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Introduction

This report details two study visits undertaken by University of Bristol researchers to the
University of Illinois at Urbana-Champaign between 13" - 17" March 2006 and 5" — 9" February
2007 to discuss collaboration on MURI activities and broader self-healing work.

During the first visit (see Agenda/Itinerary in Appendix 1 and 2), the programme of work started
with two days of discussions and presentations by UIUC researchers and a seminar by the Bristol
team on their current work. A day of laboratory activities and familiarisation was interspersed
with these activities. Time for consolidation allowed the generation of several areas for future
collaboration.

This report aims to summarise the key areas of discussion and ongoing plans for collaboration
and research exchange.

Topics of discussion

Hollow fibres: Hollow glass fibres of around 60 microns external diameter have been used
extensively in previous work at Bristol and have been shown to release healing agent in an
impact event via fibre fracture. Hollow glass fibres could themselves be considered a simple form
of vascular network that is easily integrated into a composite laminate. Discussions highlighted
how hollow glass fibres provide a significant storage volume for repair agents.

Outcome: Several possible methods of encouraging more complete resin bleed-out were
suggested for further investigation by brainstorming sessions with different UIUC researchers.

Previous characterisations of the hollow fibres has focussed on the axial properties. Fibre
behaviour under crushing and crack-fibre interaction are areas that require further research.
Experimental and modelling studies undertaken at UIUC on individual microcapsules have many
features that could be applied to hollow fibres.
An exchange of information and experimental practice is underway to help characterise the out-
of-plane hollow fibre response. In particular , the following aspects will be considered;

e Crushing of hollow fibres

e Modelling of crack/fibre interaction

e Hollow fibre wall thickness vs. toughness requirements

¢ Fracture toughness: Mode I, II, mixed mode

e Healing resin/matrix interface post-healing.

Microcapsules: Work at UIUC has shown microcapsules to be a very effective method of self-
healing to recover fracture toughness. In particular, recent work has shown this approach has
much to offer in a fatigue environment, where experiment has shown a propagating crack is
attracted to the microcapsule, cleaving it and initiating the release of monomer. A potential
limitation of the microcapsule system is the limited volume of self-healing agent available for
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addressing impact damage where the crack is opened to create free volume. The combination of
microcapsules and hollow fibres offer great potential as a method of addressing issues of both
impact and fatigue, in particular, growth of a fatigue crack initiated by an impact event.
Consideration was given to how hollow fibres & microcapsules may be combined for maximum
benefit;
Route 1: Fibres & microcapsules addressing different damage modes (fibres > impact;
capsules > fatigue cracks).
Route 2: Microcapsules containing ‘catalyst’, hollow fibres supply resin.
Route 3: Capsules in skin-core bond of sandwich structures supplied by vascular network
(subset of Route 1 or 2?)
Other ideas for expanding the use of microcapsules with high perfromance composites included:
* Microcapsules within aerospace composite prepreg
e Use of low Temp. cure prepreg (e.g. Advanced Composite Group’s LTM series, from
30°C!)
e Use of NCF's & RTM processing methods
A variety of test methods for evaluating self-healing efficacy were considered;
e Compression after impact: modified Boeing method (Prichard & Hogg)
e Fatigue after impact: tension/compression/flexure?

Healing Resins: Urea-formaldehyde encapsulated DCPD has proved to be a successful system,
although the Grubbs’ catalyst requires careful preparation and protection to ensure activity.
Various discussions were had concerning the potential for adapting and improving commercial
two-part epoxy systems (currently favoured for resin filled hollow fibre healing) to make them
more suitable as a healing agent. In particular, the following properties were considered;

* viscosity,

e wetting (of substrate)

e cure schedule (Temp. & Time),

e mechanical properties after cure,

e |ongevity within substrate.

Also, discussion was given to the alternatives and future development of a multi-component
healing system, and the advantages/disadvantages that were likely to be conferred e.g

e liquid resin + liquid hardener

e liquid resin + solid catalyst

e catalysts/accelerants/suppressants.......
equilibrium/precipitation reactions,
catalysed depolymer’n
chemical “markers” to indicate successful healing (How do you interrogate?)
sealing of penetration damage i.e. breached pressure vessel vs. moisture ingress;
expanding foams (pressurised system = sealing rather than healing)
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Vascular Networks: Work at UIUC has focussed on healing tension cracks in epoxy coatings via
an underlying material containing a microvascular network of channels of around 200 microns
diameter. This network is formulated by a direct-write process. Thermal control of materials
using the microvascular network to circulate fluid is also an area of active research.

Vascular healing in practical composite sandwich structures is being investigated by Bristol
researchers under three themes: Vascular network architecture and fabrication, circulatory
devices and mechanical characterisation. Manufacturing practicalities and resin supply pressure
has driven the use of vessels of 1.5mm bore. Preliminary studies have focussed on manufacturing
a simple architecture, manually injecting pre-mixed resin and characterising the recovered
flexural strength and failure mode. The vascular self-healing for sandwich structures has been
introduced to stabilise a composite skin disbonded by impact damage. Early work has shown an
almost complete recovery of flexural strength and promotes final failure remote from the site of
impact damage. The vascular self-healing being investigated by Bristol provides:

e An approach using larger vessels than the UIUC work. This is suited to the supply of
large volumes of repair agent to typical impact damage modes.

e An application driven approach targeted at typical damage modes in practical aircraft
structures.

e A manufacture approach using conventional composite manufacturing techniques.

e An extension to include an integrated pumping capability; this does not form part of the
current MURI activities.

e An extension to investigate thermal control of composite sandwich panels using a
vascular network, although at different application scales.

This visit has therefore identified that there is little duplication in the work being carried out at
UIUC and Bristol. The study areas are indeed complimentary. There are areas of significant
overlap offering opportunities for future collaboration as both our work progress. Possible areas
are:

e Optimising the network layout and vessel diameters to supply regions of damage in a self-
healing application. Damage volume and response time are likely to be key variables.

e Modelling and optimising the network layout and vessel diameters to achieve efficient
thermal control in the respective target applications.

Other ideas to be addressed in future studies include;
e Use of vascular networks in thermal management,
e  Use of hollow Z-pins for through-thickness healing in laminates & sandwich cores,
e Development and application of circulatory pump device to facilitate healing resin flow
(issues such as pressure, flow rate, power etc....)
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Other_self-healing approaches and_applications: Self-healing in elastomeric materials using
encapsulated PDMS is targeted at thin film applications such as improving interfacial bonding in
car tyres. This could have potential for biomedical applications. Incorporating PMMA
microcapsules in bone cement is an area of active research at UIUC. This could also have
applications for self-healing in dental components, an area in which collaboration is underway at
Bristol.

New research at Bristol is considering how to restore the integrity of a leaking pressure vessel
following penetrative impact event. The use of an expanding foam healing agent has been
investigated. This could be combined with a vascular delivery to enable larger holes to be filled.

Collaborative activities

I. Study of self-healing composite using microcapsules and hollow fibres. Options for

evaluation include;

e A two-part epoxy system with the resin contained in the fibres and an encapsulated
amine hardener.

e A two-part epoxy system with a mixture of hollow fibres and capsules containing both
parts.

e A DCPD system with dispersed catalyst and DCPD monomer contained in both fibres
and capsules, designed to initiate self-healing under different damage modes.

e A DCPD system with the catalyst held in suspension in either fibres of capsules to
provide catalyst penetration into material cracks.

UIUC contribute extensive experience in encapsulating a variety of components for
inclusion in a composite laminate. Bristol provide extensive facilities and understanding
in the manufacture of high quality hollow glass fibres and composite laminates.

2. Characterisation of hollow glass fibres crushing and fracture characteristics for direct
comparison with microcapsules is a second area where collaboration would be mutually
beneficial. The analysis and experimental characterisation of sub-millimetre structures
that has been applied so successfully to microcapsules by UIUC could be applied to
hollow glass fibres manufactured using the bespoke facilities at Bristol.

3. Mechanical testing (Compression After Impact) of self-healing fibre reinforced
composites (comprising either microcapsules or hollow fibres) has highlighted some
unusual findings. Thus, ongoing discussions are taking place for both institutions to agree
on and employ similar test methods to allow a comparison of performance and ensure true
measures of self-healing efficacy.

4. In both institutions, vascular self-healing (and thermal management) is at an early stage.
The approaches and drivers investigated are complementary but focussed on different
applications. Whilst UIUC are investigating the direct fabrication of microvascular
networks in-situ, Bristol are concentrating on creating networks at a macro scale within
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both composite sandwich structures and laminates. Exchange of manufacturing
techniques and mechanical test methods is underway to facilitate knowledge transfer and
accurate performance comparisons.

5. The key to successful collaboration is ongoing exchange of personnel. To this end, plans
are underway to facilitate a variety of exchanges of research staff and postgraduate
students via several funding mechanisms. These include EPSRC, NSF, World
Universities Network, UK Royal Academy of Engineering, and both Bristol and UIUC.

Objectives Achieved

« Familiarisation with MURI aims and objectives.

The work on vascular networks, both in sandwich structures and in the form of hollow glass
fibres compliments the existing MURI research topics.

« Familiarisation with relevant UIUC technologies.

Microcapsule manufacture, direct write assembly for microvascular networks, fracture
toughness characterisation approach.

o Detail areas of research to which Bristol can directly contribute.

Hollow glass fibres to provide healing agent volume, experience in application driven
composite manufacturing, vascular healing for large damage volume in sandwich structures
or for penetration damage sealing.

e Prepare and agree programme of Bristol work packages which contribute to proposed
MURI activities.

Three primary areas of collaboration have been identified, and regular communication and

exchange of information is ensuring mutual benefit.

Recent and Forthcoming Publications:

As an outcome of the various philosophical discussions from these collaborative visits, a recent
publication was prepared by the Bristol participants that considered the broader concepts of self-
healing and what future directions it may take.

Trask RS, Williams HR, Bond IP (2007), Self-healing polymer composites: mimicking nature to
enhance performance. Bioinspiration & Biomimetics. Vol. 2, No. 1 (2007) pp. 1-9.
(doi:10.1088/1748-3182/2/1/P01)

An idea which arose during discussions was for Dr. Bond and Professor’s White and Sottos to

initiate and guest edit a special themed issue on 'self-healing polymers and composites' in the
Journal of the Royal Society Interface [http://www.pubs.royalsoc.ac.uk/interface]. The intention of

60f 12



15" February 2007 Report No.: AE055

this effort was to highlight the current state of the art in the field and raise the general profile of
self-healing in the scientific community.

Journal of the Royal Society Interface is a relatively new international journal publishing articles
from the interface between the physical sciences, including mathematics, and the life sciences. It
provides a high-quality forum to publish rapidly and interact across this boundary in two main
ways: J. R. Soc. Interface publishes research applying chemistry, engineering, materials science,
mathematics and physics to the biological and medical sciences; it also highlights discoveries in
the life sciences that allow advances in the physical sciences.

Eight authors (see below) were invited to contribute papers in their specialism related to self-
healing of polymers and composites. These were then reviewed and collated for incorporation in
a special issue of the journal due to be published in April 2007.

Trask RS, Williams GJ, Bond IP (2007), Bioinspired Self-Healing Of Advanced Composite
Structures Using Hollow Glass Fibres. J. Roy. Soc. Interface — Special Issue: Self Healing
Materials. Accepted - In Press. (doi: 10.1098/rsif.2006.0194)

Jones AS, Rule JD, Moore JS, Sottos NR, White SR (2007); Life extension of self-healing
polymers with rapidly growing fatigue cracks. J. Roy. Soc. Interface — Special Issue: Self
Healing Materials. Accepted - In Press. (doi: 10.1098/ rsif.2006.0199)

Mauldin TC, Rule JD, Sottos NR, White SR, Moore JS (2007); Self-healing kinetics and the
stereoisomers of dicyclopentadiene. J. Roy. Soc. Interface — Special Issue: Self Healing
Materials. Accepted - In Press. (doi: 10.1098/ rsif.2006.0200)

Williams KA, Boydston AJ, Bielawski CW (2007); Towards electrically conductive, self-healing
materials J. Roy. Soc. Interface — Special Issue: Self Healing Materials. Accepted - In Press.
(doi: 10.1098/ rsif.2006.0202)

Kersey FR, Loveless DM, Craig SL (2007); A hybrid polymer gel with controlled rates of cross-
link rupture and self-repair J. Roy. Soc. Interface — Special Issue: Self Healing Materials.
Accepted - In Press. (doi: 10.1098/rsif.2006.0187)

Kalista SJ and Ward TC (2007),; Thermal characteristics of the self-healing response in
poly(ethylene-co-methacrylic acid) copolymers J. Roy. Soc. Interface — Special Issue: Self
Healing Materials. Accepted - In Press. (doi: 10.1098/ rsif.2006.0169)

Verberg R, Dale AT, Kumar P, Alexeev A, Balazs AC (2007); Healing substrates with mobile,
particle-filled microcapsules: designing a ‘repair and go’ system . J. Roy. Soc. Interface —
Special Issue: Self Healing Materials. Accepted - In Press. (doi: 10.1098/ rsif.2006.0165)

Hayes SA, Jones FR, Zhang W, Hou L (2007); Quantitative evaluation of solid-state self-healing
in composites. J. Roy. Soc. Interface — Special Issue: Self Healing Materials. Accepted - In
Press.
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APPENDIX 1:

A STUDY VISIT TO INITIATE COLLABORATION AND COORDINATION WITH
UIUC’S ‘AUTONOMIC HEALING MATERIALS’ ACTIVITIES.

Beckman Institute, UIUC, IL
Monday 13" March — Friday 17" March

Provisional Agenda/Discussion Qutline

Mon 13™ March — Wed 15" March:

= [ntroductions — Bristol/UIUC teams
= Seminar giving overview of Bristol activities followed by open discussion — IPB
= Familiarization with UIUC facilities/activities/meet the teams

= Vascular networks - how our work can fit in with MURI:.
o Self-healing: Scale and drivers.
o Thermal management. Scale in application.
o Z-pins (through-thickness healing in laminates & sandwich cores)
o Pumps (pressures, resin flow). Circulating vs. static pressure?

= Healing resin selection;

o Methods to improve existing commercial resin systems:
®  viscosity,
= cure schedule (Temp & Time),
= Mechanical Properties (surface energy influences)
= Life expectancy.
*  Two-part liquid vs. resin + solid catalyst.

o Development of future resin systems;
= Blue Skies ideas: Equilibrium/Precipitation reaction, Catalysed

Depolymerisation

o Chemical “markers” to indicate successful healing.

= How do you interrogate?

* Fracture Mechanics;
o Crushing of hollow fibres
o Modelling of crack/fibre interaction
= Hollow fibre wall thickness vs. toughness requirements
= Fracture toughness: Mode I, II, mixed mode?
» Healing resin/matrix interface post-healing.

* Hollow fibres & microcapsules combined;

o Route 1: Use fibres and microcapsules to address different damage modes within
the same structure (fibres: impact; capsules: fatigue crack growth).
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Route 2: Use microcapsules to contain polymerisation triggers, use hollow fibres
to supply resin.

Route 3: Capsules in skin-core bond of a sandwich structure supplied by vascular
network, could use for subset of either Route 1 or 2!

Microcapsules within aerospace grade composite prepreg
= Use of low temperature curing prepreg (ACG’s LTM series, from 30°C!)
*= Use of NCF’s & RTM processing methods

Compression after impact: Modified Boeing method (Prichard & Hogg)

Fatigue after impact: tension/compression/flexure?

Self-sealing (Gross damage i.e. breached pressure vessel vs. small scale moisture ingress);
o Expanding foams (pressurised system to give sealing rather than healing)

Self-healing fibres;
o The development of new composite materials required (nanofibres to impart

healing?)

o Nanofibres “coiled” in microcapsules that unravel when the fibre is breached:

produces a fibrous scab.

Also “Must do” before end of visit:

Sort/edit self-healing review paper (in print before Intern’l Conference - Spring 20077?)
Proc Roy Soc special issue — prepare/send invitation letters, establish timescale for actions.
Discussions to establish collaborative work plan(s)

Identify Funding mechanisms/targets. [e.g. http://www.darpa.mil/baa/baa06-19mod1.html]

Thur 16™ March:

Nominally free to allow for any overrun and report preparation.

Final Deliverable:

A report detailing the outcomes of the research study visit and the areas for further collaboration
between UIUC and Bristol will be prepared and circulated to all and submitted to AFOSR upon
the completion of the visit.

90of 12



15" February 2007

Report No.: AE055

APPENDIX 2:
UIUC Itinerary
Ian Bond, Richard Trask, Hugo Williams

Dept. of Aerospace Engineering
University of Bristol

March 11, 2006 (Saturday)

Arrival in Champaign, free time, Engineering Open House (9:00-
3:00pm, Engineering Campus; http://eoh.ec.uiuc.edu)

March 12, 2006 (Sunday)

12:00 pm
2:30 pm
7:00 pm

Lunch — meet at Hampton Inn (Magnus Andersson)
[1lini Basketball game* (bar w/ TV — Magnus will help)
Dinner (TBD) [S. White, M. Andersson]

March 13. 2006 (Monday)

9:00 am

10:00 am
10:30 am
12:00 noon
1:00 pm
2:00 pm
3:00 pm

4:00 pm

6:00 pm

Overview and planning meeting (3369 BI)
[N. Sottos, S. White, I. Bond, R. Trask, H. Williams]

Chemical signaling, healing chemistry (3321 BI) [J. Moore]
free

Self-Healing @ Bristol Seminar (2369 BI) [UIUC group]
Brainstorming session (2369 BI) [P. Geubelle]

Healing resin options (4055 BI) [J. Rule]

Combined capsule/fiber for impact damage (319m Talbot)
[Amit Patel]

AE Seminar (103 Talbot Lab)
[“Reversal physics: creation of negative material properties,” Rod
Lakes, U. of Wisconsin]

Dinner (Kofusion)
[R. Lakes, S. White, N. Sottos, I. Bond, J. Freund]

March 14, 2006 (Tuesday)

9:00 am
10:00 am
11:00 am

Self-healing prepreg (4055 BI) [O. Aramagan]
Foams and other concepts (3369 BI) [N. Sottos]

free.....microencapsulation training (3317 BI; A. Patel)
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12:00 noon
1:00 pm
2:30 pm
4:00 pm

??
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Lunch (Campustown) [White]
Self-Healing Review Paper work session (3369 BI) [S. White]
Self-Healing Group Meeting (3369 BI) [UIUC group]

informal interactions (4055 BI); microencapsulation training
(3317 BI: A. Patel)

Dinner (TBD)

March 15. 2006 (Wednesday)

9:00 am

9:00 am (all day)
10:00 am

11:00 am

12:00 noon

1:00 pm

3:00 pm

5:30 pm

7:00 pm

March 16, 2006 (Thursday)

morning

12:00 noon

afternoon

4:00 pm

5:00 pm
6:30 pm
March 17, 2006 (Friday)
Morning
11:30 am
12:30 noon

Royal Society Spec. Issue work session (3369 BI) [N. Sottos]
Microencapsulation training (3317 BI) [A. Patel]

free

Self-cooling & pumping (4055 BI) [L. Shipton]

Lunch (TBD)

free

Regroup/planning (3369 BI) [S. White]

NanoCEMMS Reception and Poster Session (West Pavilion,

Grainger Library)
[N. Sottos, B. Blaiszik]

Dinner (TBD)

TBD

Lunch (TBD)

TBD

TAM Seminar (103 Talbot Lab)

[“Size effects and idealized dislocation microstructures at small

scales,” Amit Acharya, Carnegie Mellon University]
Krannert Uncorked (Lobby, Krannert Center) [S. White]
Dinner (TBD)

TBD
Lunch (TBD)

Leave for Chicago
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The Advanced Composites Centre
for Science & Innovation
University of Bristol

Queen's Building

University Walk

Bristol BS8 1TR

United Kingdom

+44 (0) 117 928 7704

composites-centre@bristol.ac.uk
www bris.ac.uk/composites
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WWW.bris.ac.uk/composites
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