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ABSTRACT

Carbon nanotubes (CNTs) adeal candidatefor the reinforcement of the matrix and
interphase zone polymer matrix composites (PMCs), due to their abiitynore effectively
bind the reinforcing fibers to the matrix materialhis can lead to the enhancement of several
critical composite properties including interfacial shear strength and interlaminar fracture
toughness$ that are typically associatedwt h a composite material 6s
Direct dispersion of CNTs into the matrix of the composites has been shown to be very difficult.
A more effective way to reinford@MCsusing CNTSs is to grow CNTSs directly on the reinforcing
fibers. To this end,a novel technique usead grow CNTs directly on carbofibers has been
developedit The University ® Alabama and Auburn Universityrhis method, referred to as the
PopTube Approach, uses microwave irradiation to grow CNTs at room temperatang in
without the need for inert gas protection or additional feed stock gakessimple nature of the
PopTube Approaclends itself to largecale, highyield manufacturinghat can be done in a
cost effective mannerHowever, before this techniquedsveloped beyond the laboratory scale,
its effectiveness as a route to produce @Hifforced composites must be evaluated in a
comprehensive manneilhe objective of thiswork is to do just thati characterize the
mechanical properties of CNfEinforcedcomposites produced via tiRopTube Approach A
systematic experimental program is carried out to provide a comprehensive assessment of the
effects of the PopTube Approach on a wide range of composite mechanical properties. Results
show that the PopTub&pproach provides for enhanced resistance to delamination with respect

to several different loading events. Fractography stuiesised to qualitatively understathne



mechanisms responsible fthrese improvements in delamination resistance on the siale.
Results also suggest that improvementdatamination resistance via CN&inforcement may
come at the expense of the tensile prtips of PMC$ which gives rise to the conclusion that in
practice, the degree and manner of CNT reinforcemeRM@s should be carefully considered

on an aplicationby-application basis. Together, the collection of studies performed herein
provides a widganging quantitative and qualitative assessment of the effects of the PopTube
Approach CNT reinforcement schenon the mechanical properties and behavior of polymer

matrix composites.
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1 INTRODUCTION

1.1 Problem Statement

Composite materialbave been extensively implemented across an array of engineering
fields, from the aerospace and automotive industries to the areas of renewable energy and civil
infrastructure. Composite materialé specifically fiber reinforced polymers (FRPs), which are
considered in this work consist of three primary componentie fibers ¢ommonly glass,
carbon, or Kevlar) the matrix (commonly epoxyr polyestey, and the interphase zen
developed beteen the fibers and the matrjt]. FRPspossess a number of advantageous
functional features associated with their fildeminated properties (like longitudinal tensile
strength and modulus), such as: superior stiffness and specific strength, reduced ameight
enhanced corrosion resistance. However, the matrix and interphasdamimated properties
present drawbacks to the widesplese and implementation of composite materraks variety
of areas.For these reasona need exists to reinforce thaimx and interphase zone within these

materialsto effectively overcome the aforementioned disadvantageous features.

An ideal candidate to accomplish the reinforcement of the matrix and interphase zone of
composite materials carbon nanotubes (CNT&gcause of their superior mechanical properties
and excellent thermal and electrical propertiespolymer matrix compositesjrdct dispersion
of CNTsinto the matrix materighas been shown to be very diffic{®. A moreeffective way
to reinforce composite materialssing CNTs is to grow CNTs directly on theinforcing

fibers/fabrics. A novel technique used to grow CNTs directlycarbon fibers has been



developed at the University of Alabama and Auburn Unive[8ig]. This method, referred to
as the PopTube Approach, uses microwave irradiation to grow GNTsrbon fibersat room

temperature in air, without the need for inert gasgmtion or additional feed stock gases.

The objective of this study is to evaluate the potential of the PopTube Approach to
produce reinforced structural composites with CNTs grown directly on the fibeashieve

enhancednechanical performance.

1.2 Background
1.2.1 Carbon Nanotubes

CarbonnanotubegCNTSs) arehollow cylindrical tubes that ammade up of carbon atoms
bonded together in the same hexagonal network as that of graphite. Conceptually, a CNT can be
constructed by rolling a graphene sheet (glsitayer of graphite) into a cylindrical tube with a
continuous surfacg5]. CNTs werefirst described by jima in 1991 [6], and since their
discovery,they have generated much interest in the fields of physics, chemistry, materials
science, and engineerifig]. CNTs are characterized by their high lenggidiameter réos as
well as their low densities of defects. It is thought that the low density of dedémtg with the
intrinsic strength garnered from the carbmrbon sp bonds that make up the fundamental
structure of CNTsjs primarily what gives CNTs their xeellent mechanical propertid3].

These enhancethechanical properties include superistiffiness, high specific strength, low
weight density, and improved corrosionisésnce. In addition to these attractive mechanical
properties, CNTs have also proven to possess excellent thermal and electrical conductivity

propertied8].



CNTs can take on two primary forms: single walled carbon naestWNTs) and
multi-walled carbon anotubes(MWNTSs). An SWNT is simply a cylinder with only one
wrappedgraphenesheet. MWNTSs can be considered as a collection of concentric S\WINTs
According to Belin and Eprof/], the most widely accepted model for CNTs is the coaxial
cylindrical modeli which follows the description that its nanmeglies and consists of a series of

cylindrical, concentrigraphene sheets.

1.2.2 Common CNT Applications

Since the discovery of CNTs in the early 089their superb mechanicalectrica] and
thermal properties have attracted considerable attention ih b academic and industrial
arenas.CNTs have great potential in a variety of applicatieamsdudingcomposite material®],
smart structures with damagensing capability8,10,11] chemical sensofd 2], energy storage
[13], and naneelectronic device$5]. Additionally, CNT fibers sheets, and films havaeen

produced by a number of researcHads 27].

One of the most promising applications of CNTSs is the reinforceietlte interphase
zone i n composite material s. A composite
nonhomogeneous material having two or more components including reinforcing elements that
provide necessary mechanical characteristics of the material araria that allows uniform
def ormati on of [R8h eAs Bottds mriddvicCdbigh eainted oufl], a third
primary component of composite materials should also be consideedntdiphase zone
between the reinforcing fibers and the matriomposite materials enjoy mamgvantageous
mechanical features associated with their fitb@minated properties, such as longitudinal tensile
strength and elastic modulus. These desirbddéures include superior stiffness, high specific

strength, light weight, and enhanced corrosion resistance. However, composite materials possess

3



a number of undesirable characteristics related to their matrix and interphasdomonated
properties, sth as interfacial shear stress (IFSS) awtdrlaminarfracture toughness. These
relatively weak mechanical properties can lead to interfacial cracking, delamination, and
decreased fatigue resistance, among othdresepotentially crtical disadvantagess features

certainly do not help to promote the widespread implementation of FRPs.

Therefore, there exists a need to reinforce the interphase zone of common composite
materials. An ideal candidate to accomplish this ias€NTs. CNTs incorporated intahe
interphase zone of composite materials afomthe production of mukscde composites; these
are knownscaasl efomudiutei t o t he f act imitrasdalefibelsey ar e
andnanoscalenanotube$2]. These whiskelike nanotubes, when incorporated in the interphase
zone of composite materialserve to better bind the reinforcing fibers to the matrix material.

Consequently, many of the previouslsgak properties afomposite materials can bahanced.

1.2.3 Existing CNT Technologies

As highlighted by Chou et aJ29] in their assessment of rrant technologies associated
with the manufacturing of CNTs, much effort has been put forth in the development of an
effective CNT synthesis method These include the chemical vapor deposition (CVD) method
[30i 34], laser ablatior{31,33 38], arc discharge method9i 41], and pyrolysis [42]. While
these existing manufacturing methods have their respective merits, they are generally very

complex, expensive, cumisame to implement, and incdpe of largescale processing.

For example, the most common method used to produce CNfie CVD methodi
requires temperatures in the range of 6504050°C[31,33,34,43] This requirement along

with the need for additional raw materials such as nitrogen, methane, hydrogen, and xylene



[31,43]to serve as feedstock gases or provide inert gas protégtsents prohibitive costs in
the production of CNTs using the CVD method. Furthermaegported by Belin and Epram
their review of characterization methods of CNTE the largescale production of CNTs in a
controlled manner is a problem that has not yet been solRedpite the ancerted efforts of
many researchersa tecmique to scale up the CVDnethod for largescale, high yield
manufacturing has not yet been accomplish#tlis greatly limiting the widespread applicability

ard usefulness of the existimgethod.

Another issueassociated with the existing methods of CNT production is the ultimate
implementation of CNT& composite materialsMany existing manufacturing methods aim to
produce CNTs in bulk that can later be dispersed into the matrix during theopiection plase
of composite materials manufacturing. However, this meihdifficult in practice because of
the matrix materi al ds ¢gen el[2]aAddiyonahlyj GNfishave as c o s i t
tencencyto agglomerate within the matrix during migiin which can leado a poor distribution
of CNTs throughout the m@t material (and ultimately, the composite material as well). A non
uniform distribution of CNTs in a compositet only leads to unreinforced sections of the
matrix, but can also give rise to stress concentrations in locations where the CNTs are
agglomeated. Due to the exceptionally high stiffness of CNTs, these agglomerations become
stress fihot spotso once the composite is put
the matrix material from performingne ofits primary functios, which is © evenly distribute
stresses throughout the compogite. to the loaebearing fibersyuring an axialloading event.

I n this way, CNT aggl oimer abimposi tcads fAsthroeds

mechanisraduring axial loading eventsausingoremature failuref the composite material.



One common route used to enhance CNTsoOo di
commonly used among research teams when producingré€Nfbrced composites by way of
the CVD method2,31]. Kim et al.[2] investigated the effegtof sonication on the composite
material manufacturing process, and discovete® interesting findings. Minimal sonication
(10 minutes) resulteish poor dispersion of CNTs characterized by CNT aggregates in the matrix,
but did not affect the viscosityf the matrix material.On the other handextended sonication (3
hours) resulted in generally well dispersed CNTs, but caused premature gelling in the matrix
material (due to theintense conditions generatédring sonicationpnd subsequently a higher
viscosity. This caused severe issues in the vacuum assisted resin transfer molding (VARTM)
process, including incomplete fiber wetting in tliesulting composite materiaBased on these
considerations CNT dispersionvia sonication is not ideal for use tvi commonly used

composites processing/manufacturing methods.

A more effective way to reinforce composite materials using CNTs is through growing
them directly on the reinforcing fibers to be usddhis ensures uniforrdispersion of the CNTs
precisely n the intended area of applicatiorthe interphase zone between the fibers and the

marix. Figure1l-1 demonstrates this advantage over the CNT dispersion reinforcing scheme.
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Figurel-1. CNT reinforcing schemes: (a.) CNTs dispersed in the matrix and (b.) CNTSs ¢
directly on the fibers.

Furthermore, growing CNTs directly on the reinforcing fibers eliminates the pottntial
an increasein resin viscosity during production, thus allowing traditional composite

manufacturing techniquesicluding hand layup andARTM to be readily used.

1.2.4 PopTube Approach
1.24.1 Working Principle

For the reasondiscusse@bove, there has been a strong desire for someatimoag the
research and industrial communities to develop a simple, cost effantidescalable process to
produce CNTreinforced compositesin response to this neeal novel technique wateveloped
in 2011 at the University of Alabama and Auburn Uniitgrby Dr. Jialai Wang and Dr. Xinyu
Zhang[3,4]. This technique, known as thepgTube Approach, uses a simple three step process
to grow CNTs directly on the surface of fibers/fabrics. The working process of ¢todnis

illustratedin Figure1-2.
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Figurel-2. The PopTube Approach working principle.

The PopTube Approach treatment process is carried out in two primary steps.-The as
received carbon fiber is first coated with ferrocene, which serves as both the carbon source and
the catdyst in the reaction. The ferrocewgeated carbon fiber is then subjected to microwave
irradiation, which causes a rapid temperature increase on the surface of the carbiotofiaer
level high enough to decompose the ferrocene into iron and cyclopemiagieups. At this
point in time, iron nanoparticles stick on the nbeated surface of the carbon filieacting as
the catalyst while carbon atoms act as the carbon source. As a result of this process, CNTs are

grown on the surface of the carbon fiber

The primary advantage dii¢ PopTube Approadies in its simplicity: he entire process
is carried out in ambient environment using a simple microwave soimeg eliminating the
need for a complex, costly reaction chamb&ecause the process dasst require inert gas
protection, continuous manufacturing in og@nis a possibility given an appropriagdeurce of
microwave irradiatiori allowing for the possibility (upon scalg) for large scale, high yield

manufacturing.



1.2.4.2 CNT Synthesis via tHeopTube Approach

Throughout thiswork, CNTs are grown on @ven carbon fiber pliesia the PopTube
Approach These CNTreinforced plies are then used in the various experimental studies
detailed herein. During the development of the PopTube Approachnegpe, it became
apparent that woven fiber forms (as opposed to unidirectional fiber forms) were more receptive
to CNT growth. This is presumably due to the varying topography that results from the woven
fiber architecturei whi ch pr ovi d e ssurface (ofi sodguthah pronmtedso better
adhesion of the metallocene catalyst/carbon source and ultimétigr growth ofthe CNTs

themselves.

Typically, woven carbon fiber pliemppoximately 150 mm (6 in.) squarveere soaked in a
0.5M ferrocendoluene solution for 30 minutes. The plies were then left tedair which
allowed the toluene solvent to evaporate off. The fabric plies were then subjected to microwave
irradiation in an ordinary kitchen microwave for 45 secontise microwave exposure @ion
has been optimizedas part of the development/application of this technidqaeprovide a
balance between CNT length/quality/coverage and damage to the fibers themselves, as these
parameters have been found to have an inverse rekafiofvghich isto be expected)Plies were
mounted in a lalmade fixture that allowed for uniform exposure of both sides of the fabric to
the microwave irradiationFigure 1-3 showsrepresentative examef CNTs grown on carbon

fibers usinghe described process.
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Figure 1-3. CNT synthesis via the PopTube Approach: (a) virgin carbon fibers prior to
growth; (b) and (c) CNT growth on carbon fibers via the PopTube Approach

1.3 Study Overview

This study aims to evaluate the potential of the novel PopTube Approach ptocess
produce CNT¥reinforced compositesTo this end, a systematic experimental program is carried
outto characterize the effects of CNTs produced via th@TBbe Approach on thmechanical

properties of carbon fibers and their composit&be primary tests considered are single fiber
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tension, unaxial composite tension, Izod impact, Mode | fracture toughness, Mode Il fracture
toughness, dropveight impact, compression after impacgnd shodbeam shear. Where
applicable, scanning electron microscopy (SEM) is usedlentify the influence of PopTube
Approachproduced CNT=on fracture mechanisms in laminate composites with respect to a
variety of loading evats. Together, the quantitative results and qualitative observations gleaned
in this work are used tdevelop a multscale characterization of the mechanical properties and

behavior of CNTreinforced composites produced via the PopTube Approach.

1.4 Reliability of Test Data

The majority of this work is experimental in naturethat is, many of the studies
presented herein are built around testing that is used to determine whether CNTs produced via
the PopTube Approach have an effect on the mechanical pespeitvoven carbon fiber/epoxy
composites. As such, in each of the studies reported hereintebievias used as a statistical
determination ofvhether there was @efinitive difference in the mechanical properties of virgin
(without CNTs) compositesnd PopTube Approaetieated (with CNTS) composites. A two
sample, twesided ttest where variances are unequal (heteroscedastic) was performed on each of
the data sets of interest. The taided test was used in order to capture potential changes on
bothsides of the reference meathat is, no assumptions were made with regard to the direction
of the change (i.e. a positive change or a negative change) between any two data sets. The null
hypot hesis used herein i s dithels@ame psrthe prepertypfthef t h
CNT-r ei nf or c ed thep-uafu® returriee is less than D,10en the null hypothesis is
rejected and the property of interest in the GMdihforced group is deemed to Hefinitively
different from the correspaling property in the virgin groupThe ttest itself is commonly used

throughout research and industry alikee 0.10criteria was recently used by Siegfried et
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in their study on the impact and after impact properties of -@\forced carbon fiber/epoxy

composites.
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2 SINGLE FIBER TENSION AND COMPOSITE TENSION

2.1 Overview

As noted in Chaptel, areview of the literature on CNT synthesis techniques and their
applications in composite reinforcement reveals comparatively little insight into the effects of
CNT synthesis/reinforcement schemes on the tensile prapeftide reinforcing fibers or their
composites. Of course, CNTs are basted for the enhancement of interlaminar properties, and
appropriately, the literature is rich with studies on the enhancement of delamination resistance
with regard to Mode | freture toughness, Mode Il fracture toughness, impact resistance, etc.
However,the issue of potential tensile strength reduction in @&lfiforced fibers and their
composies should not be overlooké&deven though studies concerning this particular topagy
yi el d A ne gant theredore cease ol bé atttactive targets for publishing. In part, this

study seeks to address this issue.

In this study, the effects of the PopTube Approach CNT synthesis method on the tensile
properties of single chon fibers and woven carbon fiber/epoxy composites are examined.
Single fiber tensile testing was carried out according to the guidelines set forth by ASTM D3379
[45], while uniaxial composite tensile testing was carried out according to ASTM D3@&39
Virgin (without CNTs) ad PopTube Approach (with CNTs) groups were considered. Scanning
electron microscopy (SEM) was used to further understand the failure processes in the woven
composites, with an interest in clarifying the role played by the CNTs produced in this study.

Together, these muiscale quantitative and qualitative characterization techniques are used to

13



develop an understanding of the effects of the PopTube Approach CNT synthesis technique on

the tensile properties of carbon fibers and their composites.

2.2 Experimental
2.2.1 Single Fiber Tensile Testing
2.2.1.1 Test Methodology

ASTM D3379[45] was used as a guide for the single fiber tensile testing performed in
this study. To quantify the single fiber tensile properties of virgin (without CNTs) and PopTube
Approach (with CNTs) carbon fibers, individual carboreffbowere harvested from woven plies
from each test group. This practice was followed to ensure that the level of microwave exposure
for the specimens to be used in the single fiber tensile tests would match that of the specimens to
be used in the compositensile tests. Individual fibers were mounted in thick paper load frames
that were sized according to desired gage length. Specimens were loaded to failure in an Instron
5565 electromechanical load frame equipped with a 2.5 N load cell. A loadingfrat20
mm/min was used, and load and displacement data were recorded throughout the tests by the
accompanyingesting software. fuccessful tests were carried outtfog virgin (without CNTSs)
group and 8 successful tests were carried out for the PepApproach (with CNTS) groupA

single gage length 25 mmi was used for each of these tests.

2.2.1.2 Data Reduction

Due to the inherent difficulty in directly measuring gage seeditomins in individual
carbon fibers, crosshead displacements were usedldolate strains in this set of tests. With
this approach, steps must be taken to account for the compliance of the test setup itself (i.e. load

frame/grip assembly). To this ena,minimum of3 virgin (without CNT9 specimens were
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tested at different gage lengthg 20 mm, 25 mm, and 30 mm. The apparent (indicated)
specimen compliance values were then plotted against gage length, and a linear trendline was fit

to the data For the dataset gathered in this study, the equation for the line of hesgfifien by:

0 T PTI T T wX (2-1)
where0 is the apparent compliance of the specimens (in mm/Npamithe gage length of the
specimens (in mm). The-igtercept of this equation the estimatdor apparent compliance
when gage length is zeiiocan be taken as the system compliance. In this case, the system
compliance0 , is taken as 0.7497 mm/N. Using this value, the true compli@ndey each

specimen can be calculated as:

0 0 O (2-2)
The true compliance of the fibers can then be

values for the fibers using the relation:

=| cC:

0 - (2-3)
(0]

o

whereo is the crossectional area of the fiber.

It should be noted that the single fiber tests with 3 different gage lengths were used only
for the determination of system compliance in this sfuthye single fiber tests of interegt for
the virgin group and 8 for the PopTube Approach group) were caruedsing a single gage

length, withtheir dataultimatelyreduced to account for said system compliance.

Since the experimentalgetermined strength data for carbon fibersegally manifests
itself in a distribution, it is useful to employ Weibull statistics to characterize the strength of a

given group of fibers. A twparameter Weibull model is most often used, in which the two
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parameters , (characteristic strength) arid (Weibull modulus)i describe the size and the
distribution of flaws, respectively, in the fibef47]. The tweparameter Weibull distribution

used herein is given by:

. 0o
0 p AQ)DO—— (2-4)

whered represents the probability of failure for a given fiiegnd, represent the gage length
and failure strength, respectively, for the fiber of interest, @ndepresents a reference gage
length. In the arlgsis of a dataset consisting of only one gage length (as is the case in this

study),0 0 and Eq(2-4) can be rewritten as:

IT110 0 ail 1, ail, (2-5)
To analyze a givenalaset of single fiber strengths, strength values fob tffibers tested at the

same gage length are ranked in ascending order and the probability of failuie, each fiber

is estimated by:

(2-6)

where Qrepresents the rank order of the given fiheris the number of fibers tested for the
group, and andf are statistical parameters typically taken as 0.5 and 0, respefivgly

2.2.2 Uni-axial Composite Tensile Testing

2.2.2.1 Test Methodology

To quanify the inplane tensile properties of carbon fiber/epoxy composites
manufactured from virgin (without CNTs) and PopTube Appreaaehted (with CNTSs) plain

woven fabric, a series of quasiatic untaxial tension tests were carried out. ASTM D3088)]
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was used as a guide for this testing. One significant modification was made to the test
parameters recommended by the standard in order to accommodate the CNT growth process of
interest: Instead of the recommended 250 mm (10 in.) specimgth l@nspecimen length of 125

mm (5 in.) was used. Because current PopTube Approach processing tecfirequoesrowave
chamber sizepnly allow for approximately 150 mm (~6 in.) square treated fabric layers, this
reduced specimen size was necessatyshould be noted that the same specimen dimensions
were used for both the virgin and PopTube Appretagated groups, so as to allow for
comparison between the two tgsbups. Laminate composites (4 plies thidk]4) were laid up

by hand, vacuum bagdeand cured in a hot platen press. Optical micrographs of several test
specimens from each group were taken, and image analysis software (ImageJ) was subsequently
used to calculate an estimate for fiber volume fraction in the laminates. The microgfaphs
fibers embedded in the matrix were converted to binary images via an automated threshold
routine. The number of black and white pixels in the images were counted using-ia built
algorithm, and based on this information, volume fractions were caldufateboth of the
constituent materials (this is a valid approach since the area associated with each pixel is the
same). Fiber volume fraction data is showable2-1. While this technique certainly has its
drawbacks (specimen selection/preparation may influence results, large number of constituent
images needed to ensure statistical significance, etc.), it provides a straightforward route to the
determination of fiber volume fraction and its use has beenntgeaied in several previous

studieq48i 50].
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Table2-1. Fiber volume fraction datr uni-axial
composite tension testing

Test Group vt (%)
Virgin (without CNTS) 58.5+7.4
PopTube Approach (with CNTs) 55.2+8.8

Upon the suggestions offered by ASTM D3039 and from previous experience, E
glass/epoxy tabs (25 mm x 25 mm x ~3 mm) were bonded on either side of the test specimens at
the specimen ends (in the regions to be grippetBbs were not tapered in this case, since
tapering (which can further reduce stress concentrations at the tab ends adjacent to the gage

section) generally is not necessary with woven fabric composites.

Test specimens were loaded in tension to faildrth@ ASTMrecommended rate of 2
mm/min. This crosshead speed generally led to a total elapsed testing thdenifi2tes for the
specimens considered in this study. An MTS QTest/25 electromechanical load frame was used
to carry out the tests.6 specinens were successfully tested for the virgin group, a8d

specimens were successfully tested for the PopTube Apptasthd group.

2.2.2.2 Measurement of Strains

In lieu of traditional strain gages, a digital image correlation (DIC) system was used to
measue displacements (from which strains were ultimately calculated) across the entire gage
section of the composite specimens. To accommodate the DIC system, composite specimens
were painted with a black and white speckle pattern. Following calibratidre afystem, two
high-speed cameras were used to capture images at 1 second intervals throughout the course of
the tests. Figure2-1 shows a typicaspeckle patterapplied to composite tensile specimens to

enable DIC deformatiotracking The DIC test setup can be seerfrigure2-2.
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Figure2-1. Speckle pattern for DIC on composite tensile specimen.
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Figure2-2. Digital image correlation (DIC) setup for wamkial composite tensile tests.
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DIC analysis softwaré VIC-3D (Correlated Solutiong) was then used to reduce the data
and calculate the desired strain values. Finahg, strain record from the DIC system was
matched to the loadisplacement record from the load frame software. It should be noted that
prior to the uniaxial composite tensile tests performed in this study, the accuracy of the DIC

system was verified bysing traditional strain gages on identical composite test specimens.

2.3 Results and Discussion
2.3.1 Single Fiber Tensile Testing

Using the relationships iggs.(2-4), (2-5), and (2-6), Weibull plots can be generated for
both of the test groups considered in this study, and arerséegure2-3. The lefthand side of
Eq. (2-5) is plotted on the yaxis, and the natural logarithm of the experimentdétermined

fiber strength data is plotted on thexis.
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Figure2-3. Weibull plots for single fibetensile test groups.
The leastsquares regression method was used to generate a line of best fit for the data

from which the characteristic strength,, and Weibull modulusé , can be determined. The

Weibull modulus is simply the slope of thiedar trendline, and the characteristic strength is

calculated from the-jntercept,a as follows:

, Aob— (2-7)
(o
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Table2-2. Single fiber tensd test results.

Weibull Parameters Axial
Characteristic Young
Weibull strengthlly,  Strainto-Failure  Modulus
Test Group modulus,m (MPa) (mm/mm) (GPa)
Virgin c
(without CNTs) 8.65 3725 .01957 £ .0025¢€ 226.7 £ 11.3
PopTube Approach
(with CNTs) 4.34 3301 .01728 £ .0042€ 218.2 £ 14.2
Relative Difference -49.8% -11.4% -11.7% -3.76%
p-value NA NA 0.147 .704

Results from the single fiber testing carried out in this study are reporfeabla 2-2.
Values shown inrable 2-2 for virgin AS4 carbon fibers compare well to values available from
the manufacturer (Hexcel) and in the literature. Each of the four metrics repofatlaR-2
showed declines in the PopTube Approaeated fibers. Beyond the straightforward
observationd including declines on the order of 10% in characteristic strength and-tgtrain
failure along with a smal.l decl i nereatedgrodm ungos
T further insight can belganed from the Weibull parameters presented here. With respect to
Weibull modulus, the PopTube Approatrtkated fibers exhibited a 50% reduction as compared
to the virgin fibers. Since Weibull modulus is a representation of the distribution of flaks wi
the fibers, it can be concluded that the CNT growth process led to an increase in the number of
flaws present in the carbon fibers. The characteristic strength, which is representative of the size
of flaws within the fibers, was also reduced by ti¢TQyrowth process indicating that the size

of the flaws in the PopTube Approatileated fibers increased as well.

Considering the nature of CNT growth methods in general, it is perhaps no surprise that

the carbon fibers in this study have been damagsdrme degree. Commonly used methods for
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the production of CNeinforced carbon fibers such as the CVD methoid often lead to

reductions in single fiber tensile strend81i 53], which have been reported to be as high as

55%. As pointed outy Li et al.[54], this degradation has beerrisited to a number of factors

related to the CVD method, including fiber surface damage (due to surface modification
techniques used to enhance catalyst adhesion as well as the use of common metal catalysts)
[51,52] and bulk fiber damage (due to CVD processing in general, seen even when fiber surface
damage is largely avoided®3]. Considering the declines in fiber tensile strength and fiber
strainto-failure, along with the fact that the PopTube Approach alsd@m®m@ metal catalyst,

fiber surfae damage is likely the primapause of the degradation observed in this study. Bulk
fiber damage may be responsible for the sligl

intrinsic material property and shouldtrie affected by fiber surface damage alone.

2.3.2 Uni-axial Composite Tensile Testing

In uniraxial composite tensile testing, particular attention must be paid to 1veae
failure modes, since the thin laminate composites considered are especiallytilsescep
bending and torsional stresses (as a result of specimen and/or grip misalignment), as well as
stress concentrations at the grips. As long as failure occurs at a single location in the gage
section (at least one specimen width away from eithgy/tgh location), it is reasonable to
assume that the failure can be attributed to the appliedxigli tensile stress. As such, the
failure mode for each specimen was recorded at the end of each test per ASTM D3039. For the
virgin (without CNTs) groupnone of thespecimens tested failed in an abnormal manner. For
the PopTube Approaetneaed (with CNTs) group, one apecimengestedfailed at the lower
grip; its data points are not included in the reported results. All other specimens in this group

failed in an acceptable manner.
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In this test procedure, calculations for strength and stodfiailure are straightforward.
For the determination of the modulus of elasticity, ASTM D3039 recommends the tensile chord
modulus method. Using this approatiiie modulus of elasticity is calculated as the strdigbt
slope of the stresst r ai n curve between 1000 U (0.001
absolute strain). Poi ssonb6s ratio was al so c

range as the modulus of elasticity calculations. Results froraxial composite tensile testing

are shown imable2-3.

Table2-3. Uni-axial composite tensile test results.

Strength Strainto-Failure  Tensile Chord
Test Goup (MPa) (mm/mm) Modulus (GPa) Poi s s on

Without CNTs 778.0 +15.9 .01193 +£.000197 63.46+2.20 .0627 +.021

With CNTs 592.4+69.3 .00969 +£.00128 59.89+2.94  .0599 + .016

Relative Difference -23.9% -18.8% -5.63% -4.45%

p-value .000 .068 .023 .790

The PopTube Approach CNT synthesis process led to sizable declines with respect to
uni-axial tensile strength2B.9%) and strairto-failure (18.8%6). Small, but not insignificant,
declines were alsomease d wi th respect to tensile chord |
(4.45%) in the PopTube Approatfeated group. These declines can be attributed to several
different contributing factors: fiber damage from the CNT growth pro@esejuction in fiber
volume fraction due the presence of CNTs on the fibersaghdnge in tensile failure mode due

to the presence of CNTs on the fibers.
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2.3.2.1 Fiber Damage from CNT Growth

Perhaps the most obvious contributing factor is the damage imparted to the fibers during
the PopTube Approach CNT growth process. As shown by single fiber tensile testing, fiber
strength and fiber straito-failure are reduced on the order of 10% as a result of this fiber
damage. However, the nature of the woven composites considered ontpestge tensile test
may serve to exacerbate the effects of the fiber damage observed in the single fiber tensile test.
The single fiber test considers individual carbon fibers at short gage lengths, which serves to
yield relati vel tiesoftpedibees thentiselviesasi compargu todhp eomposite
tensile test which considers those same fibers (at much longer length scales, which gives way to
higher probabilities of failure given the statistical nature of fiber strength) woven into a fabri
and implemented in an epoxy matrix composite. Woven fabrics necessitate fiber crimp, which is
known to lead to reductions in the mechanical properties of woven fabric composites as
compared to unidirectional compositfsb]. The woven fiber architecture gives rise do
difference in effective loading on the fibers between the single fiber tensile test and the
composite tensile test. In the single fiber test, the appliegvual tensile load is able to
translate directly to the individual fibers of interest, andwash, the fibers are effectively loaded
in uni-axial tension. However, in the composite tensile test, the appliedxiatitensile load
does not necessarily manifest itself as such in the individual fibers. As the composite is loaded
in tension, the undating fibers tend to straighten d&5]. This action causes longitudinal and
transverse fiber tows to pull closer into contact with each other as the load increases, giving rise
to shearing stresses (along the tow boundaries) andf-q@léine stresses in the compesit
crossover points in the weave. Therefore, the actual loading on the fibers in the composite

tensile test considered here is not pureaxial tension, but rather a combined loading. Weibull
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analysis of the single fiber test data suggested thattbetkize and the number of flaws in the
fibers were increased as a result of the CNT growth process. It is plausible, then, that the nature
of the woven composite tensile test serves to magnify the detrimental effects of the CNT growth
process leadingto further declines in composite tensile properties as compared to the declines

in single fiber tensile properties.

2.3.2.2 Reduction in Fiber Volume Fraction

Since composite tensile strength showed a decline of n@&fly in the PopTube
Approachtreated group,t is unlikely that fiber damage alone is responsible this sizable
reduction (the same reasoning applies with regard to composite strain to failure). A second
contributing factor is likely the reduction in fiber volume fraction caused by the presence of
CNTs on the surface of the fibers in the PopTube Approach test group. As previously shown in
Table 2-1, fiber volume fraction is approximately 3% lower in the PopTube Approach (with
CNTs) composites than in the virgin (without C&yTcomposites. Without additional data to
establish a quantitative relationship between fiber volume fraction arakiahitensile strength
of the woven composites considered in this study, the exact effect of the 3% reduction in fiber
volume fraction masured here cannot be deduced. However, micromechanics suggests that this
reduction in fiber volume fraction due to the presence of CNTs on the fibers would have a

detrimental effect on the tensile strength of the PopTube Approach (with CNTs) composites.

2.3.2.3 Change in Tensile Failure Mode

In an effort to understand how the woven composites failed as a result of the applied uni
axial tensile loading and determine whether any changes in failure mode occurred as a result of

CNT reinforcement, scanning electranicroscopy (SEM) was employed to image fracture
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surfaces from both the virgin (without CNTs) and PopTube Approach (with CNTSs) test groups.
In their comprehensive study on the relationship betweenifia¢nx adhesion and composite
mechanical propertiesPrzal and Madhukar[56] establisked in detail how composite
fracture/failure processes in tension vary with interfacial shear strength (IFSS). In their study,
fiber surface chemistry was manipulated to produce three different degrees eahdiioer
adhesion. Single fiber fragmentatitesting was used to quantify the differing levels of IFSS,

and then a series of composite mechanical tests were carried out in order to relate IFSS to global
mechanical composite properties. In one component of the study, unidire&®hatarbon
fiber/egpoxy composites were loaded to failure in longitudinal tension and the resulting fracture
surfaces were examined \8aanning electron microscop$EM). For convenience, a summary

of Drzal and MadhukRguré2s&. wor k i s presented in
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Figure 2-4. Summary of the relationship between interfacial shear strength (IFSS) and fracture/failure of carbc
composites in tension. Summarized fré].
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In the present study, fracture surface imaging was focused in the longitudinal fiber
regions of the woven comptss. In each of the images presented in this section, the tensile
loading direction corresponds to the vertical direction. Fracture surface images from the virgin

(without CNTSs) group are shown kigure2-5.
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WD 63mm  100um

SEI 5.0kV 55 WD 7.8mm 10um
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(d)

Figure2-5. Fracture surfaces of virgin (without CNTs) carbon/epoxy composites followiraxialitensile testing.
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From the images shown iRigure 2-5, several obervations can be made. In terms of
failure mode on the fiber scale, the predominant mechanism appears to bediberr
debonding along with some degree of matrix failure. Exposed fiber surfaces are largely clean
and devoid of matrix material, but inree locations, matrix fragments remain on the fibers.
Away from the exposed fiber surfaces, the fibers are still held together by the matrix material.
Perhaps the most telling characteristic in these images is the varying nature of the fracture
surface iself. As transverse cracking moved across the composite, it was not allowed to simply
cut perpendicularly across the longitudinal fibers in a clean manner. The crack path moved
parallel to the longitudinal fibers in a number of locations, indicatingttieatdegree of fiber
matrix adhesion allowed some debonding to occur between the fibers and the matrix. As
described by Drzal and Madhukfs6], this mechanism would have effectively served as a
Acrack arrestero, and provided for -strdssd r el
neighboring regions. As a result, stresses in the composite were allowed to redistribute as the

material was loaded in tension. This more uniform distribution of stresses prevented the

€

speci mens from becoming vi ct icriically stiessed hegions) i we a

and failing sooner than they otherwise would. In referendédore 2-4, these characteristics
are | ikely indicat i v e-mairixadhesidghrarddHSS. nFéactuleesgriace e

images fom the PopTube Approach (with CNTs) group can be seEgime2-6.
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Figure2-6. Fracture surfaces of PopTube Approagated (withCNTS) carbon/epoxy composites following uni

axial tensile testing.
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In the PopTube Approach (with CNTs) group, fimeatrix debonding and some degree
of matrix failure appear to be the two principal modes of failure. Many exposed fiber surfaces
are clan, but matrix fragments remain on the fibers in some locations. Similar to the virgin
(without CNTs) group, the most telling characteristics of the PopTube Approach (with CNTSs)
group lie in the nature of the fracture surface itself. Transverse cragierpendicularly across
the longitudinal fibers, leaving behind a relatively flat and clean fracture surface. This indicates
that little to no cracking parallel to thengitudinalfibers was allowed to occur, which suggests
that the integrity of the fir-matrix interface did not readily allow for fib@enatrix debonding to
occur . As such, t he @ cr ac k -matrixrdebsndingnwg@notme ¢ h a
operative. In this situation, no means of stress relief is readily available for criscabged
regions, which leads taless uniform distribution of stress across the composite and local high
stress fAhot spotso. Any strength gains provi
presence of CNTs on the fibers) are negated by thearsre d Anotch sensit.i
compositeg56]. In reference téigure2-4, these characteristics are likely indicative of a degree

of fiber-mat ri x adhesion and | FSS t hat i s above nAme

Along with the damage to the fibers and the reductiofiiber volume fraction, the
difference in fracture/failure modes due to the presence of CNTs on the fibers likely contribute to

the declines in composite tensile properties reported in this study.
2.4 Conclusions

This study characterizes the perfemee of PopTube Approach CN&inforced carbon
fibers and their associated woven carbon fiber/epoxy composites with respect to tensile loading
and failure. The tensile properties of both single fibers and woven composites reinforced with
CNTs via the Popilibe Approach are shown to be reduced, with the more significant reductions
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occurring in the woven composites.  Characteristic strength and-&tfaiture of CNT-
reinforced single fibers is on the order of 10%, which is represents a relatively smatitaosho
degradation compared to other existing CNT synthesis/reinforcement schemes. On the other
hand, the sizable reductions in composite tensile strengi®42 and composite straiio-failure

(18.8%0) are concerning. Several contributing factors teehéeclines in the CNieinforced
composites are identified and studied, including damage to the fibers as a result of CNT growth,
a reduction in fiber volume fraction due to the reduced capacity for consolidation in the presence
of CNT-coated fibers, and shift in fracture/failure mode due to the presence of CNTs on the
fibers. Systematic studies on each of these three contributing factors would be required in order
to quantify the individualindependeneffects of each, but evidence presented here Sslnmw

the three factors related to CNT reinforcement contribute to declines in woven composite tensile

properties.

Several significant concerns with regard to the ultimate use and adoption of CNT
reinforced composites are highlighted in this study. #&®rhthe most challenging of these
concerns is the issue of the relationship between-fitadrix adhesion and composite tensile
properties. CNTs are principally employed in composites to improve the integrity of the fiber
matrix interface, but if the dege of fibermatrix adhesion is too large, there could be a shift in
failure mode within the composite under tensile loading, effectively removing the ability for the
composite system to redistribute stresses and relieve critically stressed regions tlitiscan
cause reductions in tensile strength and stiaiiailure in the CNTFreinforced composites. This
tradeoff must then be carefully considered in the design of CNT reinforcement schemes in order
to ensure that drastic improvements in delamomatesistance do not come at an unacceptable

expense to Hplane tensile performance.
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3 1Z0D IMPACT

3.1 Overview

As shown in ChapteR, the PopTube Approach treatment method induces damage in
carbon fibers. As sughhe objective of this study is to examine the effect(s) of the RmpTu
Approach on anotheaxial property of composites: lespeed Izod impact resistance. To this
end, CNFreinforced woven carbon fiber (produced via the PopTube Approach) is used to
manufcture laminate composites. Two composites processing techniques/material systems are
considered: wet layup vacuum bagging (with a room temperatuee epoxy resin) and
prepregging/press curing (with an elevatechperature cure polybenzoxazine (PBO)med he
composites produced herein are tested fordpeed impact resistance using the 1zod impact test.

For each processing technique/material system, an untreated group (without CNTs) was tested
along with a treated group (with CNTs). Scanning ebecticroscopy (SEM) was then used to
characterize the fracture processes in the woven composites. Ashisi@xperimental study
servesnot onlyto provide insight into the low speed impact resistance and associated fracture
processes in CNfeinforced composite materials via the PopTube Approach, but also to
determine the viability of two commonly used processing techniques with respect to this novel

CNT synthesis/implementation method.
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3.2 Experimental
3.2.1 Specimen Bbrication

To characterize the effects BopTube Approachreated carbon fiber fabrics on the low
speed impact resistance of laminate composites, four groups were considered, and are outlined in

Table3-1.

Table3-1. Low-speed impact test groups.

Test Reinforcing Layup Cure
Group  Matrix Material Material CNTs Method Method
. EPON 826/ aggva;ec’;:‘t’)"(')"n \o  Wet  Vacuum
EPIKURE 3230 fiber layup bagged
, EPON 826/ aggva;ec’;:‘t’)"(')"n ves  Wet  Vacuum
EPIKURE 3230 fiber layup bagged
Applied Sigmatex twill
. Press
3 polybenzoxazine  weave carbon  No Prepreg cured
(PBO) fiber
Applied Sigmatex twill
. Press
4 polybenzoxazine  weave carbon Yes  Prepreg cured
(PBO) fiber

Twill weave carbon fiber (manufacturer: Sigmatexas used for each of the 4 test
groups. For each material system/processing technique used, both a virgin (untreated, as
received carbon fiber) group and a PopTube Appraeated group were considered. Groups 1
and 2 were comprised of EPON 826 epoagim and EPIKURE 3230 hardener. EPON 826 is a
low viscosity bisphenol A based epoxy resin, and EPIKURE 3230 is an unmodifiedty230
polyoxypropylenediamine. These groups were processed using wet layup followed by vacuum
bagging. The composite panelsre allowed to cure for 7 days at room temperature. Groups 3

and 4 were comprised of applied polybenzoxazine resin. This resin, which exists as a solid at
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low temperatures, was dissolved in acetone and the solution was well mixed. The
polybenzoxazinecetone solution was then applied to dry carbon fiber plies and left overnight to
allow the acetone to evaporate. Next, the prepregged plies were laid up by hand and vacuum
bagged. The laminate composites were press cured at 107°C and 145 kPa forahdtues

at 177°C and 840 kPa for 3 hours.

Optical microscopy was used to assess the quality of the laminates produced in this study.
Figure 3-1 shows a representative qualitative comparison between a vacuggeddaminate
and a pressured laminate. As expected, the pressed laminate contains fewer voids and

shows generally enhanced consolidation throughout.

(b)

Figure3-1. Izod impact specimenigroscopy:(a) Vacuum bagged laminate and (
Press cured laminate.

Table3-2. Fiber volume fraction date
for 1zod impact testing.

Layup Method vt (%)
Vacuum bagged 49.4+2.6
Press cured 58.6x1.4

Opticd micrographs, along with image analysis software (ImageJ), were used to calculate

an estimate for fiber volume fraction in the laminates using the areal image analysis method.
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Closeup images of fibers embedded in the matrix were converted to binaresmag an
automated threshold routine. A bttt algorithm was then used to count the number of black
and white pixels within the area of interest. Using this information, the volume fractions were
calculated based on the number of pixels of each coestimaterial relative to the total number

of pixels in the region of interest (this approach yields volume fraction values since the area
associated with each pixel is the same). The results of this analysis are shbaieiB-2.
Although this technique has its drawbacks (selection of fiber/matrix regions can be subjective,
specimen preparation can influence results, high number of constituent images needed for
statistical significance, etc.), it offers a ggtaforward route to the determination of fiber volume

fraction and its use has begocumented in previous studi@si 50].

Upon curing, standard Izod impact test specimensn(80x 10 mm were cut from the
composite panelsA 2 mm notch was then cut into each of the specimens according the notching
guidelines set forth in the test standard, ISO [B3). Figure3-2(a) shows a schematic of the

Izod impact test specimen usedhis study.
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Figure3-2. Low-speed impact testing: (a) I1zod impact test specimen schemati
(b) Galdabini Impact 25 testing machine.
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3.2.2 Izod Impact Esting

The Izod impact testsave performed at the NASA Glenn Research Center in Cleveland,
Ohio in accordance with ISO 1887]. The specimens were tested for low speed impact
resistance using a Galdabini Impact 25 test machine. After calibration, each of the 4 groups was
tested. 5 specimens per group were considered, and each specimen was impacted edgewise.

Figure3-2(b) shows the impact test machine used.

3.2.3 Fracture Surface l@aracterization

After specimens were tested for Izod imipeasistance, the resulting fracture surfaces were
examined using scanning electron microscopy (SEM). Fractured specimens from each group
were imaged in order to better understand the general fracture/failure processes as well as the
effects (if any) of he CNTreinforcement scheme used in this study on the fracture/failure
processes in woven composites subjected to Izod impact. A JEOL 7000 FE SEM was used to

complete this portion of the study.

3.3 Results and Discussion
3.3.1 Izod Impact Bsting

As seen inTable 3-3, results vary across test groups with regard to lzod impact
resistance. Since two different matrix materials were usgzbxy in groups 1 and 2 and applied
PBO in groups 3 and 4 comparisons between the two virgin groupsl dhe two CNT
reinforced groups are not meaningful for the purposes of this study. However, useful
comparisons can be made concerning the relative effects of CNTs in both of the material systems
considered. In groups 1 and 2 (epoxy/wet layup/vacuumeagthe CN¥reinforced group

exhibited a markedly lower-15.9%) mean lzod impact resistance. In groups 3 and 4
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(PBO/prepreg/press cured), the CGheinforced group exhibited a slight improvement (or

conservatively, no change) in mean Izod impact resistamer the virgin group.

Table3-3. Izod impact test results.

Test Group Izod Impact Strength (kJfn
Without CNTs 52.2 + 4.66
Vacuum Bagged
With CNTs 43.9 + 4.06
Relative Difference -15.9%
p-value .037
Without CNTs 50.0 + 3.35
Press Cured
With CNTs 521 +7.12
Relative Difference +4.17%
p-value 576

The relative difference in results between the epoxy/wet layup/vacuum bagged groups
and the PBO/prepreg/press cured groups can be accounteatmgtthine difference in specimen
quality between the two groups. This concept is supported by the micrographs Beguren
3-1, which qualitatively show the enhanced consolidation and reduced void content bifered
press curing. Furthermor&able3-2 quantitatively show a significant improvement (+9@ in
fiber volume fraction in the pressired laminates. These observations suggest that the enhanced
consolidation dered by the press curing process has a significant effect on the effectiveness of
the CNT-enhanced fabric in reinforcing laminate composites. Since the presence of CNTs on the
surface of reinforcing fabrics likely reduces the capacity for the compodite tonsolidated in
curing, it would followi as the results presented in this study suggésat vacuum bag curing
is not an ideal processing technique for this @iihforcing scheme. Additional pressure, such

as that offered by press curing (or at@ively, autoclave curing), could overcome much of the
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matrix materia/lCNfe nhanced fabricso resistance 1I1to C

thereby taking full advantage of the enhancements offered by CNTs.

3.3.2 Fracture Surface l@&aracterization

Izod impat fracture surfaces were analyzed using SEM in order to establish the general
fracture processes inherent to woven carbon fiber composites and to investigate whether the
CNT-reinforcement scheme had any effect on the fracture/failure processes of thasitesnp

considered in this study.

Figure 3-3 shows an overview of a typical fracture surface in a woven carbon fiber
composite following failure via lIzod impact. This composite image, which is characteristic of
each of the specimer(gcross all four groupsgnalyzed in this study, shows three key fracture

zones across the width of the specimaach of which will be detailed in this section.

Figure3-3. Overviewof typical fracture surface following failure via l1zod impact.

3.3.2.1 Tensile FactureZone

Beginning from the side with the machined notch (the #igiitd side of the image in
Figure 3-3), where failure initiated, thérst distinct zonei the tensile failure zoné can be
observed. This zone is characterized by tensile failure in the longitudinal direction (transverse to

the impact loading direction), with predominant fiber fracture and fiberquill Figure 3-4
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presents a more detailed view of the tensile failure zdfigure 3-4(a) shows the overarching
trend of fiber pullout, with fibers most commonly pulling out in bundles. Figure 3-4(b), the
fracture surfaces of individual fibers show evidence of fiber fracture at a fault, which is typical
with fiber pullout [58]. This indicates that the fibers first ruptured in tension at a fault along

their length, then pulled owf the surrounding matrix material.

UofAL SEI 10.0kV X2,500 WD 9.9mm 10pm

(b)
Figure3-4. Tensile failure zone at notch tip: (a) Overview of fibrous tensile fracture zone
(b) Closeup view showing fracture surfaces on indivitfilaers.

X50 WD 21.5mm 100um

It should be noted that no evidence of directly attributable fiber failures (DAFF) could be
found in this region. First developed by Pursi®8], DAFF is a concept related to the axial
tensile failure of | ami nat es, i n which the r&
the fiber fracture surfaces can be used to track the path of fracture across the failure area. Where
DAFF is present, it is possible to use the radials to trace the direction(s) of fracture propagation
through a bundle of fibers, by attributing the failafefiber C to the failure of fiber B, and the
failure of fiber B to the failure of fiber A, for example. Based on several examples of DAFF
available in the literaturg8i 60], the Izod impact fracture surfaces examined did not exhibit

such failure patterns in this fracture zone.
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3.3.2.2 TransitionFractureZone

Moving away from the tensile fracture zone toward the middle portion of the specimen,
the primary failure modebserved in the longitudinal fibers shifts from pure tensile failure to
some combination of tensile and compressive failufégure 3-5 shows this failure zone in
detail. Figure3-5(a) shows the overall nature of the fracture surface in this region. The fracture
surfaces seen in this zone are more clean and continuous than those seen in the tensile fracture
zone, which were largely dominated by fiber rupture and fibdrquul Figure 3-5(b) shows
evidence of fiber microbucklinp8,60], where the individual fibers have failed in a combination
of both tension and compression. This mode of failure can be indicative of either flexural failure
or compressive failure, but the surrounding matrix materiavhich appearsat have been
deformed via tensioi suggests that this zone experienced some degree of tension (which is
indicative of flexural failure rather pure compressive failure). Additionally, there were no fiber
bundlescale buckling bands observed in this regamd the majority of the longitudinal fiber
fracture surfaces were relatively flat across the zone. WHigare 3-5(b) does not present
compelling evidence for DAFF in this region, there are some indicatiomsa@firal s on t he
fracture surfaces (on the tension side of the neutral axis). This would suggest that transverse
cracks caused by tensile opening forces could have moved across this zone, ultimately causing
fiber failure via flexure. It should aldwe noted that abraded surfaces, such as those caused by
postfailure surface contact in compression failures, were not observed in this zgwimng

further credence to the idea of flexural failure in this region.
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10.0kV X2,700 WD 9.8mm 10um

(b)

Figure3-5. Transition zone near the middle portion of composite specimen: (a) Overviey
transition zone, (b) Fiber microbuckling with evidence of tensile failure in the surroundin
matrix material.

3.3.2.3 Compressive Fcture Zone

At the far end of the 1zod impact specimen (furthest from the machined notch), the third
distinct zonel the compressive failure zoriecan be seenFigure 3-6 shows the micrecale
fracture processes in this region Figure 3-6(a-b) shows an example of axial compression
failure, where the roughened failure plane shown is indicative of axial compression [&lure
In this instance, the compression fracture surface has been abraded by-thdupeshovement
of oncemated surfaces. The destructive nature of this-fadlste movement is further
illustrated by the chaotic array of fragmented fibers left behind in the fractureFigesie 3-6(c-

d) also shows aaxial compression failure site, but in this case, there has been nfaipost
abrasion of the fracture surface. As such, the compression failure of individual fibers can be
clearly seen. The individual fibers have failed in a combination of compmneasi® tension,
which is characteristic of fiber microbucklif§8,60] Note the differeces between the fracture

surface seen ikigure3-6(d) and the fracture surface seerfrigure3-5(b). InFigure3-6(d), the
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area surrounding the fractured fibers consist of crushed matrix and fiber particles, which
represent the remnants of compressive failure in the composite. As previously mentioned, the
areas surrounding the fractured fibersHigure 3-5(b) consist of matrix material which has
undergone tensile deformation. While both fracture zones show evidence of fiber microbuckling,

the underlying causes of this mode of failure are shown to be different.
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X900 WD 9.6mm 10um SEI 10.0kV X1500 WD9.7mm 10um

100kY  X6,000 WD9.6mm 1um

UofAL SEI 2.0kV X1,400 WD 17.0mm 10um UofAL

Figure3-6. Compressive failure zone at opposite end from notch tip: (a) Site of axial compression failure, showing a
microbuckling band and abraded fracture surface caused bfagast movement; (b loseup view of microbuckling band;
(c) Additional site of axial compression failure, showing evidence of microbuckling in individual fibers but no signs of
failure contact abrasion; and (d) Microbuckling in individual fibers, clearly showing thbination of compressive and

tensile failure demarcated by a neutral axis.
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3.3.2.4 Effects of CNTs on Izod impact fracture processes

Based on the SEM analysis conducted in this study, no significant differences could be
discerned with regard to fracture processe virgin and CNTreinforced composites. The
fracture surface characterization completed in this study suggests that Izod impact strength in
composites is primarily a function of the axial properties (axial tensile strength and axial
compressive strengt of the reinforcing fibers. This would suggest that the major benefits
offered by CNTS including enhanced fiber/matrix adhesion and interlaminar shear striength

are not utilized in a significant manner in an Izod impact loading event.

3.4 Conclusions

This study characterizeshe performance of CNTfeinforced woven composites with
respect to 1zod impact loading and failure. Through a series of Izod impact tests, it is shown that
(1) Simplified composite processing/manufacturing techniques, such as wg/viguum
bagging, are not ideal for use with the novel CNT reinforcement technique (the PopTube
Approach) considered in this study; and (2) The PopTube Approach CNT reinforcement scheme
does not offer drastic improvements in terms of Izod impact strengéoven composites.
Through a comprehensive analysis of Izod impact fracture surfaces, general fracture processes
are identified and described for woven composites. Three distinct zones are detailed in this
analysis, including the tensile fracture zqmearest the machined notch tip; characterized by
fiber rupture and fiber pulbut), the transition fracture zone (near the middle of the composite
specimen; characterized by a combination of tensile and compressive failure in fibers), and the
compressivefracture zone (furthest from machined notch tip; characterized by compression
failure of fibers/fiber bundles). From this fracture surface analysis, it is concluded that the nature
of the loading in an Izod impact event is such that the potential enhantseaifered by CNTs
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are not harnessed in a significant way in this particular type of loading event. It is also observed
that any damage induced in the fibers by the CNT reinforcement scheme considered herein does

not adversely affect the Izod impaesistance of woven composites.
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4 MODE | FRACTURE

4.1 Overview

In this chapter, PopTube Approatreated woven carbon fiber/epoxy composites are
characterized with respect to Mode | fracture. ASTM D58 was used to determine the
Mode | fracture toughness for both virgin composites (without CNTs) and PopTube Approach
treated composites (with CNTs). Scanning electron microscopy (SEM) was then used to clarify
the experimental results and further understamdftacture processes in the virgin and GNT
reinforced laminate composites. Together, these quantitative and qualitative characterization
methods are used to develop an understanding of the behavior efe@drced woven carbon

fiber/epoxy composites ebled by the PopTube Approach with respect to Mode | fracture.

4.2 Experimental
4.2.1 Mode | Fracture Toughnes®3ts

The double cantilever beam (DCB) test was employed to determine the Mode | fracture
toughness of carbon/epoxy composites enhanced by the PopTulmaé&ppASTM D552861]
was used as a guide for this testimigitially, DCB specimens with a 50 mm precrack were used;
however, this led to excessive specimen arm deflection (and ultimately, speaimdailure)
before the crack was able to propagate more thhd im. Upon recommendatiohby the test
standard[61], the precrack length was shortendd 25 mm to alleviate these complications.
With regard to fabric selection, the PopTuleproach has been successfully implemented and

subsequently refined usirvgoven carbon fiber fabric; therefore, this same enatl was used in
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this study. For comparison, both virgin (asceived carbon fiber) and PopTube Appreach
treated (CN¥reinforcedcarbon fiber) groups were testedror the matrix material, EPON 826
epoxy resin and EPIKURE 3230 hardener were used (manufacturer: Momentive Chemical).
EPON 826 is a low viscosity bisphenol A based epoxy resin, and EPIKURE 3230 is an
unmodified D236type polyoxypropylenediamine. Composite panels were laid up by hand,
vacuum bagged, and cured in a-ptatten press. Figure4-1 illustrates the composite fabrication

method used.
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Figure4-1. Composite fabrication method for DCB test.
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The panels were 14 |l ayers thick (a2.4 mm)
characterize the relative effects of CNTs grown on the fabric surface using the PopTube
Approach, CNTreinforcedtwill weave fabricplies were placed on either side of the midplane
(layers 7 and 8). In order to conserve the number of PopTube Apgreatddplies, stock(as
received)woven plies were used to comprise the remainder of the laminateting that the
interlaminar fracture location of interest is along the midplane of the laminate. This technique
was previously used by Wicks et 82]. This approach is further reinforced by observing that
ASTM D5528 directs the user to discard any test data gldammda DCB specimen where the
crack deviates from the midpland=xcept for the presence of CN&inforced plies on either
side of the midplane, composite configuration was held constant between the virgin and PopTube
Approachtreated groups During layy , a t hin -gtigk5filmdwase ptaged at tha
midplane of the laminates (between layers 7 and 8) so as to create a 25 mm precrack. Upon
curing, samples were taken from each panel and examined using optical microscopy to confirm a
sufficient fiber wlume fraction and minimal void content were achieved. Additionally, the
panels were examined using infrared thermography (IRT) to ensure the quality of the cured
composies. Figure 4-2 shows typical images obted using optical microscopy an&T.
Figure4-2(c.) and (d.) illustrate the presence of the 1stiok film at the midplane, where the
lighter area represents the fully bonded region of the composite and the al@&eepresents

the precracked region.
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(©) (d)
Figure4-2. Optical micrography and infrared thermography for DCB composite pahgiscal optical micrographs of
composite manufactad with (a.) Virgin carbon fiber and (b.) PopTube Appreaehated carbon fiber; Typical infrared
thermographic images of composite panel manufactured with (c.) Virgin carbon fiber and (d.) PopTube Apgeaitetticarbon
fiber, whee the norstick insertsare represented by the darkened areas.
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25 mm x 125 mm specimens were then cut from the composite panels using a diamond
tipped wet saw. To accommodate the Mode | loading necessary for the DCB test, piano hinges
were bonded onto either side of the casipe specimens using Loctite EA 9394 epoxy adhesive.

An optical microscope was used to precisely locate the tip of the precrack. This location was
mar ked, and the specimensd6 edges were then coc
Visualmak s wer e made at 1 mm and 5 mm increments
the location of the crack tip during testing. The specimens were then tested using an MTS
Alliance RT/50 load frame equipped with a 50 kN load cell and standard mechandge we

grips. Specimens were loaded in tension at a rate of 2.54 mm/min, while load and crosshead
displacement were recorded on the accompanying testing software. Crack growth was recorded
using a digital microscope and accompanying softwaiggire4-3 shows a schematic of the test
specimen used in this study. The crack was allowed to gre®04smm, which typically

occurred within 1415 minutes. 8 specimens were successfully tested for the virgin (without
CNTs) group and 9 specans were successfully tested for the PopTube Apprtvaaked (with

CNTSs) group.
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Figure4-3. Double cantilever beam (DCB) test specimen schematic.

4.3 Results and Discussion
4.3.1 Mode | Fracture Toughnes®3s

ASTM D5528 offers several data reduction methods for calculating Mode | fracture
toughness values. As recommended by the standard, the Modified Beam Theory (MBT) method
[63] T which is the most conservative of the schemes offéraths used in this study. For
comparison, the Modified Compliaa Calibration (MCC) methofb4] was also used. Both the
MBT and MCC reduction schemes offer multiple fracture toughness values for a given

specimen, including values at the initiation of the crack (from the precrack) and throughout the
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propagation of the crackAs prescribed by ASTM D5528, the fracture toughnedses reported

are taken from: the point of deviation from linearity in the load vs. displacement curve (NL), the
point at which delamination is visible on the edge (VIS), and the point at which coogphas
increased by 5% or the load has reached a maximum value (5%/Max). Average values
representing the steady state propagation facture toughness values (SS) were alsbataken.

4-1 summarizes the resultomm this testing program.

Table4-1: Double cantilever beam (DCB) test results.

Mean Mode | Fracture Toughness, &J/nf)

Test Group NL VIS 5%/Max SS
Without CNTs 0.21+.03 0.35.11 0.66+.08 0.97%.06
With CNTs 0.29+.12 0.53+.19 0.62+.13 0.90t.11
Modified -
Relative
Beam Theory Difference +38% +51% -6.1% -7.2%
p-value .083 .041 457 .164
Without CNTs 0.21+.03 0.35.10 0.66+.10 0.98+.07
With CNTs 0.29+.11 0.52+.19 0.63+.13 0.91+.12
Modified
Compliance Relative 0 0 4 Eo 210
Calibration Difference +38% +49% 4.5% 7.1%
p-value .059 .044 .530 195

The PopTube Approaeteated (with CNTSs) test group showed marked improvements in
Mode | fracture toughness upon crack initiation. With regard to the NL métapTube
Approachtreated composites exhibited a 38% increase in fracture toughness according to both
the MBT and MCC methods. W.ith regard to the VIS metric, PopTube Apptosated

composites exhibited a 51% increase in fracture toughness according to ThendllBod and a
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49% increase according to the MCC method. This trend is reflectBdyume 4-4(a), which
shows mean fracture toughness values in the crack initiation zone (defined herénnas O

crack growth).

However, beynd the crack initiation zone, the PopTube Appretxeated (with CNTS)
test group showed small declines in Mode | fracture toughness. According to the 5%/Max
metric, PopTube Approadineated composites showed decreases of 6.1% and 4.5% according to
the MBT method and MCC method, respectively. Additionally, decreases were seen in PopTube
Approachtreated composites with regard to steady state fracture toughness ivallz®% as
determined by the MBT method and 7.1% as determined by the MCC method. eftisdn be
seen inFigure 4-4(b), which shows mean fracture toughness values in the crack propagation
zone (defined herein as-3% mm crack growth). Please note that this region corresponds to the

zone where fraare toughness values reached approximately steady state.
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Figure4-4. Mean Moe | fracture toughness valuga) in thecrack initiation zone (& mm
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The reason(s) for this disparity in the experimental result® dissimilar trends observed
in the crack initiation zone and the crack propagation Zoreere not immediately clear;
therefore, a fractography study svandertaken to clarify the experimental results and further

understand the underlying fracture processes in the woven composites of interest.

4.3.2 Fractography

Scanning electron microscopy (SEM) was used to examine the fractography of virgin and
PopTube Apprachtreated DCB test specimens. In order to clarify and better understand the
results seen in the experimental program of this study, the two previously mentioned fracture
zones were examinddthe crack initiation zone and the crack propagation zore.enkure a
valid comparison between the two test groups, specimens were imaged in the regiomof 0
of crack growth for the crack initiation zone study and in the region e802Bhm of crack
growth for the crack propagation zone study. Four specimensdach of the two test groups
were examined. As previously explained, PopTube Apprtraetted composites showed
significant improvements (ranging from +38% to +51%) in Mode | fracture toughness in the
crack initiation zone, but showed decreases (ranfyiom -4.5% to-7.2%) in the region outside

the crack initiation zone.

Figure 4-5 shows fractography for virgin composite specimens. A typicaliRe from
the experimental program is shownHigure4-5(a), while Figure4-5(b-d) show typical fracture
surfaces seen in fracturedgiim (without CNTs) compositestigure4-6 shows fractographfor
PopTube Approackreated (with CNTs) composites, with a typicalc®ve shown inFigure

4-6(a) and typical fracture surfaces showrrigure4-6(b-d).
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Figure 4-7 and Figure 4-8 compare the fracture surfaces/preses seen in the virgin and
PopTube Approactreated groups in the crack initiation zone and crack propagation zones,
respectively. For reference, the direction of Mode | crack growth is identified in each set of
images. As seen inFigure 4-7, virgin composites typically displayed clean, smooth fiber
depressions in the crack initiation zohandicating failure at the fibematrix interface. In
contrast, PopTube Approatteated composites generally exhibitesbagher fracture surface at
crack initiation. This is indicative of a stronger fibaatrix interface bond (presumably due to
the presence of CNTs along the surface of the fibers), which would have forced the crack into the
generally tougher matrix materiathereby leading to a comparatively higher fracture toughness
in this region. As shown iRigure 4-8, neither virgin composites nor PopTube Approtrelated
composites exhibited the characteristics of filmatix interface failure in the crack propagation
zone. Rather, both groups displayed elements indicative of rough matrix cohesive failure; in the
case of the PopTube Approatkated composites, fiber/tow breakage was also séegure
4-8(a.) shows extensive rough cohesive failure in the matrix material, which is typically
associated with higher fracture toughness vallggure 4-8(b.) also displays some rough matrix
cohesive failure, but the most glaring fracture process revealed in this instance is the fiber/tow
breakage. Similar fiber/tow breakage was seen in a number of the PopTube Ajpratach
specimens considered, but was not present in the virgin specimerdecens This discrepancy
could possibly be explained by t btraintdfalird er e n c €
As shown in Chapte?, the PopTube Approach CNT synthesis method causes some dégree o
damage to the fibers themselvd§the PopTube Approach damages the fibers in the treatment
process to the extent that Mode | loading in the DCB test can cause premature fracture in the

fibers themselves in the crack propagation region, it would stanelason that the steadtate
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Mode | fracture toughness of PopTube Approaelated composites would be reduced relative
to virgin (and thereby undamaged) composites. It should also be noted that widespread fiber
breakage was not observed in either grawm the crack initiation zone; this fracture process

appears to be onset only in the crack propagation zone.
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Figure4-7. Comparison of fracture surfaces of virgmdaPopTube Approaetieated composites in the crack initiation zone
5 mm crack growth): (a.) SEM image of the fracture surface of a virgin specimen, (b.) zmameade showing clean fiber
depressions indicating fiber/matrix interface failure in thigimispecimen, (c.) SEM image of the fracture surface of a
PopTube Approackreated specimen, and (d.) zoomedmage showing rough matrix cohesive failure indicating a strong

fiber/matrix interfacial bond.
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Figure4-8. Comparison of fracture surfaces of virgin and PopTube Apprtraeted composites in the crack propagation zo
(25-30 mm crack growth): (3.SEM image of the fracture surface of a virgin specinfien zoomeen image showing
primarily rough cohesive matrix failure, (c.) SEM image of the fracture surface of a PopTube Apgpeasath specimen, and
(d.) zoomedn image showing tow fracture and an underlying clean tow surface, indicating thaadkenay have jumped to
an adjacent plyia fiber/tow breakage
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4.4 Conclusions

This study offers valuable insight into the Mode | fracture behavior of-@\iforced
carbon/epoxy composites enabled by the PopTube Approach. Double cantilever beam (DCB)
test specimens were manufactured using woven carbon fiber and epoxy, and were tested for
Mode | fracture toughness according to ASTM D5528. Both virgin (without CNTs) and
PopTube Approackreated groups (with CNTs) were considered. Fracture surfaces tweieds
using SEM in order to clarify and better understand the underlying Mode | fracture processes
that occurred in the experimental program. The results of this study offer several conclusions
with regard to PopTube Approach CMdinforced composites.PopTube Approackreated
composites showed significant improvements in Mode | fracture toughness upon crack initiation,
but showed small declines in the crack propagation region. Based on SEM images of fractured
DCB specimens, the improved fracture touggs) values seen in PopTube Appreaehated
composites in the crack initiation zone can be attributed to enhanceemtiex interface
bondingi which can be credited to the presence of CNTs along the surface of the treated fibers.
Fractography also sggsts that in the crack propagation zone, fibatrix interface failure was
not the prevailing failure mechanism in either of the test groups. In this region, PopTube
Approachtreated composites suffered from fiber/tow breakage while virgin compositetyla
did not. It is possible that the PopTube Approach treatment process damages the fibers to the
extent that Mode | loading can eventually cause premature failure of fibers (as compared to
undamaged virgin fibers). This could then account for the ndveeture toughness values
observed in the CNfeinforced composites. While the PopTube Approach route to-CNT
reinforced composites should ultimately provide for enhanced Mode | fracture toughness in both

the crack initiation and crack propagation zon#® improvements in initiation fracture
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toughness presented in this stdg significant anghould not be overlooked. Enhancements
in the CNT synthesis process could alleviate the issues related to the propagation fracture

toughness by way of reducitige damage induced in the fibers.
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5 MODE Il FRACTURE

5.1 Overview

In this study, the PopTube Approach is used to grow CNTs on the surface of woven carbon
fiber, which is in turn used to manufacture carbon/epoxy laminate composites. The CNT
reinforced composits are tested for Mode |l fracture toughness using thenetothed flexure
test. Both virgin composites (without CNTs) and PopTube Apprtaetted composites (with
CNTs) were considered for comparison. Scanning electron microscopy (SEM) was then used to
clarify the experimental results and identify relevant fracture mechanisms on thesoatao
Together, these quantitative and qualitative methods are used to develop a better understanding
of the Mode Il fracture behavior of CNfeinforced woven carbdepoxy composites enabled by

the PopTube Approach synthesis technique.

5.2 Experimental
5.2.1 Mode Il fracture toughness tests

First introduced by Russell and Str¢@b], the enenhotched flexure test has long been
used by composites researchers to measure the Mode lainitear fracture toughness of
laminated composites. Despite its widespread use in the composites community, no ASTM
standard existed for the determination of Mode Il fracture toughness ofrdibéorced
composites until 2014 .6 Subadnmitlee entdurgared a humbena | 0 s
challenges with regard to the standardization of a test method to accurately measure Mode |l

interl aminar fracture toughness. -notcHed flexturee | at
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(4ENF) test was considered te the most viable candidate for standardization, and accordingly,
efforts were focused in this ar@@6]. However, a series of studiesentuallyshowed that the

three point bend endotched flexure (3ENF or ENF) test was inherently more accurate in
guantifying the true Mode Il fracture toughness of lseteéd compositg$7i 70]. In endnotched

flexure tests, a combination of factdrsincluding geometric nonlinearities, friction, and test
fixture compliance,among otherd can lead to differences between the true and apparent
toughness values. The differences between the true and apparent toughness values in the 4ENF
test were shown to be larger than those in the 3ENF test. Therefore, efforts were refacused

the standardization of the 3ENF test, and in 2014, an ASTM standard for this test method was

adopted71].

In practice, the 3ENF test is cumbersome to carry out. Cracktlyin the 3ENF test is
not stable[71]; therefore, it can be difficult to generate the compliance calibration (specimen
compliance vs. crack length) curve necessary for thmilegion of Mode Il fracture toughness
with a single test specimen. However, crack growth in the 4ENF test is stable. As such, the
compliance calibration curve and therefore, the Mode Il fracture toughnéssan easily be

determined using a single sp@en[55].

In view of the aforementioned considerations, the 4ENF test was chosen for this study.
Because a direct comparison between two material systems (woven carbon/epoxy without CNTs
and woven carbon/epoxy with CNTSs) is sought in this work, the chief drawbadtkheit4ENF
testi the accuracy of apparent Mode Il fracture toughness values relative to the true values
not considered to be significant for this stu
(specimen manufacture, specimen geometryif@pfixture, loading parameters, crack growth
measurement, data reduction, etc.) held constant between the two material systems considered,
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the 4ENF test should allow for a valid comparison to be made between the Mode Il fracture

toughness properties dadid material systems.

Laminate composites, both with CNTS and without CNTs, wereugemti for the 4ENF
test. Panel$ 14 plies thick (a2.4 mm) Tawetk laapmphbyo xi ma:
hand, vacuum bagged, and cured in aglaten press. For the matrix material, EPON 826 (a
low viscosity bisphenol A based epoxy resin) and EPIEUR30 (an unmodified D23@pe
polyoxypropylenediamine hardener) were used. In the-@\Worced group, CN¥einforced
twill weave fabric layers were placed on either side of the midplane to characterize the relative
effects of CNTs produced by the Pajbe Approach. The remainder of the laminate thickness
was filled out with aseceived woven carbon fiber. This procedusbich was also used for
Mode | fracture toughness testing in Chapteallowed for a drastic reductidn the number of
CNT-reinforced fabric plies (which are difficult to produce in high volume) needed for this
study. During layup,athi2(5. 4 e m) nonstick | ayer was pl acec
40 mm precrack (from one end) in the specimehschematic of the composite layup schedule

can be seen iRigure5-1.
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Figure5-1. Composite fabrication method for endtched flexure testing.
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Test specirans, measuring 125 mm x 25 mm, were cut from the composite panels using a

diamondtipped wet saw. Eight test specimens were produced for each of the two test groups.

In accordance with the 4ENF test procedure, specimens were loaded in flexure in a 4
point bend fixture. The two upper loading points were spaced 60 mm apart, while the two lower
load points were spaced 100 mm apart. Loading was applied at a crosshead rate of 0.5 mm/min,
and crack growth was continuously monitored using a digital micrescdgve unloading
loading cycles were performdds is commonly done with the 4ENF testhere the crack was
allowed to steadily propagates3mm with each cycle. Load and crosshead displacement were
recorded automatically by the testing software, amtewultimately correlated to the crack

growth record.

5.2.2 Data reduction

For each loading cycle, specimen compliance was calculated from the load vs. crosshead
displacement curve. The compliance values were then plotted against crack length values for
each respective loading cycle to produce a compliance vs. crack length curve, which is
approximately linear in nature. Strain energy release rates (SERR) were calculated using the

compliance calibration (CC) techniq[&5,67,70,7281], where the expression used is given by

0 Q4
O ——h (5'1)
CL QW

where P is the applied load, w is the specimen width, a isr#iol length, and dC/da is the slope
of the compliance vs. crack length curve. Using this expressipral@es were calculated for
each of the five loadg cycles within a given tesOf the eight 4ENF specimens tested in each
group, 6 virgin (withoutCNTs) tests were successful, and 7 CGidihforced tests were

successful. In each of the three unsuccessful tests, the crack appeared to jump significantly away
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from the midplané effectively invalidating the underlying assumptions used to determine Mode

Il interlaminar fracture toughness in this test procedufs. noted above, the nature of ENF
testing as performed herein allows for the determination of 5 unique Mode Il fracture toughness
values per specimen tested. As such, a total of 30 data p@rescaptured for the virgin group,
while a total of 35 data points were captured for the @&liiforced group.Figure5-2 provides

additional detail with regard to the 4ENF testing carried out in this study.
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Figure5-2. 4ENF testing: (a) Representative load vs. deflection curves for 5 loading
cycles in a given 4ENF test (with unloading portions removed for clarity); (b) 4ENF t
configuratian, showing four point bend fixture and digital microscope for crack growtr
monitoring; and (c) Representative compliance vs. crack length curve, where the slo
the linear trendline is taken as the quantity dC/da.
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5.3 Results and Discussion
5.3.1 Mode Il fracure toughness tests

Results from the 4ENF testing for Mode |l fracture toughness carried out in this study are
shown inTable 5-1. With respect to Mode Il fracture toughness, @i T-reinforced group

showed an increase 6f34%over the virgin group.

Table5-1. 4ENF test results.
Mode Il Fracture Toughness

Test Group (kd/n?)
Without CNTs 0.767+0.072
With CNTs 0.824+ 0.110
Relative Difference +7.3%%
p-value 016

5.3.2 Fractograpy

In an effort to qualitatively explain the results in this study, SEM was used to examine
fracture surfaces from both of the test groupsacture surfaces of virgin 4ENF specimens are
shown inFigure5-3. For reference, thdirection of Mode Il crack growth is idefied for each
image. Figure 5-3(a-b) shows a transverse tow region, where the Mode Il delamination
propagated perpendicular to the fiber direction. Fiber breakage can be observedegitm,
along with some remnants of matrix material left behind by a-adgent longitudinal tow.

The fracture surface appears to be mostly flat, with the small amount of remaining matrix
material being largely featurele$sindicating that a relately low amount of energy was
required to create the fracture surf§@2]. Additionally, the fiber surfaces seenkigure5-3(a-

b) are mostly clean and devoid of significant amounts of matribenaat  Based on this
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observation, along with the lack of evidence of ductile deformation of the matrix material, the
predominant failure mechanism in the transverse tow region appears to badibgrinterface
failure. Figure 5-3(c-d) shows a longitudinal tow region, where the Mode Il delamination
propagated along the fiber direction. Fiber surfaces in this region are largely clean, with only
small amounts of matrix material present in several locations. Similar to tisvdrae tow
region, the principal failure mode in the longitudinal tow region appears to benfdiex

interface failure.
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Figure5-3. Fractography for virgin 4ENF specime
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Fracture surfaces of CNieinforced 4ENF specimens are showrfigure5-4. Figure
5-4(a-b) shows a transverse tow region, where the Mode 1l crack propagateddoeunfzerto the
fiber direction. Widespread fiber breakage can be observed here, as well as ductile deformation
in the matrix material. Both of these features (especially the latter) are indicative of a strong
fiber-matrix interface, as the Mode Il cratias been forced along a more tortuous path that
required fracture of the tougher bulk matrix and the fibers themsekigare 5-4(c-d) shows a
longitudinal tow region, where the crack propagated along the fibbection. Ductile
deformation of the bulk matrix can be seen here as well, with cusps of matrix material present
across the region. These cusps are commonly observed in fracture surfaces that result from
Mode Il delamination$83i 85], and are typically attributed to shear tearing and yielding of the
matrix materia[84]. The fracture mechanism inettongitudinal tow region appears to be some
combination of fibermatrix interface failure and bulk matrix failure. While fiber surfaces can be
observed here, they are not as clean as to be expected in puradibgrinterface failure. On
the whole, ibbers have remained embedded in the surrounding matrix material, which has clearly
undergone significant deformation as a result of the Mode Il loading. This observation is
evidenced by the roughened cusps of the matrix material present in betweentapdbthe

fibers in the longitudinal tow region.
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Figure5-4. Fractography for CNFeinforced 4ENF specimens.

In the transverse tow region, fracture surfaces from botlupgr showed that fiber
breakage occurred during the fracture process. The chief difference between the two groups in
this region is the presence of ductile deformation of the matrix material in theré&iN®rced
group. The CNireinforced group shows eisive evidence of ductile deformation in the
matrix material as a result of the Mode Il loading, while the virgin group shows almost none. In
the longitudinal tow region, fracture surfaces from both groups suggest that some degree of
fiber-matrix interface failure occurred during the fracture process. However, ther€Nforced

group shows fibers with large amounts of matrix material still attached, while the virgin group
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shows fibers with mostly clean surfaces. Furthermore, the remaining matrix ainatethe
CNT-reinforced group has a roughened, deformed appeaiasgnifying the occurrence of
ductile fracture in the matrix material. These characteristitem both the transverse tow
region and the longitudinal tow regidonsuggest that the ppence of CNTs on the surface of the
fibers led to enhanced bonding between the fibers and the matrix material. As such, the failure
path in the CNTreinforced composites was forced away from the relatively weak-rhiaix
interface and into the tougheurrounding matrix material which would account for the

improvement in steadstate Mode Il fracture toughness measured using the 4ENF test.

5.4 Conclusions

In this study, the performance and behavior of @iififorced composites subjected to
Mode Il ddamination were characterized. Woven carbon fiber plies were reinforced with CNTs
using a novel approach referred to as the PopTube Approach. Carbon/epoxy laminates were
produced using vacuum bagging and aplaten press. Composite specimé&nboth vigin
(without CNTs) and treated (with CNTs)were tested for Mode Il fracture toughness using the
4ENF test, and the resulting fracture surfaces were examined using SEM. Resulthe
4ENF tests show thalhe CNTreinforced composites showed a Z@4mprovement in Mode Il
fracture toughness over the virgin composites. The fractographic images presented herein help
to explain this improvement. In the virgin composites, failure at the relatively weakfdtex
interface appears to be the predomin&matcture mechanism in both the transverse and
longitudinal tow regions. In the CNieinforced composites, failure is shown to be forced away
from the fibermatrix interface and into the tougher matrix material surrounding the fibers. This
suggests thabonding between the fiber and matrix is enhanced in the -@iforced

composites, which can be attributed to the presence of CNTs on the surface of the fibers.
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6 DROP-WEIGHT IMPACT AND CO MPRESSION AFTER IMPACT

6.1 Overview

In this chapter, carbon fiber/epoxymposites reinforced via the PopTube Approach are
characterized with respect to drayeight impact and ampression after impact (CAIl).As
discussed in Chaptet, compositesexhibit undesirable features related to their matmd
interphase zondominated properties, including poor throtthitkness strength, interfacial
shear strength, and interlaminar fracture toughness. Because of these deficiencies, composites
are especially susceptible tnit-of-planeimpact damage. T& damage can result from events
ranging from the accidental drop of a tool during fabrication to the ballistic impact of debris in
space.Assuch,ser the course of a composite structu
damage ira givencomponentis practically unavoidable. Therefore, composite materials should
be designed with a focus on impact resistance, in order to ensure that composites structures are

able to perform satisfactorily after an impaéeimage event.

In an outof-plane impact evd, matrix cracks typically form within the laminate as a
result of througkthickness shear stresses generated by the impact forces. In the case of low
velocity impact, delaminations occur as the matrix cracks extend between plies. These
delaminationgan proliferate as interlaminar shear stresses (caused by the flexural loading on the
composite during impact) drive intpty crack growth[86]. This is akin to Mode Il fracture,
which is generally governed byea ability of the bulk matrix and the fiberatrix interphase

zone to resist interlaminar shear stresses. Accordingly, if the bulk matrix and/or thedioier
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interphase zone can be reinforced, the impact resistance of the composite material can be
enranced. Carbon nanotubes (CNTSs) are an ideal candidate to accomplish this reinforcement,

due to their excellent mechanical properties, high aspect ratio, and specific surfg8élarea

A number of researchers rastudied the effects of CNTs on the impact and-afipact
properties of composite$44,86 88]. Kostopoulos et al.[86] used multiwalled carbon
nanotubes (MWCNTS) dispersed in the bulk matrix of carboer fibinforced composites, and
found that CNTs had no major effects on the -l@locity impact properties at low impact
energy levels. However, their study also found that the aftepact properties of composites
were improved by CNTs, which was attribditeo the widespread fracture and palit of CNTs
during failure in compression. Siegfried et al[44] wused several CNT
dispersion/functionalization configurations in carbon fiber/epoxy composites, and tested them for
Mode Il interlaminar fracture toughness as well as-\@hocity impact and compressiaiter
impact (CAl). It was found that the neaial system with the highest Mode Il fracture toughness
corresponded with the system with the -best C
reinforced material system led to only a 1.0% improvement in residual compressive strength
(over the baselineyvhile each of their CN-Feinforced systems led to an increase in delaminated
area due to i mpact. The | atter effect was at
matrix cracking caused by the CNTshéarlpadimgc ei v ed
Ashrafi et al.[87] dispersed single walled carbon nanotubes (SWCNTSs) into an epoxy matrix,
and then impregnatedorepregged) unidirectional carbon fiber with the reinforced matrix
material. It was found that 0.1 wt.% SWCNTSs led to a 5% reduction in delaminated area due to
impact, a 3.5% increase in CAIl strength, a 13% increase in Mode | fracture toughness, and a

28% increase in Mode Il fracture toughness. Yokozeki ef&838] used cupstacked carbon
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nanotubes (CSCNTSs) in an epoxy matrix with unidirectional carbon fiber, and found that the

CSCNTs offered slight enhancement/no degiadan  of t he composites?o

clear improvements in Mode | and Mode |l fracture towegs. A summary of these

experimeatal results is shown ihable6-1.

Table6-1. Comparison experimental results from existing studies.

Reported results relative to baseline groups (%)

Mode | Mode Il Absorbed
fracture fracture impact Delaminated CAl
Study toughness toughness energy area strength
Kostopoulos et a[86] - 77.3 ~0-~3 ~0-~4 12-15
Siegfried et al[44] - 8.4-21.8 -6.1-04 87-127 -3.4-10
Ashrafi et al[87] 3.01 13.0 12.4i 27.4 - -5.2 3.5
Yokozeki et al[88] 97.7 29.9 - -2.96--1.48 0.57-7.43

In this chapterCNT-reinforced woven carbon fiber/epoxy composites are used to produce

sandwich panel test specimens. The composite facesheets are subjecteaveEghbimpact to

induce damage ithe laminates, followed by infrared thermography to determine the damage

CA

area due to impact. The sandwich panel specimens are then loaded to failure in compression, in

order to determine the residual strength of the imganotaged composite facesheeBaseline

sandwich panel specimens are also produced and tested (using virgin woven carbon fiber) for

comparison. Together, the testing and evaluation techniques used in this study provide valuable

insight into the performance of CNEinforced woven comgsites during and after lospeed

impact events.
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6.2 Experimental
6.2.1 Specimen design

Typically, dropweight impact and CAl testing is performed on monolithic composite
laminates. ASTM D7136, which outlines drogight impact testing on polymer matrix
composite (PMCs), and ASTM D7137, which outlines the accompanying CAI testing of PMCs,
recommend the use of 101.6 mm x 152.4 mm (4 in. X 6 in.) symmetric laminates with a target
total thicknessof 5.0 mm (0.20 in). However, the current benchtop scale of theuPepT
Approach process limits the amount of Gieinforced fabric layers that can be produced, so
alternative test specimen configurations were considered for this study. In order to reduce the
number of plies required in a given specimen, a sandwich panéburation was selected in
lieu of the typical monolithic configurationh a practice that has been used in previous studies
[89191]. This configurabn allowed for the use of relatively thin facesheets (compared to the
thick laminates required for monolithic test specimens) while maintaining the ability to

successfully fail the specimen in compression.

6.2.2 Specimen manufacture

The facesheets of theroposite sandwich panels were manufactured using woven carbon
fiber and epoxy. The reinforcing material used was plain weave 3K AS4 carbon fiber fabric
(manufacturer: Hexcel). The matrix material used was EPON 826/EPIKURE 3230
(manufacturer: Momentive Cheacal). EPON 826 is a low viscosity bisphenol A based epoxy
resin, and EPIKURE 3230 is an unmodified DZgpe polyoxypropylenediamine. This

combination of resin and hardener produces a low viscosity epoxy matrix, and was selected in
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order to ensure properetting of the CNTcovered woven fabric. The facesheets (4 plies thick)

were laid up by hand, vacuum bagged, and cured in-plaigtn press.

Phenolic honeycomb core material was used to produce the composite sandwich panels.
The facesheets wer@ihded to the core material using FAA0K film adhesive and a hetaten
press. After the sandwich panels were manufactured, they were machined to final dimensions of
101.6 mm x 152.4 mmFigure6-1 shows a schentia of the sandwich panel configuratiofo
facilitate appropriate loading and failure in compression, the sandwich panels were potted in
rectangular aluminum frames on either end. This practice not only imparts stability to the
sandwich panel specimemsder compressive loading, but also preventskendming of the
composite facesheets under said loading. A filled epoxy resin (EPON 862tzasied
hardener/CABO-SIL fumed silica filler) was used for potting. Once cured, the specimen ends
were milled fat and parallel to one anothelg minimize/eliminate bending andllow for

uniform loading in compression
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Figure6-1. Potted sandwich panel specimen used for-grejght impact/CAl testig: (a) Typicalsandwich panedpecimen
manufactured for this study, and (b) Schematic of the potted sandwich panel specimen.



6.2.3 Drop-weight impact testing

A drop-weight impact test machine was used to create barely visible impact damage
(BVID) on one faceseet of each sandwich panel specimen. BVID is a critical degree of damage
in composites, as it represents a damage state that may go unnoticed in the visual inspection of
composite components. Therefore, the impact damage characteristics and CAI guoperti
associated with BVID are often of significant interest. A hemispherical striker with a diameter
of 6.35 mm (0.25 in.) was used to impact the composite laminate facesheets. A target impact
energy of 2.21 J (1.63-fbs) was used, which was accomplish®ddropping a 12.45 N (2.8¢)b
(total weight of striker and associated fixture) impactor apparatus from a height of 177.8 mm (7
in.). For the laminate facesheets used in this study, which had a nominal thickness of 0.787 mm
(0.031 in.), the ratio of imgct energy to specimen thickness was approximately 2.81 J/mm (631
in.-Ib¢/in.) The ASTM standard for this test recommends a ratio of 6.7 J/mm (156¢gim) for
this quantity, but it was determined that the higher impact energy associated with the
reommended ratio induced significant damage
sandwich panels were placed in the impact test machine and restrained on all four edges of the
facesheet to be impacted, so as to prevent the specimen from reboundlggtideirimpact
event. A computeautomated data acquisition system was used to collect data during the impact
event, including impact energy, load, contact duration, impactor velocity, and impactor
displacement. Thedrope i ght t ower uetharisinio@rdverdthefimmpactocfiora m

rebounding and impacting the test specimen more than once.

6.2.4 Non-destructive evaluation: peshpact

After the sandwich panel facesheets were impadtdhred flashthermography was
used to evaluate the degree ofmda@e in the composite facesheets. A Thermal Wave Imaging
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EchoTherm infrared thermography analysis system was used for this portion of the study. Each
of the impactdamaged facesheets was imaged. Although an approximation for the damage size
can be madeuickly by simply measuring the visualtgpresented damage area, a more refined
approach must be taken to yield a precise determination of the damage size. In thermographic
inspection, the image of the damage area is a thermal artifact from the hesabdiffrocess that

is inherent to the inspection method itself. Therefore, the size of that artifact is not necessarily
representative of the true size of the damage @2 Perhaps the most practical route to
circumvent this issue is to use the full width at half maximum (FWHM) technique to measure the
lateral dimensions of the damage signature based on the intensity profiles captured during
thermogaphic inspection. Wetsel and McDon§®3] first applied the FWHM technique to size
determination in photothermal imaging, and Almond and [94] followed with the theory
necessary for the use of FWHM in flash thermography. Saintey amoin&[95] found hat the

FWHM method provides the most accurate damage size measurement when used at the earliest
possible time following the heating event, while Hung efo4] have slbbwn that measurements

taken via the FWHM method from a second derivative profile correlate well with the actual size
of the damage area. As such, the FWHM method was used in this study to calculate the size of
the damage signatures left by the dvogightimpact events. Lateral measurements (in both the
horizontal and vertical directions) were taken using the second derivative profiles at the earliest
possible time after the heating pulse (which corresponded to 0.567 s in this study). It should be
notedthat FWHM measurements were taken from the second derivative profile at the same time
(0.567 s) for each specimen consider&tgure6-2 illustrates the use of the FWHM method in

this study.

89



:

Intensity
28000 0 10000 20000 30000
26000
24000
S 100
20000
2
£ 18000
£ o 200
16000 S
12000 £ 30
10000
8000
400
6000
100 200 300 400 500 600
Width in pixels
500
(b)
{neih
: |I‘A "
HH 1
it
HELT -
p ~no' - |
4 il
' " 3 0174
311
: Y
(d)

Figure6-2. Full width at half maximum (FWHM) method: (a) Intensity profile taken from
second derivative data at 0.567 s after heating pulse (bisecting the damaged facesheet
left-to-right), (b) Intensity profile taken from second derivative data at 0.567 s after heatir
pulse (bisecting the damaged facesheet frortddmttom), (c) Calibrated digital
measurement (in inches) of damage area widtht@efght) based on FWHM method, and (
Calibrated digital measurement (in inches) of damage area heigho{bmitom) based on
FWHM method.
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6.2.5 Compression after impact testing

Uniaxial strain gages were bonded (in the loading direction) to the facesheets in
corresponding locations on each sandwpanel specimen. The sandwich panel specimens were
loaded in compression using a SATEC hydraulic load frame. The load frame was equipped with
a floating lower compression platen, which allowed for specimen alignment adjustments prior to
the tests as wiehs some degree of safignment as compressive load was applied. By pre
loading each test specimen (with a target of ~5% of the failure load), the strain gages were used
to check the alignment of the specimen. After adjusting the alignment accoydhegtest was
begun once the strains in the two facesheets were within approximately 10% of each other.
Specimens were loaded at a rate of 1.27 mm/min (0.05 in/min). A standard data acquisition
system was used to record the strain values on both fatesheoughout the test, while the load

was recorded via the computer software.

6.3 Results and Discussion
6.3.1 Drop-weight impact testing

The results of the drepeight impact tests carried out in thisidy are shown imable
6-2. Figure 6-3 shows representative droyeight impact test data plots, as recorded during a
typical event in this studyNo discernible differences were observed between the virgin (without
CNTs) andtreated (with CNTSs) groups with respectthe impact event data shown kilgure
6-3. With respect to the energy absorbed by the composite facesheets during the impact event,
there is no significant difference between the virgioup (without CNTs) and the PopTube
Approachtreated group (with CNTs). The treated (with CNTs) group showed 5.53% and 5.88%

increases in max contact force and velocity slowdown, respectively, over the virgin (without
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CNTs) group. With regard to contadtirationi the duration of the impact eventthe treated

(with CNTs) group showed a 2.94% reduction compared to the virgin (without CNTS) group.
Because the BVID criterion was used, the impact properties themselves do not carry as much
significance ashiey would with fullpenetration impact damagewhere the maximum contact

force and absorbed energy would represent the results of if@fesWith the BVID criterion,

the damage zone characteristics and CAl proediter more meaningful results, as they serve

to characterize the effects of the impact damage on the mechanical properties of the composite.

Table6-2. Dropweight impact testesults.

Absorbed Max Contact Force  Contact Velocity
Test Group Energy (J) (N) Duration (ms)  Slowdown (%)
Without CNTs 2.10+0.07 1044+68.9 5.35+0.06 53.7+£3.74
With CNTs 2.07£0.08 1101+49.8 5.19+0.11 56.8+2.57
Relative Difference  -0.92% +5.53% -2.94% +5.88%
p-value .825 .295 .059 .289
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Figure6-3. Representative drepeight impact test data: (a) Contact force vs. time plot
Impactor velocity vs. time plot, (c) Impactor displacement vs. time afat, (d) Absorbec
energy vs. time plot. Note that for this representative test, the measured contact «
was 5.09 ms.
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6.3.2 Non-destructive evaluation: peshpact

Figure 6-4 showsrepresentative images capmdrvia infrared thermography of impact
damaged facesheetor both the virgin (without CNTS) group and the treated (with CNTS)
group. The damage zones observed in both groups typically appeared elliptical in shape, with
boundaries that were reasonablyllvekefined. Visually, there were no discernible differences
between the virgin and treated groups in terms of macroscopic damage zone characteristics. As
discussed in Sectiof.2.4 the full width at half maximum method (FWHMvas used to
measure the width and length of the damage zones from the intensity profiles recorded by the

thermography software.

(a) (b)
Figure6-4. Thermography for specimens after impact: (a) Vigvithout CNTS)
facesheet, and (b) Treated (with CNTs) facesheet. In both images, the transmission
both the woven fabric and the honeycomb core structure beneath the facesheet.
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Table6-3. NDE resultdor damage zone size.

Test Group Width (mm) Length (mm) Ellipsoidal Area (mrf)
Without CNTs 0.93+0.04 0.98+0.13 0.72
With CNTs 0.85+0.04 0.93+0.09 0.64
Relative Difference -9.52% -4.55% -11%
p-value .017 483 -

Table6-3 shows the damage zone dimensionsdach group as determined by the FWHM
method. In terms of damage zone width (measured perpendicular to the loading direction) and
damage zone length (measured parallel to the loading direction), the PopTube Ajmaadh
(with CNTs) group exhibited reductionisof 9.52% and 4.55%, respectivélyrelative to the
virgin (without CNTs) group. Damage zone dimensions are reported to two significant figures in
an effort to accurately represent the fidelity of the FWHM methoEven though the
thermography software used in this analysis presented measurements to three significant figures,
the nature of the FWHM technique is such that the authors are not comfortable reporting such
precise values. It is interesting to notettii@amage area is calculated as the area of an ellipse,
where half the damage zone length and half the damage zone width are the major and minor
semiaxes, the treated (with CNTs) group showsl186 reduction in damage zone area

compared to the virgin (hout CNTSs) group.
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6.3.3 Compression after impact testing

Table6-4. Compression after impact test results.

Test Group CAI Strength (ksi)
Without CNTs 343+9.86
With CNTs 375+19.2
Relative Difference +9.27%
p-value .596

As seen inTable 6-4, the treated (with CNTs) group exhibited a 9.27% improvement in
CAl strength over the virgin (without CNTs) group. The strength values reported are based on
the failure load (as recorded by tload cell/testing software) and the cr@estional area of the
damaged facesheet for each specimen. In each of the CAl tests conducted, the specimen failed in
the impactdamaged facesheet, with failure occurring across the facesheet (perpendicudar to th
loading direction) and through the impact damagee. Figure 6-5 showsrepresentative CAI
test data, including a typical load vs. crosshead displacement plot and a comparison between the
strains in the pristindacesheet and the damaged faceshdéie strain values shown in the
comparison plot, which were measured at corresponding locations on the two facesheets, track
closely together throughout the initial portion of the loading. As the compressive loeasesr
the two strain values begin to progressively differ, with the damaged facesheet experiencing
more strain than the pristine facesheet at a given instance in time. This occurrence is in keeping
with the outcome to be expected in this situatidhatis, for a given load (stress), the damaged
facesheet would experience more strain than the pristine facesheet. Correspondingly, for a given

strain, the pristine facesheet would carry more load (stress) than the damaged facesheet
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Figure6-5. Representative CAl test data: (a) Load vs. crosshead displacement plot f

potted sandwich panel under compressive loading, and (b) Strain comparison betwe
pristine facesheet and damaged facesheat@ @Al test.
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6.4 Conclusions

This study offers valuable insight into the impact and afigract properties of CNT
reinforced carbon/epoxy composites enabled by the PopTube Approach CNT synthesis
technique. Woven carbon fiber/epoxy composite facesheete manufactured and bonded to
phenolic honeycomb core to produce sandwich panel specimens. Composite facesheets with
CNTs and without CNTs were produced for comparison. Sandwich panel specimens were
subjected to droveight impact so as to induce bbyr visible impact damage (BVID) in one of
the composite facesheets. Infrared thermography was then used to image the damaged
facesheets, and the full width at half maximum (FWHM) technique was used to produce
guantitative measurements for the impact dg@neones. The sandwich panels were then loaded
in compression, leading to specimen failure in the damaged facesheets. The results of this study
offer several conclusions with regard to carbon/epoxy composites reinforced with CNTs
produced by the PopTub&pproach. With respect to drepeight impact test metrics, no
significant differences were observed between the -@iifforced composites and the- as
received composites. However, the GMInforced facesheets showed reductions in impact
damage zone siz&f 9.52% (in terms of width) and 4.55% (in terms of length). With respect to
compression after impact strength, the Gigihforced specimens showed an improvement of
9.27% over the amseceived specimens. These results suggest that the novel CNT synthesis
method considered is effective in enhancing the properties of carbon/epoxy composites with
respect to dropveight impact. Since polymer matrix composites are particularly susceptible to
impact damage throughout the course of their service life, the wegronpact resistance of
composites accomplished in this study via PopTube Appspemiiuced CNTs should be

considered to be significant
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7 COHESIVE ZONE MODELI NG OF THE DCB TEST FOR MODE |
FRACTURE TOUGHNESS

A key consideration in the design and manufactirany composite structure is the threat
of delamination within the component. Laminate composites are prone to delaminations
between adjacent plies, which can occur due to matrix cracking, manufadhdingd defects,
and freeedge effects, among otlse As such, any sound composite structural design must
consider the given materi al systembs resistan
(delamination) modes are considered: Mode | (normal opening), Mode Il (shear opening), and
Mode IlI (tearing opening). In view of realorld load cases, it can be observed that composite
components typically experience some combination of two or more of the three possible opening
modes. For the purposes of design and analysis, total cetie&d energ release rateSERR
can be expressed as factored combinations of the pure Mode I, Mode Il, and Mode Il critical
SERRs. Perhaps the most commonly used of these expressions is the Benzeggagh and Kenane

(BK) damage evolution criterion:

O 0 0 0O /s (7-1)

whereO, 'O , and"O are the critical SERRs for pure Mode |, Mode Il, and Mode Il
opening, respectively; and is a material system parameter that governs rnoictéy. Using
this approach, design and analysis with respect to delamination progression in a composite

structure becomes tractable. Fracture toughness values for pure Mode Il ModeMode Il
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openings can be determined experimentally and then implemented in more complex forms of
analysis capable of considering mixewde delaminations. In this way, the double cantilever
beam (DCB) test for Mode | fracture toughness and thenetzhed flexure (ENF) test for Mode

Il fracture toughness are incredibly useful in composite structural desifode Il
delaminations ardess likely than Mode | or Mode Il delaminations, and as such, the
development of a characterization method for Bldidl fracture toughness has lagged that of the
other two opening modes. After experimentally determining critical SERRs at the pure single
mode level, these values can be input for use in complex nudrergn design and analysis
models. This approaclkenables composites designers to identify potential issues with
delamination on the frorgnd (by optimizing layups, buHdps, ply drops, etc.), without having

to rely on prohibitively expensive fuficale structural testing and/or heuristic experience to

identify critical issues with regard to delaminations within a composite structure.

A comprehensiveexperimentalstudy on the Mode | fracture response of woven
carbon/epoxy composites reinforced with CNTs is presented in Chapter 4. The DCB test was
usedto experimentally determine Mode | SERRs at several critical junctures in the crack
initiation/propagation process. It is the aim of this chapter to use finite element analysis (FEA)
to numerically model crack initiation and propagation in the same ialaggstem considered in
Chapter 4. The intention of this approach is to calibrate an FEA model suitable for the
simulation of the DCB test in woven carbon/epoxy composites with and without CNT
reinforcement. The commercially available FEA software ABAQ used in this study, but

the techniques described herein are applicable to FEA in general.

In FEA, there are two commonly used techniques to simulate crack growth in

composites: the virtual crack closure technique (VCCT) and cohesive zone modelivy (CZ
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The use of VCCT was first documented by Rybicki and Kannj@8hin 1977. After several
decades of use in industry, VCCT is now fully integrated into several general purpose finite
element codes, including ABAQUS. To predict crack onset and growth via VCCT, the user must
first input experimentally determined fracture toughness valueS@i.gia DCB testing andO

via ENF testing). Then, the VCCT method uses linear elastic fracture mechanics (LEFM) to
calculate the total SERR for a given load case. A mirede fracture criterion, commonly
BenzeggatKenane, is used to calculate the total critical SERR based on the experimentally
determined values. The total SERR is then compared to the total critical SERR, and if the
former exceeds the latter, the crack IBbwaed to progress. In this way, the delamination
onset/growth criterion used in VCCT is based solely on SERR. This characteristic leads to
generally tractable solutions for simple load cases and delamination scenarios, and is a key
contri but owi dtess pME@@TMO spopul ari ty. However, a
simple delamination onset/growth criterion is that no damage ahead of the crack tip is considered
in the analysi$ only brittle fracture is modeled. VCCT assumes that the matdéwadaof the

crack tip is perfectly unaltered until the instant that the total SERR at the crack tip exceeds the
total critical SERR of the material sgst. Energy dissipation via fd@mation of the plastic

zone ahead of the crack tip is not considered. pdlymer matrix composites, however, the
behavior of the matrix material (which dominates interlaminar delamination processes) dictates
that this criterion is not valid. Prior to delamination onset/progression, the polymer matrix
material ahead of the ack tip in a composite laminate deforms in a plastic manner.
Microcracks, which effectively damage the mateiriathe crack process zone, ofteacur prior

to macrescale crack propagation. Therefore, a more appropriate route to the simulation of

delamhations in polymer matrix composites is the cohesive zone model (CZM) approach. First
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documented by Dugdal@®9] and Barenblat{100], the CZM approach effectively models a
process zone ahead of the crack tip, where some degree of damage is allowed to occur prior to
the onset/propagation of the crack. This damage ahead of the crack tip is accounted for via a
tractionseparation law that relates cragBening displacements to resisting tractions in the

process zongl0O1].

7.1 Cohesiwe Zone Model

In the analysis presented in this chapter, the CZM approach used to model the
aforementioned DCB tests considered in ChagterSpecifically, surfacéo-surface cohesive
behavior governed by a-bnear tractiorseparation law is modeled. For general mirestle
fracture, a blinear tractionseparation law is defined by the three critical SERRsh{O hand
"O ), three penalty stiffness values f) handv ), and three interfacial strengthi$f('Yhand
“Y). However, in simulating the DCB test (where fracture is designed to be pure Mode 1), the
effects of the parameters associated with Mode Il and Mode Il fracture are insignificant. As
such, the model can be simplified by essentially considering only Mode | traejp@mation
behavior. In practice, this is accomplished in several ways. Tonelienthe possibility of any
mixed-mode fracture,;O is taken to be the same & ; upon observing the BK damage
evolution criterion for mixednode fracturean Eq. (#1), it can be seen that this leads to the
relationship®™® "0 . This assumption has basis empirically, as Moded Mode Il fracture
toughness values for a given material system are typically very close in magnitude to one another
(see steadgtate values for Mode | and Mode Il reported in this work). Further, the penalty
stiffness values may be assumed to be efl@l] i ie. 0 0 0 0. As for the
interfacial strengths, the critical parameter is the interfacial streingtension,”Y The two
interfacial strengths in shealk, and™Y, may be taken as the same and referred to commoiYy as
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[101]. In view of these considerations, thelibear tractionrseparation law used herein is

presentedn Figure7-1.

Ac Afa il

Figure7-1. Bi-linear tractim-separation response.

where "Yis the interfacial strength in tension, is the penalty stiffnessz is the critical
separation for damage initiatiomn, is the separation at failure, and the area under thedair

curve is equivalertb the total critical SERR (and this casethe Mode | critical SERR).

In contrast to the VCCT approach, the CZM approach via modelitigdair traction
separation behavior allows for both damage initiation and damage progression. Damage
initiation (delamination onset) is governed by the parametefy and3 . Damage progression

(delamination progression) is governed by the fracture toughness of the material system.
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7.2 Implementation in ABAQUS

ABAQUS (version 6.14) was used to model the DCB test for Mode | fracture toughness
via the CZM @proach. The previously establishedlibear traction separation law was

implemented via surfaem®-surface cohesive contact.

A two-dimensional model was considered. DCB specimens identical to those
manufactured and tested in Chapfewere modeled. DCB specimens were modeled as two
distinct subbeams (above and below the midplane) joined in the initially bonded region by
surfaceto-surface contact. Baseline material properties for the AS4 plain woven carbon
fiber/EPON 26-EPIKURE 3230 epoxy composites used throughout this work, which were
experimentally determined over the course of this collection of studies, were used to define the
carbon/epoxy composite material to be simulated. Where experimegtdiynined matea
properties were not available, appropriate estimates for said properties were taken from the
literature. Composite DCB specimens were modeled as smeared elasta. Teabie 7-1 lists

the material propertiessad in the FEA model considered herein.
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Table7-1. Geometric and material properties for DCB specimens modeled in ABAQUS

Virgin
(without Treated
Property Description CNTSs) (with CNTSs) Source
0 DCB specima length 125 mm 125 mm Chapter 4
0 DCB specimen thickness 2.4mm 2.4mm Chapter 4
O Longitudinal stiffness 63.5 GPa 63.5 GPa Chapter 2
0O Throughthickness stiffness 10.5 GPa 10.5 GPa [101]
’ Poi ssonds 0.06 0.06 Chapter 2
In-plane shear stiffness 5.61 GPa 5.61 GPa [101]
Throughthlckness shear 561 GPa 561 GPa [101]
stiffness
O Outof-plane shear stiffness  5.61 GPa 5.61 GPa [101]

Since this model was developed to simulate both delaminatisat and delamination
progression within a single analysis, element size was kept constant throughout the part. In this
case, mesh refinement ahead of the crack tip is not practical, as the analysis intends-for quasi
dynamic crack propagation to occue( the crack tip is always moving along the delaminating
interface). The 2D DCB specimen was meshed with elements of equiall&seslements along
the length and 6 elements through the thickness. This led to a constant element size of 1 mm X
0.183 mm CPS4 elements were used, which amode bilinear plane stress quadrilaterals

(without reduced integration)Figure7-2 shows the mesh used in the FEA model.

ODB: CZM_viigin.adb  Abaqux/Slandaid 6.14-2  Sun lan 29 19:12:48 Cenlial Slandaid Time 2017
Y

ﬁ Step: Slep-1
z [nciement  123: Slep Time = D.6720

L

Figure7-2. Mesh used in the FEA model.
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Upon meshing the part, the interaction criteria (between the upper and lowszasub)
were defined. A surfaelased interaction pair was defined, with the bottom of the upper beam
defined as the master sace and the top of the lower beam defined as the slave surface. The
finite sliding criterion was used with node-surface discretization. A set of nodes along the
slave surface was selected so as to define the initially bonded region of the pany @eawvitial
crack length of 25 mm, as was the case in the experimental study). This set of initially bonded
slave nodes was allowed to be adjusted in the interaction definition. The interaction definition

requires a contact property definition, whichswkefined next.

In the contact property definition, three contact property options were chosen in
ABAQUS: Cohesive BehavipiDamage andGeometric Properties In the Cohesive Behavior
option, the penalty stiffness values must be defined. As previmestyioned, each of the three
penalty stiffness values are assumed to be equal in this study; therefore, a single vameador
be selected. This value, like the other two parameters governing delamination onset in a bi
linear tractionseparation law,are characteristically difficult to definédexperimentally or
otherwise) The three parameters are related to one another through the definition of the penalty

stiffness parameter:

(7-2)

.Y
U —
3

Becawse none of the three values in this relationship can be readily determined experimentally,
an assumption must be made with regard to the value of at least one of the parameters. Based on

the work by Turon et a[102] and Song et a[101], a value for penalty stiffness was selected as

106



O o100 &. Due to the nature of the selection of this parameter, it was held constant

between the two groups (without CNTs and with CNTSs) considered.

In the Damageoption, suboptions exist fornitiation, Evolution and Stabilization In
the Damage Initiationsub-option, the Maximum Separation criterion was selected. Using this
criterion, the critical separation for damage initiatios,, must be defined. To determine
appropriate3- values for both the virgin and CN®Einforced groupsrepresentative load
di spl acement curves taken from the experi ment
linear tractionseparation law used for simulation. These representativedispthcement

curves are show iRigure7-3.

Experimental (without CNTs)

354 L, L eee=- Experimental (with CNTSs)

Load Normalized by Specimen Width (N/mm)

0 T T T T T 1
0 5 10 15 20 25 30
Displacement (mm)

Figure 7-3. Representative loadisplacement curves from DCB testing used to calibrate
models.
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While the critical separation for damage initiation parameter is not necesstuitiye in
a physical sense, it (along with the penalty stiffnegsserves to define the interfacial strength
in tension,”Y(see Eq. (2)). In the Damage Evolutiorsub-option, the Benzeggagkenane
damage evolution criterion was selected. A gadfi 1.8 was used for the exponerntl01]. In
this suboption, 'O, 'O , and"O must be defined These values were taken from the
experimental work performed i@hapter4. As discussed in Chaptds the DCB test (as it was
performed in this work) yields multiple values foritcal SERR 1 NL (where the load
displacement curve first becomes nonlinear), VIS (where crack growth is first observed),
5%/Max (where specimen compliance has decreased by 5% or where the maximum load occurs,
whichever occurs first), and steasiate (wiere crack propagation is occurring in such a manner
that the calculated SERR remains relatively constant). The NL, VIS, and 5%/Max criteria are
associated with damage initiation (which is addressed by the parametéfsand3- in a bF
linear tracion-separation law), while the steadtate fracture toughness values are associated
with damage propagation. In Chaptrit can be seen that the virgin (without CNTs) group
exhibited a steadgtate"O value of o (KiTG , while the PopTube Approadheated (with
CNTs) group exhibited a steadiate’O value of ido QB . However, statistical analysis
(namely, the studesittest) showed that these two values were not statistically different. As
sweh, for the simulation carried out in this chapter, a single vali® of o Q#G  was used
for both the virgin and treated groups. The forthcoming discussion on the comparison between
experimental and FEA data will show that the selectioDamage Evolutiorparameters has a
minimal effect on the tractieeeparation behavior modeled herein. In 8tabilizationsub
option, a viscosity coefficient gfap m was used. The use of this coefficient has no bearing on

the tractiorseparatiorbehavior itself; it functions only to stabilize the FEA model while crack
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growth is occurring. Crack growth analysis is particularly taxing on FEA simulations, as
discontinuities commonly occur as contact pairs debond from one aiioéimeissue that ofte

|l eads to convergence 1|iIssues. As di s[tO3]s s ed
ABAQUS provides several remedies to help overcome convergence issues in delamination
propagation analyses. These include the viscosity coefficient used Dathage Evolution

option, as well asontact stabilization, automatic stabilization, and viscous regularization. Based
on previous experience, contact stabilization was also used in the FEA model covered in this
chapter. A contact stabilization factor pfp m was used (based on the recommendation
provided by Kruegef103]). Table7-2 sunmarizes the parameters used to define tHedar
tractionseparation law used to model delamination onset and progression in this chapter. Please
note thatas previously discussed in this chapter, Mode Il parameters are taken to be the same as
Mode | parameters so as to eliminate any mixextie behavior (the DCB test is designed to
promote pure Mode | delamination). Mode lll parameters, therefore, dawetamy bearing on

the analysis performed herein, as mixedde behavior is not allowed.
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Table7-2. Parameters used to defineibear tractiorseparation law.

Virgin
(without Treated
Property Description CNTs) (with CNTSs) Source
p  Penaltystifiness forMode 5,/ coaimm 344 GPaymm  [101,102]
delamination
o Penalty stifiness for Mode 5,/ spaymm 344 GPa/mm  [101,102]
Il delamination
O Penalty stifiness for Mode 5,/ spaymm 344 GPa/mm  [101,102]
[Il delamination
" : Calibration of
5 C”t"l’%' asrﬁga;aﬁﬁt?aft‘i’gn'\""d‘ 0.000125  0.000150  FEA model to
9 experimental data

N Critical separation fc_)r Modk 0.000125 0.000150 Assumed to be the

Il damage initiation same as Mode |
N Critical separation fqr Modk 0.000125 0.000150 Assumed to be the

[l damage initiation same as Mode |
o  Modelsteadsstae fracture g4 9102 g goky/n? Chapter 4

toughness

0 Mode Il steadystate 0.90k3/n? 0.90k3/n? Assumed to be the

fracture toughness same as Mode |
0 Mode Il steadystate 0.90k3/n? 0.90k3/n? Assumed to be th

fracture toughness

same as Mode |

To simulate the experimental DCB test, which was run in displacernentl (as

opposed to loadontrol), displacement boundary conditions were applied to the upper and lower

beam arms in the ABAQUS model.

A value of 20 mm was input doth of these

displacements, leading to a maximum total displacement (analogous to crosshead displacement

in the experimental test) of 40 mm. The far right end of the DCB specimen was modeled as a

fixed end, so as to allow the FEA model to run. Ingkperimental test, the far right end is not

fixed, but modeling a free end in the FEA model would lead to an excess of degrees of freedom.
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The fixed end does not affect the validity of the model; it functions only to allow the model to

run. The boundargonditions used in the FEA model atgown inFigure7-4.

Y

1.

Figure7-4. Boundary conditions used in the FEA model.

7.3 Results and Discussion

ABAQUS/Standard wassed to run the FEA models described herein. Two separate
models were configured and riinone for the virgin (without CNTs) group and one for the
PopTube Approactreated (with CNTs) groupFigure 7-5 shows a defrmed DCB specimen
after Mode | delamination in ABAQUSsigure7-6 shows typical stress fields near the crack tip
for Mode | delamination analysis via the CZM approach, Bigdre 7-7 shows a comparison of

the loaddisplacement response betwaperimental data and the FEA simulations.
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Figure7-5. Deformed DCB specimen after Mode | delamination in ABAQUS.
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Figure7-6. Typical stress fields near the crack tip during Mode | delamination.
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Figure7-7. Comparison between experimental and FEA data for Modkirdnation via the DCB test.
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Several key observations can be made from the comparison shdwgune 7-7. The
calibrated CZM models for both the virgin (without CNTs) and PopTube Appiiveated (with
CNTs) goups agree reasonably well with the experimental datarticularly in the damage
progression region (after the point where the {deghlacement curves begin to decline). In the
damage initiation region, the FEA model for the Ci¢inforced group agrseverywell with the
corresponding experimental data. However, this is not the case for the virgin group in the same

region.

In the CNFreinforced group, experimental lodisplacement response remained linear
up to the onset of delaminatidn.e. thee was only minimal softening in the process zone ahead
of the crack tip prior to delamination onset. This is likely due to the enhanced degree-of fiber
matrix adhesion offered by the presence of CNTs on the fibers. This minimal softening ahead of
the crak tip is accounted for well by the-bhear tractiorseparation law used for the PopTube

Approachtreated (with CNTs) group.

In the case of the virgin group, experimental loligplacement response suggests that
significant damage occurred ahead of tmack tip prior to macréevel delamination. This
damage likely occurred in the form of mieccacks and some degree of fiseatrix debonding
(which commonly occur in polymer matrix composites without any form of interlaminar
reinforcement), and was s&e enough to lead to a notable reduction in specimen stiffness (as
evidenced by the roundirmyver of the loadlisplacement curve). While the CZM approach is
intended to allow for some damage ahead of the crack tip, it typically cannot account for the
sewre degree of prdelamination damage observed in the virgin gréupven in damage

initiation analyses where the mesh is significantly refined ahead of a stationary crgdKi}ip
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As such, the blinear tractiorseparation law used for the virgin (without CNTS) simulation was

calibrated to bedit the experimental loadisplacement response.

Using the critical separatiofor damage initiation parametdarsvhich were determined
by calibrating the blinear tractionrseparation laws used for the virgin and Gidinforced
groups to experimental loatisplacenent data for both groups EqQ. (7-2) can be used to
calculate estimates for the-lmear tractiorseparation law parametéely the interfacial strength
in tension, for both of the groups. These values are showakhile7-3. It should be noted that
these values do not necessarily have an absolute physical meaning (i.e. they cannot be readily
determned experimentally), but they are quantifiable representations of the Mode | interfacial

strengths for the material system considered in this work.

Table7-3. Estimates for interfacial strength in tension.

Virgin Treated
Property Description (without CNTSs) (with CNTSs)
y Interfacial strength in 43 MPa 52 MPa

tension
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8 ADDITIONAL STUDIES

8.1 Short-beam sheartesting

In this study, woven @arbon fiber/epoxy composites atested for shorbeam shear
strength, which provides a relative comparison of interlaminar shear strehglihgin and
PopTube Approacheinforced composites. This series of tests were carried out according to
ASTM D2344[104]. Intheshorb eam shear test, thick composit
point bending tdailure. The test is designed to generate interlaminar shear loading (akin to a
Mode || |l oading) such that failure initiates

near the midplane of the composite specimen.

It is important to note thahé shorbeam shear test does notyield@ ur e shear 0 st
for composites. As such, its results do not carry the same utility as many other material
properties gleaned from ASTstandardized testiigwhich are commonly used as model inputs
in compoge structural design/analysis efforts. The sh@am shear test does, however, force
the material to fail in a sliding shear mode (as noted above) and is perfectly capable of providing
a comparative assessment among material systems with respectlémint shear. For this
reason, the shelieam test is a commonly used procedure in the composites community, both in

research and in industry.

Composite panels were manufactured using wet layup vatagging. Based on the
ASTM-suggested guidelines dthrough experiment, appropriate specimen dimensions to ensure

interlaminar shear failure were determined for the material system of inteneshinally 3.5
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mm thick by 7.0 mm wide, with a span length of 25.4 mm. Sheasin shear specimens were
cut fromthe composite panels using a diamdipbed wet saw. The specimens were loaded to
failure in a thregoint bending configuration, and the maximum load was recorded for each
specimen. Shot#beam shear strength was calculated for each of the specimendirgdo the

relation given below:

0 T b (8-1)

where’O is the shorbeam strength) is the failure load, anéand™Qare the specimen
width and thickness, respectiye Five specimens were tested for each grolip.seen infable
8-1, the CNTFreinforced group showed alsstantiaimprovement over the virgin group in terms
of shortbeam shear strengttGiven the nature of thehortbeam shear test, it can be concluded
that CNT reinforcement via the PopTube Approach leads to a significant improvement in

interlaminar shear strength in woven carbon/epoxy composites.

Table8-1. Shot-beam shear test results.

Group Max Load,0 CrossSection AreagQ "O
(N) (mn?) (MPa)
Virgin (without CNTs) 622.9 £62.5 22.8+0.75 20.49 £ 1.65
Treated (with CNTs)  940.1 £ 110 26.2 £0.51 26.96 £ 0.70
Relative Difference +50.9% +14.9% +31.6%
Confidence Level .000 .000 .000
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8.2 Application of sizing to PopTube Approachtreated carbon fibers

Fiber sizing, which is a fiber coating intended to enhance the handling and performance
characteristics of fibers and their composites, is momly used throughout the composites
industry. In fact, the presence of sizing on fibers to be used in polymer matrix composites is so
commonplace that it may be considered a standard feature of said fibers. The three primary
functions of fiber sizing @ 1) to serve as an appropriate coupling agent between the fiber
surface and the matrix material to be used, 2) to improve handling characteristics of the dry fiber,

and 3) to protect the fiber from damage during general handling, processing, layup, etc.

The study detailed in Chapt@ri which showed sizable declines in «ial composite
tensile strength and straio-failure for composites reinforced witliNTs via the PopTube
Approachi prompted further exgrimentation in an effort to alleviate the detrimental effects
(specifically, fiber damage) of the PopTube Approach CNT synthesis process. As mentioned
previously in this work, it was discovered early on that the presence of sizing on the fibers
interferad with the growth and coverage of CNpoduced by the PopTube Approadkor this
reason, much of the carbon fiber usedhroughout this work was purchase from the
manufacturemwithout sizing applied.The absence of sizing allowed for enhanced CNT growth
and coverage on the carbon fibers, &b left the door open for extensive fiber damage during
the CNT synthesis process and general handling and processing. For these reasons, this study
was conceived to examine the potential of applying sizing téildbes in an effort tdl) alleviate
some of the damage caused by the CNT synthesis process (i.e. healing minor defects in the
fibers) and 2) introduce a protective coating to the @&iforced fibers to defend against
general weaandtear during layup.It should be pointed out that the technique used in this study

T coating the fibers after CNTs were grown on thiens not typical This technique would
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likely be irrelevant to any fiber manufacturer, due to the fact that the fibers they produce do not
have CNTs grown on themwhile the CNFcomposites research community could presumably
have some interest in a technique such as tinihebest of theaut hor 6 s knowl edge,

precedent foit currentlyavailable in the literature.

While the speifics of sizing application methods likely vary from manufacturer to
manufacturer (very little to no information is available on the details of various sizing application
methods used by manufacturers, which is presumably due to the need to proteetgoyopri
practices from competitors), the gener al obj e
surface areaith an even, thitayer of sizing. This can be accomplished by using a liquid sizing
solution with the desired percentage of solidsaliged in @ appropriatesolvent. After coating
the fibers vith the solution, the fibers amried to drive off the solvent and leave behind the

sizing particles on the fiber surface.

For this study,a polyurethandased sizing agerdesigned for use ith epoxy matrix
materialsi Hydrosize U601 (manufactured by Michelman)was selected. Hydrosize L4 is
an aqueous solution (which simplifies the dilution and application procesghs30% solids

(nominal) in its undiluted form.

At the onset ofthis study, sizing solutions with several different concentrations were
prepared to examine the general effects of the sizing on the handling characteristics of plain
woven carbon fiber fabric. Sizing solutions with 30% solids (undilut2g)5% solids, 3%
solids, and 7.5% solids were prepared (using deionized water for the diluted solutions) and
appl i ed single pesf pbain \Bosen carbon fiberThe coated plies were then heated in

an oven at 113°F for 1 hour to drive off the water and lealend the polyurethane solids.
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These drying parameters, along with the four solutions initially considered, were informed by the

advice of a Michelmalfthe sizing manufacturechemist.

After drying, the four sizingoated plies were examined for geaethandling
characteristics as well as watit ability with the epoxy resin to be used in this study (EPON 826
resin and EPIKURE 3230 curing agent). The results of this examination were abundantily clear
as the amount of percent solids increased, thabipty and wetout ability of the fabric plies
decreased. The 30% solids group was noticeably stiff, as if it had already been impregnated with
a matrix material. When epoxy was applied to said group, very littleoutedccurred. Upon
coating one sidef the ply with epoxy, the other side would remain completely dry. These
effects became less pronounced as the percent solids decreased. The 7.5% solids group retained
much of its original pliability, and could be readily wetiat with epoxy. As suglit wasclear

that the most viable optiomas the group with 7.5% solids.

To study the effects of sizing on PopTube Appretiehted fibers at the composite level
T specifically, the potential for sizing to heal minor defects caused by the CNT sgrhssess
and protect against general waadtear during handling and layuip additional composite
laminate test groups were fabricated and tested Haxial tension according to ASTM D3039
[46]. Strains were determined via digital ineagorrelation (see Chapter 2 for more detaild)e
test matrix used in this study was designed to gain a complete understanding of the effects of
sizing on the material system of interest. As such, a 7.5% solids sizing solution was prepared
and appliedo both virgin and treated woven carbon fiber fabric plies; these sized plies were then
used to fabricate composite laminates. By design, the material system, composite layup/cure
procedure, test specimen dimensions, test specimen configuration, amedtesiure were held
constant with those used in ChaperThis allowed for a direct comparison of wxial tensile
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performance between virgin and CNdinforced composite laminates with and without sizing.
The results of this study, along with comparison data from Chapte shown inrable 8-2.
Please note that each of the percentage compaitisoglative to Group I the baseline virgin

group with no CNTSs or sizing present on the fibers.

Table8-2. Uni-axial composite tensile test results.

Test Strength Strainto-Failure Tensile Chord
Group CNTs? Sizing? (MPa) (mm/mm) Modulus (GPa)
1 No No 778.0 +15.9 .01193 +.000197 63.46 £ 2.20
2 Yes No 592.4+ 69.3 .00%9+ .00128 59.89 +2.94
Relative Difference -23.9% -18.8% -5.63%

p-value .000 .068 .023
3 No Yes 751.9+73.5 .01264 +.00163 58.06 + 2.26
Relative Difference -3.36% +5.95% -8.51%
p-value .207 .036 .001
4 Yes Yes 708.7£64.0 .01381 +.00240 54.40+ 6.00
Relative Difference -8.91% +15.7% -14.3%
p-value .012 .070 .002

Several interesting observations can be gleaned from the results shawbleB-2.
First, consider the comparison between the virgin composites with and without sizing (Group 1
vs. Group 3). Strength has decreased slightly in the sized,gbotipat just over 3%, this
reduction is not significantThis shows that the presence of sizing on undamaged fibers provides
no intrinsic strength improvement. Strdaoifailure has improved by almost 6% in the sized
group, which shows that the sizing has some effect onedbfeed of brittleness inomposites
loaded to failure in tension.Quastductility in compositesoaded in tensiorarises from the
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fibersd ability to readil y pdurindgafalueeveatDnet he s u
of the key functions of sizing is to improve the integritytiod fibermatrix interface; therefore,

at first glance, it seems that the presence o
the surrounding matrix material and thereby reduce the ductility of the composite. However, this

is clearly notthe case according to the experimental results, which show an increase in ductility

in the presence of sizing on the fibers. This paradox has been observed by researchers in the
past, most notably by Chuet al. [105]. They found that the presence of sizing had a
plasticization effect on the matrix material near the fibatrix interface, which effectively led

to a softer and more ductile interphase zone in which fibers where allowedré readily pull

out during a failure everttue to a reduction in the debonding forequiredfor pull-out to occur

This phenomenon also explains how the virgin composites with sizing could exhibit an increase

in strainto-failure with essentially nehange in strength the composites with sizing failed in

the same manner as those without sizing, but the presence of sizing allowed for more extensive

fiber pull-out (and thereby, more ductility) prior to final failure.

Next, consider the comparisdretween the PopTube Approatrkatedcomposites with
and withoutsizing (Group 2 vs. Group 4). While both Groups 2 and 4 show a reduction in
strength compared to the baseline group, the -@fforced group with sizing showed a
markedly smaller reductiomm strength compared the CN&inforced group without sizingAs
previously noted in the comparison of Group 1 vs. Group 3, the mere presence of sizing on the
fibers provides no intrinsic improvement in composite strength. The relative improvement in
strength observed in the comparison of Group 2 vs. Group 4 likely arises®m combination
of )t he si zingds abi |l and healdmall dgfdcty alang tad surface bffthe | | [

PopTube Approactreated fibera nd 2) t he s inzeffent@rdotee mattixanmterialc i z at
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near the fibematrix interface, which leads to a more ductile interphase zonestbahducive to

fiber pull-out. Since a primary function of sizing is to provide a protective coating on fibers, it
follows that in the caes of fibers with defects (which were proven to be onset by the PopTube
Approach CNT synthesis process in Chaj@grthe application of sizing could provide some
degree of a healing effettthereby reducing theumber and/or sizef defects within the fibers,
limiting the number of potential failure sites during a loading eventl allowing for higher
values of composite strength to be reachAdmore ductile interphase zone likely has a-taid

effect on theCNT-reinforced composites, with the first being an increase in divefmlure (for

the same reasons discussed in the comparison of Group 1 and Group 3) and the second being a
crackblunting mechanism via fibenatrix debonding. Under tensile loadiiggnsverse cracks
initiate in the composite and propagate as the load is increased. If thenéitver interface is
excessively strong and/or brittle (as is the case with -@\iforced composites without sizing,
discussed in more detail in Chap®y there is no relief mechanism fany stress concentrations

that may arise in the composite. Further, in this case, the-bhactting mechanism offered by a
weaker and/or more ductile fiberatrix interface is ot operative. The net effect of these
phenomena is an excessively brittle composite, where the matrix is unable to effectively
distribute and redistribute loads to the fibers throughout the loading process. This can be thought
of as a s ou i dfféctf whdresthre dull dapacity af tbe composite is never reached due
to uninhibited crack growth that is allowed to move transversely across the gage section without
any relief mechnism. On the other hand, if the fibeatrix interface is weaker ¢n likely the

case here, since sizing is intended to improve coupling between the fibers and the matrix
material) and/or more ductile, the composite is able to more effectively redistribute stresses

throughout the loading process and transverse crackmbecaomewhat blunted by fiberatrix
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debonding. The net effect here is that the composite is allowed to reach closer to its full capacity
and exhibit a higher level of strengti.o summarize, the relative increase in strength seen in
Group 4 as comparedo Group 2 is | ikely due to a combi
defects in the fibers and provide for a more ductile interphase zone in the composite; while the
relative increasen strainto-failure is likely due to the more ductile interphasme alone. It

should also be noted that it is not presently clear to the author as to why theostadure in

the CNTreinforced/sizing group showed a larger improvement over the baseline than did the
virgin/sizing group. While beyond the scopetlois work, perhaps a more exhaustive study on

this subject should be the focus of future work in this area.

8.3 Effects of the use of various metallocenes in the PopTube Approach

In this study, single fiber tensiltests arecarried out to compare the reladi effects of
different metallocene catalysts on PopTube Apprdaesdited fabric towsA metallocene, which
is a sandwich structure compound comprised of a transition metal cation situated between two
cyclopentadienyl ligands, is used in the PopTube Agghdreatment process as a catalyst and
supplemental carbon sourcés the PopTube Approach itself was being developed, ferrocene
proved to be the most viable metallocene in terms of CNT growth and coverage. As such, it has
been used as the metallocendhe PopTube pproach in each of the studies presented herein.
However, no mechanical testing was originally carried out to examine the effects of various
metallocenes on carbon fibers treated by the PopTube Approach. This study was designed to do
justthati determine the relative effects of several different metallocenes (including ferrocene)

on the mechanical progess of single carbon fibers.
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8.3.1 Single Rber Tensile Testing

The single fiber tensile test was chosen due to the fact that it is indicdtiie degree of
damage induced in the fibers as a result of the CNT synthesis process. As previouslthetated,
metalloceneknown to provide the best CNT growth and coveragéerrocene this study is

designed to prove whether it also leads to thalkest degree of damage in the fibers.

Cobaltocene (denoted as Co), nickelocene (denoted as Ni), and the traditional ferrocene
(denoted as Fe) were used to treat fabric tows with the PopTube Approach method. Individual
fibers were harvested from @& tows, mounted in thick paper frames, and loaded to failure in
tension using a low capacity, high fidelity 2.5 N load eell pneumati@actuated gripsThe test
setup was identical to that detailed in Chafer A single gage lengthi 25 mm 1 was

considered, and five specimens were tested for each of the three groups.

8.3.2 Determination of Characteristic Flaw Size

To further characterize the damage induced in the fibers as a result of the treatment
processes camered in this study, traditional linear elastic fracture mechanics (LEFM)
principles can be used to determine a characteristic flaw size associated with the mean tensile
strength of each test group. As shown via Weibull statistics in Chapter 2, theld@ofgproach
treatment process leads to an increase in both the number and the size of defects present in the
single fibers. These defects manifest themselves at or very near the surface of the fibers and do
not affect the bulk fiber properties, as evided by the reduced strength (a function of the
probability of a defect being present along the fiber gage length) and the relatively unchanged

modulus (an intrinsic, bulk material property) in the PopTube Apprbaelted single fiber
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group. Therefore, ithis study, it is reasonable to consider the PopTube Appitoeated fibers

to be notched (and the virgin fibers to be unnotched).

The approach used herein is informed by the work of Herraez[#08)], which evaluated
the fracture toughness of individual AS4 carbon fibers via tensile tests on notched fibers.
Straight, sharp notches of prescribed depths (a constant crackialéptir diameter ratio was
held constant atdj O 1@ § were introduced in the fibers via actsed ion beam, and the
notched fibers were subsequently loaded to failure in tension. Single fiber fracture toughness

was then calculated using the relationship

0 OFO, N @ (8-2)
where 0 is the fracture toughness) aj ‘O is the shape function for a straight crack in a
cylinder loaded in uniaxial tensiop,is the farfield applied stress, andis the crack depth. The
shape function( ¢j O, was determined via finite etent analysis in a previous study by
Herraez et aJ107]. Based on this approach, Herrdez et al. determined the fractgreéss of
an individual AS4 carbon fibertole  ¢® ¢ ™ W 0 (4. Herréez et al. also points out
that this single fiber fracture toughness value can be interpreted as a bulk material property
related to the central core of the fiber and not the fiber surface itself. As suem Hbec
considered to remain constant among the three different PopTube Apesteld groups
examined in this study. Using this logic, a characteristic flaw size can be estimated for each of
the PopTube Approaetneated groups considered in this stiidwhich serves to describe the

deleterious effects of the various metallocenes used in a physical sense.
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8.3.3 Results

Table8-3 shows the resultsom this comparative study.

Table8-3. Single fiber tensile strengths of PopTube Appreehted fibers via various
metallocenes.

Mean Tensile Relative Estimated
Test Group Strength Change (%) Characteristic
(MPa) 9 Flaw Size (um)
Virgin 3525 + 475 - -
PopTube Approach (Fe) 3033 + 310 -14.0% 1.59
PopTube Approach (Co) 2932 £ 494 -16.8% 1.71
PopTube Approach (Ni) 2704 + 1187 -23.3% 2.01

The results of this study show that ferrocene induces the least amount of damage in the
fibers. Coupled with the fact that ferrocene is Wwnoto provide for the best coverage and
growth of CNTs, the results presented here further reinforce the conclusion that it is the ideal
metallocene to use in the PopTube Appro@Mir synthesis procesfNickelocene is shown to
be the most damaging to thbers, causing a reduction in single fiber tensile strength of almost

25% and inducing the largest characteristic flaw iaa estimated 2.01 um.
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9 CONCLUSIONS

In this collection of studies, a comprehensive characterization of a novel CNT synthesis
and reinforcement scherindhe PopTube Approadhis presentedThe PopTube Approach was
originally developed by Wang and Zhang, who were granted a patent for the process[3].2011
However, prior to the work presented herein, the potential of the PopTube Approach to produce
reinforcedstructuralcomposites had not yet been expld. This work serves to characterize
polymer matrix composites (namely, woven carbon fiber/epoxy composites) reinforced with
CNTs via the PopTube Approach. A comprehensive range of mechanical tests has been carried
outi including single fiber tensiorgomposite tension, Izod impact, Mode | fracture, Mode I
fracture, drop weight impact, compression after impact, and -bkarh shear. Where
applicable, fracture surfaces resulting from said mechanical tests have been examined via
scanning electron micsasopy (SEM) in an effort to better understand how PopTube Approach
CNTs affect the various mechanical properties considevédile not the primary focus of this
work, effort has been put forth in furthering the development of the PopTube Approach
techniqwe itselfi namely, by studying the application of sizing to the PopTube App+aated
fibers and by examining the effects of various metallocenes used in the CNT synthesis process.
For simplicity, conclusions will be presentbdreinstudy-by-study, seceeded by a summary of

the overarching conclusions from the entire collection of studies.
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9.1 Study-by-study Conclusions

1. The PopTube Approach leads to a reduction in both single fiber tensile strength
and composite tensile strength. The reduction in sifilgé¥ tensile strength is
attributed to an increase in both the number and the size of defects present in the
fibers following CNT synthesis by the PopTube Approach, as shown by the
application of Weibull statistics. The reduction in composite tensiéngin is
shown to the result of a combination of three factattse reduction in single fiber
tensile strength itself due to fiber damage, a reduction in fiber volume fraction due
to the presence of CNTs on the fibers, and shift in failure mode (exdgssive
brittle) as result of the improved (and perhaps, oearforced) fibermatrix
interface in the CNTeinforced composites. The latter conclusion is significant in
that it suggests that for a given material system and CNT reinforcement scheme,
there islikely a critical degree of CNT reinforcemerit below which the
composite may not reap the full benefits of CNTs in terms of delamination
resistanceand abovevhich improveddelamination resistance comes at the cost of
composite tensile strength.

2. The Poffube Approach leads to no change in Izod impact strength in composites
cured and consolidated with elevated temperature and positive pressure. lzod
impact strength is measured for virgin and Ciginforced groups cured via
vacuumbagging alone and vacuuivagging + press curing. In the vacuum
bagged groups, Izod impact strength is reduced, whereas in the press cured groups,
there is no statistically significant changéractography is used to reveal the

nature of the Izod impact loading event, which isveh to induce failure in the
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notched composite specimens via gyasgie tension (nearest the notch), quasi
pure compression (furthest from the notch), and some combination of these modes
in between the two distinct zones. Both mechanical testing anaddraphy
support the conclusion th&NTs produced via the PopTube Approach are not
utilized in any significant manner during an Izod impact loading event. An
additional takeaway from this study is a rather obvious dneenhanced
consolidation serves to pnove the mechanical properties of the Gi¢inforced
composites. While this is generally true in any polymer matrix composite system,
the effects are exacerbated when CNTs are present on the surface of the fibers, as
consolidation and wetut bkecome evemore difficult tasks.

. The PopTube Approach leads dosignificant improvement in Mode | fracture
toughness upon crack initiation. Two separate data reduction schenuified

beam theory and modified compliance calibratiobear this out. Fractograph
shows that the improvement in the crack initiation region can be attributed to
enhanced fibematrix adhesion in thENT-reinforced group.

. The PopTube Approach leads to an improvement in Mode Il fracture toughness.
Fractography shows that this improvemh is due to enhanced fiberatrix
adhesion, as evidenced by the fact that the fibers in the-réiNforced group
retained a significant amount of matrix material during fraciures. the crack

path was forced away from the fiberatrix interface and o the tougher bulk
matrix material.

. The PopTube Approach leads to a reduction in delaminated area due {0 drop

weight impact (as shown by infrared thermography) and an improvement in
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compression after impact strength. Fractography is impractical to tisis case

due to the nature of the two successive loading events -{ggmht impact
followed by failure via compression, which initiates at the site of the impact
damage), but it is reasonable to draw the conclusion that the improvecabex
adhe®on due to the presence of CNTs on the fibers limited the degree of
delamination due to the facewise impact loading. This limited degree of
delaminaibn ultimately leads t@animprovement irknockdown strength that is,
compression after impact strength reduced less (as compared to a pristine,
undamaged specimen) in the group with CNTSs.

. The PopTube Approach leads to a significant improvement in-sBkarh shear
strength, which is a reliable indicator of interfacial shear strength (IFSS) in
composites. Fractography is not practical for failed shbgam shear specimens
due to the nature of the failure, but it is reasonable to conclude that the
improvement in IFSS is directly attributable to the presence of CNTs on the fibers.
. The application of a polyethanebased sizingo carbon fibers posSENT growth

helps improve the mechanical properties of @dihforced composites loaded in
uniaxial tension.The protective coating provided by the sizing conceivably helps
to reduce the effects of general weardtear during composite layup, but more
significantly, it likely serves to heal some of the defects in the fibers caused by the
PopTube Approach itself.

. Ferrocene is the most ideal metallocene compound to use in the PopTube
Approach CNT synthesis proces$/hen the process was originally developed,

ferrocene proved to provide for the best coverage and growth of CNTs, but this
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work proves that it also provides for the least amount of damage to the fibers (via

single fiber tensile testing) compared to two otimetallocenes.

9.2 Overarching Conclusions

1. The PopTube Approach route to Chdinforced polymer matrix composites
provides for an enhanced fiberatrix interface. Most significantly, this
manifests itself in the form of improved resistance to Mode d Ktode I
delaminations which are among the most critical concerns in the design and
implementation of composite structures in both aircraft and spacecraft
applications.

2. Unlike existing CNT synthesis/reinforcement schemes, the PopTube Approach
provides apractical balance between usabiléynd effectiveness. Alternative
techniques exist that can provide more dramatic improvements in delamination
resistance, but these improvements generally come with a number of practical
challenges in terms of implemehta o n . The PopTube Appr
simplicity i coupled with its ability to provide sizable improvements in several of
the most critical mechanical properties in compositgs/e it a unique practical
value.

3. The key drawback to the PopTube Approaihie fact that it induces damage in
the constituent carbon fibers during the CNT synthesis process. This damage is
certainly not insignificant, but should be taken in the appropriate contte
PopTube Approach causes as little as-fiftte the amountof fiber damage as

other techniques.
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4. The amount of CNT reinforcement in a polymer matrix composite system should
be carefully selectedso asto ensure an appropriateegtee of fibemmatrix
adhesion. Beyond a critical amount of CNT reinforcement, further
improvements in delamination resistance may come at the expecsmpbsite
tensile propertie$ due to the fact thagxcessive fibematrix adhesion impedes
key stress relief mechanisms in composites under tensile load. This can lead to
t he c o mpabildyita effectively redistribute stressashich in turn, leads

to premature failure that initiates in regions with highly concentrated stresses.

9.3 Recommended Directions for Future Work

Conclusions taken from this work suggest several key neps stethe development of the
PopTube Approach as a viable method to produce -@iforced carbon fiber composites.
Perhaps the most obvious and important of these next steps is to impiaditg control as it
relates to the PopTube ApproacRuality cotrol is largely limited by the microwave heating
source needed to carry out the CNT synthesis reaction. If a more reliable and controllable
microwave heater can be configured, the quality/length/coverage of CNTs produced by the
PopTube Approach cdikely be markedly improved.The second key next step is seafe of
the technique. The PopTube Approach currently exists only on a laboratory scale, which is an
inherently natural place to begin with a nexdigveloped concept of this sort. The techniqué wil
need to be scaled up, however, if it is to realize some degree of practicality in industry.
Uniquely, the issues of quality control and seapecan likely be addressed by a single common
solutioni configuring an opefair, largescale microwavebelt heater that can continuously
process carbon fiber via the PopTube Approach in a precise, controllable manner. In this way,

parameters governing the exposure and intensity of the microwave irradiation can be controlled
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tightly all the while allowing for proessing volumes limited only by ehwidth of the heater

itself.

Secondarily, thought should be given to the final material form of the-@forced
carbon fiber produced via the PopTube Approach. In the aerospace industry, the overwhelming
majority of composite structural components are fabricated using fiber forms preimpregnated
with matrix materiali A pr e pr e g s orhefpapularity of repregs within the aerospace

industry can be attributed to the following features, among others:

A The use of ppregs avoids the complication of separately applying both dry fiber forms
and wetmatrix material during the layuprocess. In many cases, the complexity of a
given component does not allow for traditional processing techniques such as wet layup

or resn infusion to be used.

A The use of prepregs typically leads to better control over material properiibe
prepreg material form inherently helfis better maintain fiber orientatiaturing layup,
which is obviously critical in any composite structu@mponent. Prepregs also
effectively il ock i nd the resin conitthustultimately t he
allowing for the fiber volume fraction throughout a cured composite component to be

relatively fixed.

If carbon fiber forms reinforced with CNT#a the PopTube Approach are to ultimately be
useful to the aerospace community, it would be prudent to incorpoesteitha prepreg material

form.
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APPENDIX A: CARB ON NANOTUBE GROWTH V IA THE POPTUBE
APPROACH

This appendix contains representative images of CNT growth via the PopTube Approach
CNT synthesis technique. Images are included for @ifforced fibers prior to composite
fabrication (i.e. after CNT growthub before composite layup and cure) and after composite

fabrication (i.e. after CNT growthnd composite layup and cure).
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Appendix A: Carbon Nanotube Growth via the PopTube Appoach

UofAl SEI 30.0kV X950 WD 15.0mm 10um

SEM images of AS4 carbon filganior to composite fabrication

Top Left
A Baseline image no CNT growth

Top Right
A CNT growtlvia the PopTube Approach
A Metallocene: ferrocene
A Additive: ethanol

Bottom Left
A CNT growth via the PopTube Approach
A Metallocene: ferrocene

A Additive: tetrahydrofuran (THF)

2%
ES

Auburn SEI 20.0kv  X1,700 10um WD 9.4mm
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Appendix A: Carbon Nanotube Growth via the PopTube Appoach

1{ a i

UofAL SEl 2.0kvV X430 WD 16.6mm 10um UofAL § X1,100 WD 16.6mm 10um

SEM images of CNTsdarbon fiber/epoxy composites
Top Left and Top Right
A Fber bundles wheregnany of the exposed fibers appeal
G2 0SS aFddieé¢ Fa I NB&ad
significant of matrix material remains attached to GNT
reinforced fibers
Bottom Left
A CAOSNIJ adzNFI O0Sa | LILIBoughenadt
surface texture characteristic of CNT growth

|

UofAL SEI 1.0kV X1,300 WD 16.4mm 10um
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APPENDIX B: FRACTOGRAPHY FOR W OVEN COMPOSITES

This appendix is a collection of fracture surface images taken through® course of
this project. Fractographianages representing both virgin (without CNTs)Y aRopTube
Approachtreatal (with CNTs) woven compositege included fom variety of different loading
conditions Some of the images included herein also appear in the main text, while many others
are presented for the first time in this appendix. Beistion is intended to be a reference for
fracture surface analysis in woven carbobefifepoxy composite laminates, both with and

without CNT reinforcement.
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Appendix B: Fractography for Woven Composites Composite Tension
Virgin (without CNTs) Woven Composite

X650 WD 7.7mm 10um UofAl S X450 WD 7.8mm 10um

Material AS4 plain weave carbon fiber/EPON 828
system: EPIKURE 3230

CNTs: No
Fabication: Wet layup/vacuum bag/press cure
Loading: Uniaxial tension

Notable fracture surface featureand their implications

A Varying topography, with some fiber bundle breakage ¢
some fibermatrix debonding (asnticated by the bare
individualfibers)

A Exposed fiber surfaces are largely devoid of matrix mate
(i.e. fibermatrix interface notexceptionally strong)

A Transverse crack paths relatively tortuous (not able to sh
directly across the width of the specimen unabated)

UofAL SEI 5.0kV X1,000 WD7.7mm 10um
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Appendix B: Fractography for Woven Composites Composite Tension
Treated (with CNTs) Woven Composit

PRSI

SEI 5.0kV X330 WD 7.6mm 10um

Material AS4 plain weave carbon fiber/EPON 828
system EPIKURE 3230
CNTs: Yes

Fabrication: Wet layup/vacuum bag/press cure

Loading: Uniaxial tension

Notable fracture surface features and their implications:
A Relatively uniform topography, characterized by fibendle
breakage
A Fibers remain in bundles; fibenatrix debonding not
operative (indicative of stronger fibenatrix interface)
A Transverse crack paths not tortuous (able to shoot across
width of the specimen with relative eaje

UofAL SE 3.0kV X1,300 WD 7.6mm 10um
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Appendix B: Fractography for Wove n Composites Izod Impact
Virgin (without CNTs) Woven Composite

Material Twill weave carbon fiber/EPON 8Z8EPIKURE
system: 3230
CNTs: No

Fabrication: Wet layup/vacuum bag/press cure

Loading: Izod impact
Notable fracture surface features and their implications:

A Failure mode is dominated by tensile failure near the not
as ndicated by widespread longitudinal fiber pullout at
breakagen this region (see top left image)\ery little matrix
material remains on the exposed fiber surfaces, althot
some fibersremain embedded in the surrounding matr
material and have pulledut in bundles.

A Failure mode is dominated by compressive failure in
region furthest from the notch, as inchted by micre
buckling bands(see top right image) and individual fibe
buckling (see bottom left image).
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