grid

imprint layer as center layer. Bottom, hexagonal grid imprint layer as a center layer.
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Table 2: Tabulated samples with imprint layer configuration, use of a catalyst, and location of catalyst.

Sample number Catalyst Present? Catalyst Location | Imprint Layer
Configuration

Sample 1 No N/A N/A

Sample 2 Yes Imprint Layer Hexagonal Grid

Sample 3 Yes Outer Layers Hexagonal Grid

Sample 4 Yes Outer Layers Square Grid

3.2.2 Effects of Grid Geometry and Surface Treatment on FRP Removal from Template

To form the imprint layers the epoxy flows over the glass mounted templates and occupies the
volume not occupied to by the 3D printed grid. Once the cured epoxy is removed from the template,
the resulting negative is imprinted onto the epoxy layer. Because the epoxy has the potency to

bond both chemically and physically precautionary measures were devised.

Initially, rather than mounting the templates to glass the templates wire self-contained, as shown

in Figure 13.
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Figure 13: Self-contained 3D printed ABS template with paraffin wax coating.

The self-contained templates were able to be created in one step using a 3D printer. The paraftin
coated was applied by rubbing paraffin blocks across the top surface in the hope of having the
same releasing effect when heated as the wire formed samples. However, even with the
additional heat, the templates were severely damage upon the removal of the covering FRP, as

shown in Figure 14.
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Figure 14: (Top) Vertical line template after FRP removal and (Bottom) Square grid template after FRP

removal.

Different lubricants such as WD40, Polytetrafluoroethylene (PTFE), and vegetable oil were
trialed with no success. Furthermore, epoxy was evident on the back of the 3D print template

removal difficulty. Subsequently, to remove any complications of epoxy penetrating through the
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template, the templates without backers were directly mounted to glass. Additionally, instead of a
lubricant an adhesive was trialed to produce a sacrificial layer that would come off during the
removal of the FRP rather than aid the removal of the FRP itself. A water-soluble adhesive was

chosen to aid in clean up and acts as a top coating, as shown in Figure 15.

Figure 15: Square grid coated with water-soluble adhesive to aid in FRP removal.

Both square and hexagonal grids were able to be trialed successfully using this method. The
hexagonal grid, however, has fewer voids because the flow of epoxy never runs perpendicular to

the template as is the case with the square grid templates.
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3.2.3 DCPD Imprint Layer Distribution and Seal

Once the VARTM process is completed, the imprint layer is peeled away from the template, and

any remaining adhesive is rinsed away, leaving behind a fully formed imprint layer.

After forming the imprint layer, DCPD, Dicyclopentadiene, liquified at 50°C is distributed into

the imprinted vascular networks via lab spatula, as shown in Figure 16.

Figure 16: Square grid imprint layer (Top) and hexagonal grid imprint layer (Bottom) before and after

DPCD dispersion.
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After the DCPD is distributed throughout the imprint layer and cools to room temperature, a

sheet of perforated adherent plastic is created to place over the imprinted side, as shown in

Figure 17.

Figure 17: (Left) Template used created a perforated plastic sheet. (Right) Clear perforated adhesive

plastic sheet over white backing created by hole punching through the template.

Epoxy cannot be placed directly on top of the DCPD even when the DCPD is in its solid state
because the DCPD will dissipate into the epoxy. A thin layer of epoxy is then applied to the

plastic sheet is used to seal the DCPD within the imprint layer, as shown in Figure 18.
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Figure 18: Hexagonal imprint layer covered with a perforated plastic sheet and sealed with epoxy.

The perforation corresponds to the template used so that the holes in the plastic sheet match the
areas where only the epoxy is present. When the epoxy seal is applied to the plastic sheet, the
holes allow for the epoxy to bond directly to the imprint layer, preventing any delamination that
occurs during sample preparation or testing. The epoxy acts as a bonding point when creating

the multilayer sample.

The adhesive on the plastic sheeting is to aid in the placement of the sheet only. The perforation
and the added epoxy seal create the bond between the imprint layer and the plastic sheet. DCPD
outside the imprint vascular network is minimal, and any outlying DCPD may be dispersed into
the epoxy. Completed imprint layers were embedded between five glass fiber sheets, as shown in

Figure /9.
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Figure 19: DCPD filled imprint layer placed in between fiberglass sheets. Before (Top) and after VARTM
(Bottom)
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To track the flow of the DCPD within the multilayer sample, the fluorescent dye was added.

During the creation of the multilayer sample, no traces of dye were evident downstream, as

shown in Figure 20.
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Figure 20: Multi-layer sample with DCPD filled imprint layer during VARTM. Lack of fluorescent DCPD

streaks leading from sample demonstrate the security of the epoxy seal on the imprint layer.

To heal the multilayer sample, two variations on the placement of Grubbs’ first-generation

catalyst henceforward called catalyst were trialed. For one variation catalyst was interspersed
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into the imprint layer uncured resin before running the VARTM process, and for the second

variation catalyst was dispersed into the epoxy of the outer layers.

3.2.4 Imprinted Vascular Network Sample Test Preparation

Samples 1-4 were cut into 12.7 mm strips for flexural testing. The exposed openings of the
networks were sealed using a standard adhesive. The prepared samples were subjected to three-
point bending flexural tests, samples tested once, referred to as unhealed samples and samples
tested twice, before and after healing, are referred to as healed samples. The samples were tested
at room temperature and then later heated at 50°C for two minutes after testing. The temperature
of 50° C was chosen over 120° C as a precautionary measure. 50° C was judged suitably high
enough to liquefy the DCPD within and per Kessler et al. [18] catalyst exposed to temperatures
above 80° for extended periods will degrade the catalyst activity. For previous samples, it is
unlikely that two minutes was enough to cause significant degradation. The unhealed samples
after testing were placed flat below a dead weight for 24 hours. According to Kessler et al. [13],
the healing time is dependent on local catalyst concentration and that longer healing times
(>1500 min) provided optimal results so, the unhealed samples were subjected to another round

of bending tests after a healing time of 24 hours.

Sample strength was determined through three-point flexural testing. Three-point flexural tests
were performed while maintaining a 32:1 span to sample thickness ratio and with a cross-head
rate of 3.81 mm/min. The rate was increased from the cross-head rate of 1.27 mm/min used in
previous research for wire formed and borosilicate tube networks to reduce testing time.
Elanchezhian et al. [19] investigated the effects of strain rate and thickness on glass fiber

reinforced epoxy composites. Their research showed that with strain rates of 1.5 mm/min to 2.5
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mm/min, the glass-reinforced epoxy samples proved strain insensitive. The stopping point for
the flexural tests was marked by the continued deflection of the samples without an increase in
load. Samples without fiber damage were kept, and those with distinctive and visible fiber

damage were excluded from the testing.
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CHAPTER 4: RESULTS

4.1 Wire Formed Vascular Network Testing Results

4.1.1 Evaluating Storage Efficiency Across Methods

Until now, microcapsules and tubes/fibers were the primary methods to store and transport
self-healing agents. To compare the wire formed network’s ability to store healing agent versus
the ability of other methods, the amount of healing agent available versus the total volume
occupied by the vessel housing the healing agent, the storage efficiency, was calculated.
Examining the study done by White et al. [8], for a .2 mm diameter spherical microcapsule with
a .01 mm wall thickness, the inner to total volume ratio, storage efficiency was 75%. An
additional consideration is warranted due to the isolation of the microcapsules. By localizing the
healing agent, samples are limited to healing a single damage event per site and require the
rupture of multiple microcapsules for more massive fractures. Considering the study done by
Motuku et al. [12], for a 1.15 mm outer diameter borosilicate pipette with a 0.06 mm wall
thickness, the storage efficiency was 64%. In the study by Matt et al. [13] for a .5 mm outer
diameter borosilicate pipette with a .125 mm wall thickness, the corresponding storage efficiency
was 25%. In comparison, the networks produced in this study provide an inner to total volume
ratio of 1:1 equates to a 100% storage efficiency, a four-times improvement over the .5 mm outer

diameter pipettes as illustrated by Figure 21.
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Figure 21: For optical examination, the samples were polished by 200, 1000, and 2000 grit silicon
carbide emery papers progressively. Micrographs were taken using a stereo-microscope for review.
Borosilicate pipette with 25% storage efficiency (Left: [10]). Cavity produced by copper wire with 100%

storage efficiency (Right).

In pursuits to create a self-healing FRP that provides 100% storage efficiency, various
methods were trialed. Bare metal wires were embedded in the epoxy matrix with hopes to form
cavities after extraction. However, the sample epoxy firmly fixed the wires into place. The thread
was trialed and embedded in the epoxy matrix, but both bare and wax coated thread even left
residual thread strands in the sample. Low melt plastic was also used, but the melt temperature
surpassed the operating temperature of the used epoxy rendering it useless. Coated nickel-
chromium wires were embedded but tended to curl during layout and break upon extraction.
Coated copper wire as the stronger and stiffer material was chosen of over nickel-chromium wire
to help avoid wire breakage upon retrieval and to assist in the wire straightening and network

layout process.
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