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Abstract

A systematic series of experimental characterization efforts have been applied to a novel advanced fiber
reinforced nanocomposite material composed of carbon fiber doped with carbon nanotubes in a thermoplastic
polymer. A novel depositional process has been developed and refined in order to obtain homogeneous and
isotropic dispersion of the CNTs onto the interfacial surface of interest. Fracture mechanics characterization
efforts under Mode I and Mode 1II loading have been investigated to quantify critical strain energy release rate
values and study the complex fracture processes. Finite element simulations have complimented the fracture
analysis in order to elucidate mechanisms at work during the precipitation and propagation. Thermal analytical
responses have been measured using differential scanning calorimetry and thermal gravimetric analysis, while
temperature dependent viscoelastic properties have been characterized through variable amplitude dynamic
mechanical analysis. Significant increases in the energy absorption characteristics during deformation and
fracture behavior have been directly measured for this CNT enhanced material system. This CNT modified

CFRP material shows extreme promise for improving interply adhesion and inhibiting delamination.
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1 INTRODUCTION

Advanced fiber reinforced nanocomposites (FRNs) are being considered for Sandia
applications due to their potential to enhance mechanical performance and reliability.
However, as a result of the multiple constituents comprising FRNs, load distribution,
deformation and subsequent failure mechanisms are unknown. The alignment, adhesion,
functionalization, spatial distribution and aspect ratio of the nano reinforcement fibers are all
coupled in an unknown, multifaceted manner, yet are vital for structural composite
applications [1]. These material aspects all affect the material‘s ability to carry external loads
and dissipate energy through deformation and fracture processes, and introduce a new set of
scientific challenges to understand FRN behavior. In order to confidently employ FRN‘s, the
strong dependency of material behavior with the complex collection of material parameters

must be rigorously investigated.

The mechanical efficiency and reliability of advanced FRNSs lies in their ability to effectively
transfer load from the binding matrix to the load bearing fibers, and then through each
respective lamina in the laminate stack sequence. Resistance to fracture is governed by the
fracture toughness of the resin and the interfacial properties between the fiber and matrix
material [2]. The formation of interlaminar delamination from Mode I and Mode II fracture
can severely degrade the stiffness and strength of an advanced composite material system [3],
especially when subsequently under compressive loading. Disbonding and delamination can
result in unsatisfactory performance or catastrophic failure of critical components if left
undetected. Through-the-thickness interlacing with nano reinforcements can complicate the
stress field and make it difficult to design composites with confidence [3]. As a result, the
need for material characterization and understanding is paramount in these emerging
processing methods and for developing material model inputs for advanced finite element
simulations. While the detection of subsurface damage is virtually impossible for in-service
components without extensive non destructive inspection (NDI), the critical interfaces of the
composite laminate must be confidently designed to resist and tolerate conditions that are

likely to induce delamination.

Electrospinning processes are currently under investigation at Sandia as a more efficient and

large scale depositional method for exploiting the inherent electrical conductivity of carbon
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nano tubes. The electrospinning process induces extremely high longitudinal strain rates from
the jet, which can cause alignment of the nano fibers [4]. Utilizing this method of deposition
is practical for understanding the mechanical implications on new, cutting-edge material
systems due to the simplicity, versatility, and mass scale nature of the process [5] to produce
uniform diameter fibers in a random configuration. Electrospun fibers have a random
orientation when using an automated motion platform onto the composite interface surfaces
of interest with a rotating drum. This can help to circumvent the issues shown to be
associated with non-homogeneous nano reinforcement distribution [6]. Agglomeration
significantly decreases the reinforcement‘s ability to bond with the matrix due to less contact
area and effectively reduces the aspect ratio of the reinforcement [4]. In-situ observations
from mechanical loading have shown that cracks in the binding matrix tend to nucleate at
regions of low reinforcement density and then propagate along weak interfaces or relatively
low reinforcement density regions [6]. Scanning electron microscopy (SEM) has been
successfully used to establish the interaction between the propagating interlaminar crack and

the nano-scale reinforcement that it encounters [7].

It is likely that there is an optimal level of nanofiber doping that must be achieved in order to
maximize the mechanical benefits from a FRN material. If the system is not doped enough, it
is thought that discernable signs of improved performance will not be observed, and they
may actually be worse. Too low of reinforcement amounts at the interface do not provide
proper mechanical interaction, yet can serve as localized stress raisers as a result of the
geometric discontinuity they present [8]. If the system is doped too much, it will likely show
reduced signs of performance due to the retarding effect in chemical cross linking [2], resin
starvation [5] at the interfaces acting as microcracks [3], and the probabilistic nature of
fracture from an increased number of defects due to the larger amount of material. A
compressive, radial pre-stress is developed between the nano reinforcement and the
surrounding matrix as a result of the mismatch in the coefficient of thermal expansion [7].
This gives rise to a frictional shear stress as relative deformation between the two
constituents occurs. In addition, there is an increase in the micromechanical interlocking and
non-bond interactions as a result of the closer contact [8]. An optimal amount of nano
reinforcement could increase the fracture toughness [9] of a composite joint interface

significantly, especially in Mode II, including a physical change in the deformation [10] and
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fracture mechanisms [8]. Leveraging this characterization knowledge is necessary for
intelligent material design and strengthening at locations and interfaces of interest, and is also
needed to provide the validating data needed for advanced finite element simulations of

complex geometry with FRN.
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2 OBJECTIVES

To address these issues, an experimental program has been completed to obtain a
fundamental understanding of advanced FRN‘s, which were expected to demonstrate new
response behavior for design. Mechanistic understanding was needed to enable engineering
and design of nanocomposites that are more failure resistant and predictable. The
characterization techniques employed on the nanocomposite will help to understand and
define how the nano reinforcement can best be utilized at the critical interfaces in the
composite laminate to provide the desired mechanical response and reliability. To

accomplish this, a three-phase approach was employed.

Phase I focuses on the investigation of the electrospinning deposition methodology. This
effort studies the governing material and process parameters involved to effectively
electrospin onto the CFRP surface of interest. The depositional morphology and topology is
evaluated and correlated with the manufacturing process. This allows for the optimization of

the method in order to get a homogeneous and isotropic deposition.

Phase II involves the material characterization of the FRNs, with baseline materials tested in
parallel as a control case. The characterization effort focuses on the material‘s ability to
deform and fracture under Mode I and Mode II loading conditions. The prime focus is on the
material‘s ability to dissipate mechanical energy through complex processes of damage. A

thermal analytic and dynamic mechanical analysis is also performed.

Phase I1I investigates the fracture morphology and mechanical performance for each material
system. The resulting performance is then correlated with the observed fracture surfaces and
mechanisms of energy absorption. This phase also explores finite element simulations of the
Mode I fracture process involving cohesive zone modeling in order to understand the inputs

necessary to predict the new response mechanisms observed.

The results of this investigation will establish the critical relationships that allow
enhancement of preimpregnated polymer composites with nano reinforcement that currently
do not exist. This insight and methodology can then be leveraged for this material system and

others into the future. The design of structural composite materials, or multifunctional
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materials in general, requires the optimized use of the constituents to obtain the desired
response behavior. This behavior should be both tailorable and predictable as we increase our
understanding of these nanocomposite materials through experimental characterization and
numerical simulations. This effort will lead to improvements in existing composite structures

and the creation of new materials for a variety of applications in the national interest.
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3 ELECTROSPINNING DEPOSITION

3.1 Introduction

The electrospinning process has been well known and utilized for a number of years with a
variety of applications [11]-[13]. It is a relatively straightforward process and can be tailored
to produce both fibers and droplets depending on the process parameters and needs of the end
use application. The attractiveness of long, thin fibers with random or controlled distribution
has promise for applications such as filter development [14]-[17] and biomedical scaffolds to
promote tissue growth [18]-[19]. Incorporating CNTs into a material adds an additional
realm of possibilities from a structural perspective, including the enhancement of stiffness

and strength of fiber reinforced composite materials [20]-[25].

For many applications, it may be desirable to have aligned nanotubes that are grown on a
surface, possibly using thermal chemical vapor deposition [26]-[27], or electric field
alignment [28]-[30] to induce anisotropy with preference in one direction. These instances
may not require a polymer and solvent mixture as a transport medium but still require special
fixturing and methodic application to obtain the desired deposition. For many applications,
however, quasi-isotropy in the depositional plane may offer increased benefit for generalized
applications of structural health monitoring, electromagnetic shielding, thermal transport, and

interfacial toughening.

Li et al [31] successfully electrospun polysulfone nanofibers onto a carbon fiber prepreg to
increase fracture toughness. Their approach utilized a flattened prepreg ply with a 24 kV
potential applied between the syringe and target. Garcia et al [32] grew CNT forests upon
silicon substrates using thermal chemical vapor deposition. They then transplanted the
vertically aligned CNTs onto a prepreg composite material via a rolled cylinder technique.
Remarkably, the transplanted CNT forest was thought to maintain the vertical orientation
after an autoclave cure cycle. Deitzel et al [33] successfully electrospun poly(ethelyne oxide)
in a controlled fashion by completely dampening out the bending instability with the use of
an electrostatic lens element and a biased, flat collector target. This method was useful to

understand and control depositional coverage area. Seol et al [34] conducted an investigation
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into the structure and properties of an electrospun poly(vinylidene fluoride) (PVDF) solution
with variations in the amount of single walled nanotubes, and they were successful in
spinning out fibers as small as 70 nm in thickness and were able to correlate the viscosity and
resulting conductivity of the solution with the mass fraction of PVDF to CNT dispersant.
Controlling the deposition region, the fiber diameter and morphology, and obtaining a truly

homogeneous distribution is a difficult task but would have many benefits.

This present study investigates the ability to randomly distribute MWCNTs onto the surface
of a structural prepreg composite material using an electrospun polymer jet as the transport
medium. The composite is rotated on an electrically charged drum while the material is
electrostatically poled and drawn to the drum during a rastering traverse of a charged
capillary needle. The process parameters and their effect on the fiber morphology and size,

orientation, and depositional coverage area will be observed and correlated.
3.2 Experimental Methods

3.21 Materials

The MWCNT-PVDF formulation consists of a fluorinated PVDF thermoplastic copolymer
with fully suspended and dispersed MWCNTs. The poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) pellets (Density 1.78 g/mL, Melt index = 4-10, T\, = 140
°C, Ty = 35 °C, Viscosity 20,000 — 25,000 poise) is mixed at 19 % wt. with acetone and
dimethylformamide (DMF) in a mass ratio of 7:3, respectively, along with 3 wt. %
MWCNTs. The MWCNTSs are in dry powder form with a density of 0.22 g cm™ and a carbon
concentration > 98 %. The MWCNTs used in this study had averaged diameters' of 6.6 nm
with a length to diameter aspect ratio of approximately 1000. Each MWCNT has
approximately 3 to 6 walls comprising it. DMF is used to disperse the MWCNTs and to aid
in the dissolution of the polymer. Acetone is to reduce the melt temperature and increase the

evaporation of the solution.

! Distribution of the tube diameter is lognormal with 75 % of the tubes < 9nm and 90 % of the tubes < 12.2 nm.
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The preimpregnated composite material is composed of an 8 harness satin weave carbon
fiber fabric, as depicted in Figure 1. The 8-harness satin weave is a ply architecture that
possesses low crimp and high drapability. This makes it useful in applications where there
are geometry changes of small radius of curvatures on surfaces to be conformed to. However,
the asymmetric nature of the satin weave, as opposed to the symmetric plain weave, results in
bending-twisting coupling behavior when axial loads are applied. In addition, the thermal
residual stresses present after the cure, resulting from mismatches in the coefficient of
thermal expansions for the fibers and the resin, will result in warping of a panel if it is not

carefully layed up to be symmetric overall.

Figure 1 Schematic of plain weave (left) versus 8-harness satin weave (right).

The resin used to impregnate the carbon fiber is UF3362 (Density 1.21 g/em’®, Tg = 161 °C,
Tensile Modulus 3.17 GPa, Tensile Strength 68.95 MPa). The carbon fiber fabric is
composed of HexTow AS4 C GP 3K fibers (Density 1.78 g/cm’, Diameter 6.9 um, Tensile
Modulus 231 GPa, Tensile Strength 4385 MPa). The resin mass content for the fabric is
approximately 33.6 %. Additional details of the composite material system can be seen in

Table 1.
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3.2.2

Table 1 Carbon fiber reinforced polymer (CFRP) material systems used.

Fabric Number SC561-8HS-3K
Fabric Name TBD

Fabric Weave Style 8 Harness Satin
Fabric Weight, Dry 364g/m’
Fabric Thickness 25 mil
Consolidated Ply Thickness | 560 um

Fabric Weaver Sigmatex

Fiber Type Warp HexTow AS4 C GP 3K
Fiber Type Fill HexTow AS4 C GP 3K
Warp Tow Count 23.0 /in.

Fill Tow Count 23.0 /in.

Fiber Density 1.78 g/em’
Fiber Diameter 6.9 um

Fiber Tow Size 3K

Fiber Twist None

Fiber Tow Density 0.200 g/m
Fiber Tow Area 0.11 mm’

Fiber Tensile Strength 4385 MPa
Fiber Tensile Modulus 231 GPa

Fiber Elongation at Failure | /.8%

Resin Type UF 3362-100
Resin Density 1.211 g/em’
Resin Shelf Life Below 75°F | 6 Months
Resin T, 161°C (322°F)
Resin Tensile Strength 68.95 MPa
Resin Tensile Modulus 3.17 GPa
Resin Elongation at Failure | 3.5%

Resin Moisture Absorption 3.3%

Resin Content (Wt. %) 33.6

Date of Manufacture 18May2011
Item L.D. 13182

Prepreg Lot # F11105-18, Roll 1

Specimen Preparation

The polymer-solvent solution was mechanically mixed after pre weighing each of the
constituents and adding them together. The mixing was performed using a hot plate at 60 °C
using a magnetic stirrer until all of the PVDF had completely dissolved. The MWCNTSs were
then weighed with a precision balance and added to the premixed polymer solution. The
solution was then chilled in an ice bath and tip sonicated for 10 minutes using a ' inch

micro-tip at a power level of 14 W. The sonication step is carefully controlled to ensure that
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the CNTs are not fractured during the process. The application of the ice bath facilitates the
thermal management, keeping the relative temperature cool during the frictional process
which occurs during sonication. This solution was then ready for electrospinning and stored
in a 10 mL syringe, which threads into the electrospinner flow lines. Figure 2 depicts the

main steps described in this process.

Figure 2 Preparation of MWCNT polymer for electrospinning.

The carbon fiber prepreg material was delivered in large rolls, and plies were then cut for
electrospinning on to. The sections were cut using a 4-axis CNC controlled cutting table, as
shown in Figure 3, equipped with a vacuum hold down table and conveyor system. The plies
were cut to fit around the rotating drum in the electrospinner. This resulted in plies of 178
mm width and 622 mm long, with the width and lengths colinear with the weft and warp
directions, respectively. A depiction of this is shown in Figure 4 for smaller sections of
unidirectional composite material used to initially calibrate the machine. The prepreg

materials are adhered to the rotating drum with double-faced tape from the back side. The
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resin and fibers are facing outward for electrospinning fiber deposition directly onto that

face.

Figure 3 CNC controlled composite cutting table preparing CFRP materials.

Figure 4 Drum inside electrospinning chamber with prepreg carbon fiber on surface.

The polymer solution is initially primed into the system through the syringe, as shown in
Figure 2, and then the depressing of the syringe is motor controlled through the

electrospinner capillary needle at a prescribed volumetric flow rate, which was held constant
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at 5 mL/hr. A 100 mm standoff distance was maintained between the capillary needle and the
surface of the prepreg with the capillary needle centered along the longitudinal central axis of
the drum. The capillary needle was stepper motor controlled to traverse back and forth along
the drums axis at a constant rate of 40 mm/s with the end limits being approximately 50 mm
beyond the drum sides. This ensured complete coverage and enough length for the traverse to
attain the constant velocity upon directional changes. The drum was controlled to spin at a
constant rotational rate of 100 RPM. An electric potential of 12 kV was maintained between
the capillary needle tip and the drum. This was found to provide sufficient Coulombic force
needed to overcome the surface tension of the solution and draw the fiber out from the
capillary needle without sputter or droplet formation, and is consistent with the typical
condition estimate calculated by Yeo et al [35] for the balance of the capillary and Maxwell‘s
stresses. A schematic of the experimental set-up can be seen in Figure 5.

Needle Tip )
Traversing Syringe Polymer Solution

Driver ri\A « » {z%

Multi Wall Carbon Nanotubes
7 nm Diameter
>1 pm Length
Aspect Ratio ~1000
3-6 Walls
>98% Purity

/

Polyvinylidene Fluoride (PVDF)
Fluorinated Copolymer
Hydrophobic
Reduced Crystallinity
Increased Toughness
Dielectric Thermoplastic

Bending
+ ™~ Instability

Figure 5 Schematic of electrospinning depositional set-up.
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3.3 Results and Discussion

Prior to electrospinning onto the prepreg composite material, a sensitivity analysis was first
performed on the voltage level held at the capillary needle and drum. This was performed to
ensure that continuous fibers were spun onto the composite surface and that the fiber
morphology was indicative of both random orientation without directional bias and thorough
evaporation of the solvent. Also, the depositional coverage area and fiber diameter were
investigated to determine if they were dependent on the respective voltages held at each
location, even when the relative potential was held constant. A variation in the fiber
morphology and depositional area can be seen in the scanning electron microscope (SEM)
images of Figure 6 along with the respective voltage values used at the capillary needle and

drum.
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Figure 6 Electric potential variation with resulting fiber morphology.
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For the initial case when the capillary needle is grounded at +0 kV and -12 kV is applied to
the drum, the fiber can be seen to draw out of the capillary needle in a vertical direction,
parallel to the capillary needle, and deposit over a concentrated, circular region. The fibers
are very rough on the surface and have large diameters for this case. The initially vertical
path for fiber deposition onto the composite substrate is a result of the electric potential at the
capillary needle being in the grounded state. This implies there is no relative potential
between the capillary needle and the surrounding encasement for the electrospinner. With
this condition, the fiber is drawn straight down to the charged drum before it undergoes
bending instability, which is likely less pronounced due to the grounded state of the capillary
needle. As a result, the depositional region is compacted and tight, and the time of flight for
the fibers is a shorter duration relative to the other conditions. With a short time of flight and
a more direct vertical path to the charged drum, the fibers may still have solvent on them
when they are deposited onto the target substrate. It is thought that the solvent eventually
evaporates but leaves the fibers with a roughened surface as a result, which can be seen in
both the +0 kV /-12 kV and +2 kV / -10 kV conditions shown in Figure 6. Deitzel et al. [33]
explains that a reduction in fiber depositional coverage area is caused by the dampening of
the bending instability. With the standoff distance held constant and the viscosity of the

solution not changing, this is consistent with what was observed.

To contrast the initial cases, a condition with equal magnitude electric potentials of +6 kV
and -6 kV has been applied to the capillary needle and drum, respectively. For this case, a
difference in results has been attained with respect to fiber diameter, depositional area, and
fiber roughness. As a result of the electric potential difference between the capillary needle
and the surrounding enclosure, the fiber is drawn out of the capillary needle with an
electrostatic influence from the enclosure. The initial fiber angle, shown from the onset of the
Taylor Cone in Figure 6, is approximately 30 degrees from the vertical axis of the capillary
needle. The fiber then undergoes a bending instability as it is drawn out and deposits onto the
substrate with an area that is approximately 7 times larger than the initial case with a
grounded capillary needle. It is thought that the fibers have undergone a longer time of flight
given this larger depositional region, as well as the fact that the fiber diameters are reduced
by an average of 63%. A plot showing the measured values of depositional region and

average fiber diameter for each case can be seen in Figure 7. The reduction in fiber diameter
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is likely due to the more pronounced bending instability and longer time of flight the fibers
experience. A more extensive bending instability will induce higher magnitude thinning and
longitudinal straining, causing the fiber to have smaller diameter. The surface roughness of
the fibers can be seen to be very smooth for this +6 kV and -6 kV case since there was
adequate time for evaporation of the solvent. Inspection of the various cases investigated in
Figure 6 shows the smoothening of the fibers as depositional area increases and fiber

diameter decreases.
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Figure 7 Depositional area and fiber diameter as a function of capillary needle
voltage for a 12 kV potential.

Additional details of the fiber morphology can be seen in the SEMs of Figure 8. As a region
of interest is continually zoomed in, the variation in fiber diameters amongst different fibers
and smoothness of the fiber surfaces can easily be seen. In addition, the truly random fiber
direction angle is also highlighted with most fibers double-backing on themselves and, in

some instance, coalescing with adjoining fibers.
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Figure 8 Progressive zooming in on isolated electrospun fiber on CFRP substrate.

It is important to ensure the surface of the material to be electrospun onto is free from
contaminants. As can be seen in Figure 9, small particles of dust or powders may have been
present on the surface and then trapped onto it by the electrospinning process. However, this
electrospinning process could also be thought of as a method of particle entrapment for some

functional application like desiccant embedding or the like.
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Figure 9 Electrospinning fibers trapping surface contaminates.

The as-received composite material has carbon fibers with diameters on the order of 5 pm,
while the electrospun PVDF fibers have been observed on the surface to have diameters in
the range of 300 nm up to 4 um for the given parameters utilized in this study. This variation
in electrospun PVDF fiber diameter spans an order of magnitude and was observed for each
of the electrical potential cases considered. Representative SEM images with gold sputter
coating can be seen in Figure 10 for the before and after electrospinning conditions with the
+6 kV and -6 kV case. The homogeneity of the PVDF electrospun fibers and directional
independence of their distribution can clearly be seen. There does not appear to be any
directional dependence, particularly with consideration to the drum rotation. The bending
instability coupled with the capillary needle traversing and the relatively slow drum rotation
all work together to accomplish this uniform distribution. The fiber diameter and thickness of
the fiber mat can be tailored through the variation of the electric field strength, polymer

solution concentration, and duration of electrospinning [36]. For this study, the field strength
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and polymer composition was held constant after multiple iterations to get adequate values

established.
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Figure 10 SEM images showing the as-received CFRP composite before (top) and
after (bottom) electrospinning for the +6 kV and -6 kV case.

To visualize the surface topology resulting from the electrospinning, vertical scanning
interferometry measurements were conducted on the baseline, as-received CFRP composite
material as well as the electrospun, nano-enhanced system. The analysis plots accompanying
the scan images in Figure 11 are restricted to the vertical direction, which is colinear with the
underlying carbon fibers for that region. Each separate curve on the profile height, z,
represents a different analysis trace spanning the entire length of the consideration region, L,
which was 450 um. The interferometry analysis shows that the addition of the electrospun
fibers increases both the average surface roughness, R,, and root mean squared roughness,

R,, by approximately 6 times in all directions, with both roughness parameters defined in
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Equation 1 and Equation 2. From the edge on image shown in Figure 10 as well as the trace
analysis using the optical profilometer, the depositional layer thickness is estimated to be

approximately 20 pm.
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Figure 11 Topological profile based on vertical scanning interferometry.
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Considering the electrostatic pole which draws the PVDF fibers from the capillary needle
coupled with the bending instability experienced during the deposition, the PVDF fibers
undergo significant thinning and straining during their flight to the target substrate. The
MWCNTs within the solution are likely to be influenced and aligned within the PVDF fibers
as a result. A series of TEM images have been obtained, as shown in Figure 12, to observe

the distribution of MWCNTSs within the PVDF fibers. There is evidence from these images
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that the MWCNTs have a strong bias with elongation along the length of the PVDF fibers.
There are, however, numerous instances of entanglements and nanotubes that are double
backed along their own length. Kim et al [22] observed alignment of MWCNTs in
polycarbonate due to the high longitudinal strain rate of the jet, similar to this present study,
but they did not notice any sign of agglomeration. With the PVDF fibers being on the order
of several hundred nanometers up to microns in diameter and the MWCNTSs being on the
order of microns in length and nanometers in diameter, this observation is not surprising even
if the straightening during electrospinning is a more pronounced phenomenon. Depending on

the application, the alignment is a factor that may be desirable.

Figure 12 TEM images of single PVDF fibers showing the CNTs within.

As can be seen in Figure 13a and Figure 13b, many of the CNTs are elongated along the
length of the electrospun fibers. This alignment is likely a result of the electrostatic poling
process coupled with the mechanical straining during fiber formation. This would be useful
in applications where CNT alignment is necessary, since it is possible to control the
electrospun fiber direction and placement with a variation in the applied electric potential on
the target. In this application, however, a random depositional mat with aligned CNTs will
still result in a random CNT distribution network. Figure 13c and Figure 13d illustrate the
CNT agglomeration and PVDF fiber coalescing. With aspect ratios on the order of 1000, the
CNTs are highly likely to become entangled, even after sonication steps, leading to isolated
regions of knotted CNTs. In addition, depending on the amount f time the solution sits after
mixing and sonication before electrospinning, the affinity between CNTs in solution is strong

enough to cause agglomeration in a well dispersed formulation over time. When the solution
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is not well mixed with dispersed CNTs, the electrospinning process is not well controlled and
the exiting solution tends to sputter out of the capillary needle as agglomerates are passed.
This leads to issues with solidification of the PVDF solution and disruptions in the
electrospinning process as the capillary needle and the associated plumbing must then be

solvent cleaned and flushed.

c d

Figure 13 Additional TEM images showing CNTs within electrospun fibers (a) and b)
aligned, (c) agglomeration, and (d) electrospun fiber coalescing.

3.4 Conclusions

MWCNT‘s were mixed in a PVDF polymer solution for an electrospinning deposition
process onto a carbon fiber reinforced polymer prepreg material in the uncured state. A

sensitivity analysis was performed in order to optimize the depositional area, fiber diameter
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and morphology of the electrospun PVDF fibers. It was found that there is a strong
correlation with these parameters and the electric potential applied to the respective capillary
needle and target, even when the relative potential is maintained constant between the two.
The case when the potentials were equal in magnitude resulted in the largest depositional
area with the smallest diameter and smoothest fibers. When the capillary needle was
grounded and the voltage was applied only to the target, the fibers were much rougher and
deposited over a drastically reduced region. These effects are thought to be attributed to the
time of flight, evaporation of solvent, and the resulting instability due to bending during the
drawing process. The drum rotation and capillary needle traversing during the
electrospinning resulted in a homogeneous deposition with no directional dependence to
PVDF fiber orientation, and increased surface roughness parameters. The MWCNTSs were
found to be primarily aligned within the PVDF fibers, likely due to the drawing and straining
process when in flight. With homogeneity and isotropy associated with the PVDF fiber
network, the same can be said about the MWCNTs within the fiber distribution plane.
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4 THERMAL ANALYTIC RESPONSE

4.1 Introduction

The determination of the degree of a reaction and the kinetics of the polymerization utilizing
Differential Scanning Calorimetry (DSC) is an important parameter to evaluate for the
quality of a polymer based composites [37]. With an additive, such as PVDF-HFP doped
with CNTs onto an epoxy based composite material, as described in the previous chapter,
there may be a discernable effect in terms of the resulting exotherm and epoxy crosslinking
in the composite system. Others have had success with detecting the influence of fillers on
their polymer system in order to elucidate some fundamental issues and mechanisms
resulting from their addition [38]. Direct correlations have been observed in terms of the
DSC response for conducting fillers in PVDF polymer [39]. The PVDF polymer used in this
present study is semi-crystalline and generally exists in one of two phases — the non-polar a-
phase and the piezoelectric B-phase [40]. The B-phase is applicable to the electrospinning
deposition process employed in this investigation as a result of the electrostatic field
generated and the induced pole. The B-phase of PVDF has been investigated for the variation
in the melt endotherm detected from DSC for the poled versus non-poled form [41]. The
polymorphic phase transformations that are likely to occur from the depositional process,
through the curing process, and then during testing are of concern. It has been shown that
during fracture behavior there are micromechanisms of cavitation, spherulite breakdown,
fiber bundle structure formation and a transition from the a to B-phase [42]. The implications
to the mechanical response may be discernable during testing due to more or less brittle or

ductile behavior as a result of the polymer structure and resulting degree of cure in the epoxy.

The thermal analytical analysis includes using DSC to evaluate the enthalpy of transition,
AH, as the exothermic reaction of the chemical cross-linking event within the thermosetting
polymer takes place, indicating a correlation with the extent of monomer conversion. A
typical result illustrating the heat flux resulting from an exothermic reaction versus
temperature can be seen in Figure 14. The integration required to obtain the enthalpy of

transition or _heat of reaction,* AH, for the exothermic reaction is given as:
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T, T,
AH = [Cpdt = | (Ede 3)
T, q

T

i

where, C, is the heat capacity, K is the thermal conductivity of the material, g is the heating

rate, and the limits of integration are the initial and final temperature, 7; and 7, respectively.

» Peak Exotherm Temp
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o
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Figure 14 Typical DSC result showing the heat flux versus temperature.

In addition to the integration utilizing Equation (3), the peak temperature of the exotherm is

also obtained. This is described as the temperature at which the heat flux, ¢, meets the

criteria:

d_,

a7 4

These parameters have been directly measured for both the baseline CFRP material system
and the CNT enhanced CFRP. The identification of any changes between the two systems
will likely be correlated to variations in the binding thermoset epoxy as a result of the
exposure to the solvent-based PVDF formulation. A sensitivity analysis was performed on
fiber diameter and morphology as a function of applied electric potential, as described in
Section 3.3. The smoothness of fibers obtained was correlated with sufficient evaporation of

the solvents but was not investigated to determine trace solvent presence. The problem with
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measuring trace solvents is that they will likely evaporate before they can be detected. If,
however, the solvent did contact the surface of the epoxy based composite material without
fully evaporating during the flight phase of the fiber formation, including the bending

instability, there may be implications to the heat generated during the exothermic cure.

In addition to measuring the enthalpy of transition, the change in mass of the sample during a
heating cycle was determined using thermal gravimetric analysis. This allows for the direct
measurement of the mass loss associated with material degradation as critical temperatures
are experienced. For this measurement, a baseline sample mass is tracked in-situ as the

sample is heated to temperatures well beyond the cure temperature.
4.2 Experimental Methods

421 Materials

The CFRP material as well as the Polymer-based CNT formulation to enhance the baseline
CFRP are the same as those listed in Section 3.2.1. This information is not repeated here for

succinctness.
4.2.2 Specimen Preparation

Samples for differential scanning calorimetry are cut from the uncured CFRP material, both
the baseline and CNT enhanced. Samples are cut using a rotary cutter with a razor wheel to
approximately 5 mm squares. These squares are close in size to one another, however the

results are all normalized with respect to mass to account for slight variations.
4.2.3 Testing Procedure

A Mettler Toledo DSC823E differential scanning calorimeter was used to measure the
difference in heat flows between samples of interest — baseline CFRP and CNT enhanced
CFRP — and a reference sample with air. The Metler Toledo software suite was utilized with
this instrument to analyze and plot out all data results. Samples are encased within a 40 pl
hermetically sealed aluminum (99.99 % pure) crucible. The hermetic seal suppresses any

endothermic evaporation, vaporization or sublimation of volatile substances in the DSC.
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Before mounting in the DSC turret, individual masses for each crucible are obtained before
adding the sample. The samples are then sealed into the crucible using a sealing press to
plastically deform the lid. Figure 15 illustrates the process and shows the DSC testing
machine. The samples were then exposed to a heating ramp from room temperature at 25 °C

up to 600 °C at 2.78 °C/min. Argon purge gas was used at a flow rate of 40 ml/min.

Figure 15 DSC with sample preparation and turret mounting.

For the thermal gravimetric analysis (TGA), a Metler Toledo TGA/DSC 1 model tester was
utilized to measure the change in weight of the sample as it was heated. Similar to the DSC
experiments, the samples were exposed to a heating ramp from room temperature at 25 °C up
to 600 °C at 10 °C/min. Argon purge gas was used at a flow rate of 40 ml/min. In addition,

the same crucibles were used to house samples of interest for analysis.
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4.3 Results and Discussion

43.1 Differential Scanning Calorimetry

The resulting heat flow measurements, as described by the integration of Equation (3), can be
visualized as the shaded regions in the plots of Figure 16 and Figure 17 for the baseline
CFRP material and the CNT enhanced CFRP material, respectively. The integrations of
interest is the initial exotherm, the exotherm associated with the polymeric crosslinking
during the chemical curing process, which is shown in each respective plot as the first shaded
region between approximately 100 °C and 250 °C. This is of interest to determine if the
electrospinning of the PVDF-CNT formulation onto the CFRP prepreg material inhibits

chemical crosslinking in any discernable way.

50 100 150 200 250 300 350 400 450 500 550

Figure 16 Baseline CFRP differential scanning calorimetry exotherm response
showing integration area and limits.
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50 100 150 200 250 300 350 400 450 500 550 °C

Figure 17 CNT enhanced CFRP differential scanning calorimetry exotherm response
showing integration area and limits.

Evaluating the first integration region in each of the plots of Figure 16 and Figure 17
quantifies the energy given off from each sample. In addition, observing the peak
temperature experienced during this exotherm provides another parameter to use for
comparison sake. The results are plotted in Figure 18 and tabulated in Table 2 along with

respective average values and standard deviations.
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Figure 18 Sensitivity analysis on the integrated enthalpy of reaction and peak
exotherm temperature for the baseline CFRP material compared with the CNT
enhanced.

The initial exotherm for the baseline CFRP material averages approximately 142 J/g, which
is a 55 % increase from the 91 J/g measured for the CNT enhanced CFRP. Interestingly, the
standard deviation for the values obtained for the baseline CFRP is much higher than that of
the CNT enhanced material, almost 5 times. It is likely that if there were still solvent present
in the electrospun formulation when deposited onto the CFRP prepreg, the resulting
exothermic reaction from the polymerization occurring within the DSC would ha ve been
hindered, possibly as a result of reduced number of bonds created from resulting polymer
wrapping and lack of solvent evaporation. An additional explanation, possibly more likely,
considers the melt temperature of the thermoplastic PVDF that is now present on the CNT
enhanced CFRP. With a melt temperature being approximately 135 °C, this phase transition
occurs during the exothermic reaction from the epoxy resin. Since the melting of the PVDF
requires energy or heat, it is an endothermic process. This endothermic process from the
melting of the PVDF is occurring during the exothermic process from the crosslinking of the

epoxy. This would result in a net reduction in the overall exotherm as measured from the
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DSC. There less than a 1 % change in the peak temperature experienced during the exotherm

with a less than 1 °C standard deviation among all samples tested.

Table 2 DSC results comparing CNT modified CFRP with baseline material
formulations for 2.78 °C/min heating rate.

Normalized integral (J/g) Peak Temp (°C)
CFRPO62 with CFRP62 CFRP62 with CFRP62
CNT Baseline CNT Baseline
Sample 1 94.79 126.06 138.13 140.19
Sample 2 86.93 167.30 138.42 140.15
Sample 3 89.07 137.99 138.64 140.09
Sample 4 93.25 130.18 138.53 139.33
Sample 5 92.75 146.71 138.18 138.90
Avg. 91.36 141.65 138.38 139.73
Std. Dev. 3.25 16.37 0.22 0.58
4.3.2 Thermal Gravimetric Analysis

The degradation of the samples has been directly measured using thermal gravimetric
analysis (TGA). This procedure varies the temperature of the sample and allows for a mass
loss during testing. The mass loss stems from the breakdown of the material and the phase
change from solid or liquid to gas. This gas dissociates into the air and causes a reduction in

the sample mass, which is carefully measured throughout the temperature sweep.

The baseline CFRP and CNT enhanced CFRP TGA response curves can be seen in Figure 19
and Figure 20, respectively. The samples all were slightly different initial masses, causing the
curves to be shifted up or down on the plots. The onset temperatures for the transition and the

overall percentage of mass loss during the transition were directly measured.
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Figure 19 Baseline CFRP thermal gravimetric analysis response.
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Figure 20 CNT enhanced CFRP thermal gravimetric analysis response.

At approximately 350 °C both material systems can be seen to demonstrate drastic reductions
in mass loss. The overall degree of mass loss has been quantified and plotted in the graph of
Figure 21. It has been shown that the mass loss for each of the systems is approximately the
same within the experimental scatter. However, considering the second shaded region in the

exothermic plots of Figure 16 and Figure 17 it can be seen that the qualitative behavior of the
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heat transferred to each of the material types is different. This implies that even though the
mass loss between the two samples was approximately the same, the manner in which the
heat was utilized to accomplish this degradation was different. This is likely a result of the
fundamental differences associated with the presence of the PVDF thermoplastic polymer

and the lack thereof.
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Figure 21 Mass loss resulting from TGA between 25 - 600 °C.

4.4 Conclusions

A thermal analytic study has been performed on the baseline CFRP and CNT enhanced
CFRP materials. The enthalpy of reaction through differential scanning calorimetry and the
mass loss degradation through thermal gravimetric analysis have been carefully measured
and analyzed. It has been shown that the net exotherm given off as a result of the chemical
kinetics associated with the crosslinking polymerization in the epoxy resin is countered by
the endothermic melting transition in the PVDF thermoplastic. This causes a reduction in the
exotherm from the baseline material by approximately 55 %. While the normalized exotherm
changes drastically, the peak temperature experienced during this process does not vary by
more than 1 %. Considering the second exothermic reaction, that associated with the material
degradation and mass loss, the qualitative nature of the heat flow is unique to each material
system, yet the extent of mass loss is not. Both materials exhibit a reduction in mass by

approximately 25 % between a temperature range from 350 °C to 400 °C. This qualitative
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difference in the second endothermic region is associated with the presence of the PVDF and

the variation in thermal transport and storage within the material.
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5 DYNAMIC MECHANICAL ANALYSIS

5.1 Introduction

The thermo-mechanical analysis involves utilizing Dynamic Mechanical Analysis (DMA) to
evaluate the elastic and viscous properties of the cured baseline and CNT enhanced
composite material systems. DMA is used to apply a stress or a strain to a sample, often
under a variation in temperature and loading amplitude. The elastic and viscous properties of
the material are measured and quantify its ability to store and dissipate energy, respectively,
when cycled under mechanical loading. The temperature dependent response with respect to
the glass transition temperature, T,, the storage modulus, E‘, and the loss modulus, E*‘ are
measured during the experiment. The DMA technique is very sensitive to the motions of the
polymer chains and a powerful tool for measuring the transitions in polymers, estimated to be
100 times more sensitive to detecting the T, over DSC [43]. DMA has been shown to be a
useful tool for investigating the interfacial properties of fiber reinforced polymers [44]-[46].
DMA has also been used to determine the sensitivity of nanocomposite materials to doping
content levels [47]. It has been shown that increasing the content of CNTs within the polymer
matrix increases the storage modulus while broadening and shifting the loss modulus peak to
higher temperatures, implying more thermal stability and higher Tg [48]. The CNTs are
likely restricting the polymer flow resulting in a higher stiffness. The dispersion and mixing
technique before consolidation has also shown to have an effect on the overall response

under DMA loading [49].

In order to develop the fundamental equations to describe the DMA testing procedure in this
investigation, elasticity theory is used to describe the stress and strain relations through beam
theory. From the Euler-Bernoulli approach to flexure, the transverse displacement function,

v(x), for a simply supported beam, as shown in Figure 22, can be shown to be

Px

2o OF =4 (5)

v(x) =
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where the isotropic, elastic modulus is £ and the second area moment of inertia is /, a

function of the thickness, ¢, and width, w. When v(x) is evaluated for the maximum value,

which occurs when x is L/2, the transverse displacement is given as

3
-2
2 A8ET
with
wt®
=13 (7)
P
l jﬂ[h}
EI i — |
) T 1 0
- - =
* L :I

Figure 22 Schematic of the three-point flexure experiment.

By balancing moments about the neutral axis, assuming a linear distribution of strain any

distance, y, from the neutral axis, as well as a linear relationship between stress, g, and strain,

¢, the flexural (or bending) stress, g5, can be shown to be

M)y
oy == (®)

When Equation (8) is evaluated with M(x) equal to Px/2, along with the insertion of the

equality shown in Equation (7), the flexural stress at a distance y = /2 from the neutral axis
is given as

3PL
= 9
2wi? ©)

Oy
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Recall from Equation (5), the transverse displacement, v(x), at x = L/2 is given as

L PL’
Vv — | = =YV (10)
2 48E]
Then, the flexural modulus, Eg.., can be determined as
L (P
E, =——|— 11
e Ay (vj (b

Using Hooke‘s Law for the linear relationship between stress and strain, the strain, ¢, can be

determined to be

3PL
o 2wi? 6vt
E‘ﬂex L3 P] L2 ( )
4wt \ v

Using the result of Equation (12), the strain magnitude can be determined for the sample

geometry. The stress (or strain) is applied in a sinusoidal manner, such that

o = o, sin(wt + 5) (13)
and
&=g,sin(ar) (14)

where, gy is the stress amplitude, ¢y is the strain amplitude, o is the frequency, ¢ is the time,
and o is the phase lag between stress and strain. The storage and loss modulii, £” and £,

respectively, are defined as

vo-O

E'=—"co0s(0) (15)
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and

E"="2"5in(5) (16)

&y

So, taking the quotient of the loss modulus to the storage modulus gives

o ?sin(&

o= 0'0 =Tan(5) (17)
—cos(0)
€

The Tan () is a derived quantity, as can be seen in Equation (17), and is useful for
determining characteristic changes in a cured polymer, such as the 7, when Tan () is
maximum, and for an uncured polymer to determine the gelation point, when Tan (0) is
unity. A typical plot showing the relationship between the quantities defined in Equations

(15), (16), and (17) can be seen in Figure 23.
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Figure 23 Typical DMA plot Showing the Storage Modulus, Loss Modulus, and tan &.
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5.2 Experimental Methods

521 Materials

The CFRP material as well as the Polymer-based CNT formulation to enhance the baseline
CFRP are the same as those listed in Section 3.2.1. This information is not repeated here for

succinctness.
5.2.2 Specimen Preparation

Specimens were hand-layed up to be balanced and symmetric with respect to warp and fill
directions. Both the baseline CFRP laminates as well as the CNT enhanced CFRP laminates
were prepared to be 2 plies in thickness with the electrospun layer located at the mid-
thickness plane for the CNT enhanced specimens. The geometric parameters are listed in
Table 3. Specimens have been cured using a recommended autoclave cure cycle at 350 °F,

then cut to size using a wet diamond saw.

Table 3 DMA experimental specifications for CFRP material.

Material Baseline CFRP CNT Enhanced CFRP
Number of Plies 2 2
Stack Sequence2 [0/90] [0/90]
Thickness (mm) 0.84 0.84
Width (mm) 10 10
Length (mm) 57 57

5.2.3 Testing Procedure

The experimental set-up is defined in Table 4. For each condition, at least 3 specimens were
evaluated to maintain statistical significance. The amplitude level chosen was intended to
maintain the material response well within the elastic regime. When considering the shear
and moment diagrams for a simply supported, three-point flexure test, the shear is constant

along the entire neutral axis with a change in sign at the mid-span, loading point. With the

* The 8 harness satin weave is defined with the warp and fill directions as the 0° and 90° orientations,
respectively. Additionally, one lamina is defined as two sub-lamina for the purposes of a stack sequence, i.e.
one ply with the warp up and fill down would be described as [0/90].
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shear force, V, equal to P/2, the maximum shear stress along this mid-thickness plane can be
shown to be equal to 3V/24 for the rectangular cross section. Since the applied load, P, is

varying sinusoidally, the shear stress is as well.

Table 4 DMA testing specifications for baseline CFRP and CNT enhanced CFRP.

Loading 3 Point Flexure
Load Span 50 mm
Cylindrical Supports 4 mm Diam.
Amplitude 1000 um
Frequency 1 Hz

Temperature Range  -50t0 250°C
Temperature Ramp 2.78 °C/min

As shown in Table 5, the strain amplitude is approximately 0.16 % for each specimen type,
which is well below the strain to failure for this material, being around 1 %. The specimens
have been loaded in displacement control with an amplitude of 1000 pm, as described in
Table 4. This amplitude can be used, along with geometry, in Equation (12) to determine the
strain amplitude as 0.115 %, as listed in Table 5. The temperature within the test chamber

was then swept from -50 to 250°C at a prescribed rate of 2.78 °C/min.

Table 5 DMA specimen specifications for CFRP and CNT enhanced CFRP.

Material Baseline CFRP ~ CNT Enhanced CFRP
Thickness (mm) 0.84 0.84

Length (mm) 57 57

Strain (%) 0.155 0.155

The specimens have been loaded with a instrumented feature known as _Force Track.® This
feature ensures that, while the testing is displacement control, the loading clamp never loses
contact with the specimen during compliance changes over the temperature spectrum. This is
analogous to a non-zero mean stress in fatigue testing. An image of the specimen mounting

fixture and loading apparatus can be seen in Figure 24.
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Figure 24 Three-point flexure experimental setup for DMA.

5.3 Results and Discussion

The loss modulus, storage modulus, and glass transition temperatures have been closely
investigated and plotted for each respective material system. As can be seen in Figure 25 and
Figure 26, the superposed loss and storage modulii, as well as the Tan (), are plotted for the
baseline CFRP and the nano-enhanced CFRP, respectively.
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Figure 25 CFRP baseline DMA results for -50 to 250 °C.
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Figure 26 Nano enhanced CFRP DMA results for -50 to 250 °C.

The inflections associated with the storage modulus response curves are due to the glass
transition temperature of the material. This is correlated with the rise in the loss modulus as
the material becomes much more viscous with dissipating mechanisms, primarily in the form
of heat generation. As the loss modulus increases and the storage modulus decreases, recall
from Equation (17), the Tan () value will increase to a local maximum as well. In the spirit
of comparison, the individual response curves for the measured values have been plotted for
each material system in Figure 27 through Figure 29. The systems are superposed over one

another to highlight both similarities and differences.

The loss modulus can be seen in Figure 27 for each system. The response curves amongst the
different systems are very similar within the experimental scatter associated with the test.
The baseline system includes in the nomenclature DMA XX, with the _XX* representing the
specimen number. The nano-enhanced is denoted as DMA CXX, with the _C* denoting
carbon nanotube enhanced. Aside from the scatter associated with the low temperature
measurements, the most obvious and consistent difference between the two systems is the
offset of the loss modulus peak. This correlates with the shift in the storage modulus
inflection and the shift in the local maximum of the 7an (6). With the nano-enhanced system

having the reinforcement of CNTs within a thermoplastic polymer, the magnitude of the
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dissipating ability is unaffected. Note that this enhancement is located only at the mid-plane,
neutral axis of the specimen. This 3-point flexure is transmitting shear stress along this
enhanced interface, but it is also strongly dependent on the fiber properties of the composite
under both tension and compression, an ability that is equal for both sets of specimens as a
result of the same fibers. However, though no noticeable change in the magnitude has
occurred, the shift of the peak from a higher temperature to a lower temperature for the
baseline to CNT enhanced, respectively, implies that the glass transition has been lowered. In

fact, the Tg has reduced by approximately 15 °C due to the presence of the PVDF solution.
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Figure 27 Nano enhanced CFRP versus baseline material comparing the measured
storage elastic modulus from dynamic mechanical analysis from -50 to 250 °C.

The shift in the Tg is further highlighted from the plot of the storage modulus shown in
Figure 28. The inflection point of this plot is generally taken as the demarcation for the glass
transition. The transition can occur over a range from approximately 20-40 degrees, so this
inflection point was consistently chosen as the T,. With the PVDF and the CNT
reinforcement, the T, has been reduced. A likely source for this reduction is that the PVDF
polymer is a much more compliant, thermoplastic material when compared with the epoxy
resin. The epoxy is a crosslinked system with high stiffness. The addition of the PVDF
formulation, which has a melt temperature of 135 °C, results in the softening of the material

at a lower temperature. In addition, for temperatures beyond the Tg, the storage modulus is
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approximately 14 9% higher for the baseline material. This implies that the effect of
enhancing the neutral axis with the electrospun CNT formulation not only shifts the T, but
also gives rise to a reduced compliance above T,. In addition, the resulting 7an () shows
increased dissipating proportionality above T, in Figure 29. These effects are in contrast to

what others [49] have found, but with different polymer-based material systems.
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Figure 28 Nano enhanced CFRP versus baseline material comparing the measured
storage elastic modulus from dynamic mechanical analysis from -50 to 250 °C.
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Figure 29 Nano enhanced CFRP versus baseline material comparing the measured
Tan (6) from dynamic mechanical analysis from -50 to 250 °C.
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5.4 Conclusions

A systematic series of dynamic mechanical analysis has been performed on the baseline
CFRP and nano-enhanced CFRP material systems. Loading was displacement controlled
under a flexure scenario with sinusoidal variation in stress and strain. Though the interface
along the neutral axis was the only difference between the baseline and CNT enhanced, the
shear transfer during flexure was discernable in terms of the glass transition behavior, the

storage modulus, and the Tan (6). The following conclusions have been found:

e The glass transition temperature for the CNT enhanced system has been reduced by
approximately 15 °C. This is attributed to the lower melt temperature of the PVDF.

e The storage modulus has reduced by approximately 14 % at temperatures above the
glass transition. This is attributed to the compliant nature of the PVDF thermoplastic
polymer.

e The Tan Delta reveals that the relative proportion between the storage and loss
modulus increases for the CNT enhanced system, implying more dissipating
characteristics above the glass transition.
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6 MODE | FRACTURE CHARACTERIZATION

6.1 Introduction

In order to both qualitatively understand the mechanisms of fracture and growth behavior, as
well as quantitatively determine the fracture properties of the material for advanced
simulation and design, isolation of the fracture mode is necessary to eliminate extrinsic
effects. With the Mode I fracture toughness being generally lower for polymers compared
with the mode II value, it is often the initiating mechanism. This is coupled with the fact that
when considering the rotation of the stress tensor for a condition of pure shear, as is the case
for many scenarios of transverse loading on a composite stack sequence, there exists inclined
normal forces at 45° that will likely cause micro void formation in brittle materials leading to
coalescence and growth, making a mode II loading scenario ultimately governed by mode I
micro-mechanical fracture behavior [50]. This is of concern for a variety of loading scenarios

and damage mechanisms, predominantly subsurface interply delamination.

Nanotube modified polymer composites have been explored for the exceptional mechanical
properties CNTs possess, with tube modulus on the order of a 1 TPa [51]. With promising
properties, the implementation into structural composite materials is still undefined. Despite
an increasing effort to incorporate CNTs into composites and resin formulations, especially
for fracture toughness improvements [52]- [53], there is still much uncertainty in regards to
the load transfer and energy absorbing mechanisms [54]. The CNT pullout mechanism is one
energy absorbing process that has been shown to depend on the surface modifications [55]-
[56] such as functionalization or polymer wrapping. When the interfacial shear transfer of
tensile load is applied to the CNTs, the tensile stress transmitted can remove the CNT from
the surrounding polymer matrix. When the interfacial transfer through tensile stress is high
enough, CNT fracture may occur [57]. The loads are transmitted through the binding resin
and to the CNTs. This is analogous to a traditional fiber reinforced composite material. Load
redistribution occurs when one CNT fractures, resulting in the increased loading on
neighboring CNTs [58]. When the external loading is compressive in nature, localized

buckling of the CNTs has also been observed [59].
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This chapter will explore the theoretical approaches to characterize the fracture properties of
the baseline and CNT modified CFRP material. In addition, it will discuss the results from
Mode I testing in terms of the measured properties to the fracture morphology. The following

chapter will then complement these results with finite element simulations.
6.2 Analytical Methods

A series of analytic techniques have been explored in this study in order to understand the
limitations, benefits, and implications of each for the application to experimental data. Each

method is briefly discussed below.
6.2.1 Area Method

The critical strain energy release rate, Gy, is the rate of strain energy released with respect to

the generation of new surface area created. It can be written in its simplest form as

A
G, :_U

v (18)

Where AU and AA are the area under the load-deflection response curve and change in
surface area, respectively, for fracture growth. For a specimen with a constant width, B, this

can be rewritten as

AU
BAa

(19)

Ic

where 4a is the change in crack length. Using the Area Method, the change in elastic strain
energy can be simply determined by numerical integration to calculate the area between

curves at crack lengths a; and a, shown in Figure 30.
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Figure 30 Typical load-displacement response for a DCB experiment.

Numerical integration can be achieved using the relationship

AU = J.PdA = i%[BAHI _IDHIAi] (20)
a i=1

where n is the number of data points collected between points 1 and 2 in Figure 30 to
calculate the change in strain energy for each crack growth iteration. The external load, P, is
applied to cause a displacement, A. The change in crack length, a, is given by

Aa=a;, —a (21

where a;+; 1s the crack length at point i+/, and a; is the crack length at point i. This can be

used to calculate strain energy release rate using Equation (19).
6.2.2 Compliance Method

Using linear-elastic fracture-mechanics (LEFM), the strain energy release rate under

displacement control can be shown to be
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where d_C is the slope of the compliance, C, versus crack length, a, relationship.
a

Compliance is the inverse of stiffness and can be written in terms of the applied load, P, and
the displacement, 9, given by

C= (23)

)
P
. dC . . .
To determine T based on experimental results, a plot of compliance with respect to crack
a
length must be constructed and an appropriate curve fit is performed to the data. The curve fit
is then differentiated with respect to crack length, and used in Equation (22) to determine Gy.

This calculation must be performed at each respective crack growth measurement obtained.

The results are then generally plotted as a function of crack length.
6.2.3 Load Method

The load method uses Euler-Bernoulli beam theory to evaluate Gy.. A schematic of the DCB

used for testing can be found in Figure 31.

Figure 31 Schematic of the DCB experiment.

The separated region can be treated as two cantilever beams with their beam length equal to
the crack length. Euler-Bernoulli beam theory can be used to calculate the vertical
displacement of a cantilever beam at any point. For an end loaded cantilever beam with one

end fixed, the load-displacement response can be shown to be

68



Pa’

T 3EI 29

where E is the elastic modulus, and 7 is the second area moment of inertia. The load method

. : . . dC )
uses beam theory to define the load-displacement relationship to determine T to be used in
a

Equation (22). The displacement measured by the crosshead, A, is twice that given by
Equation (24), with the most general form of an asymmetric double cantilever beam (ADCB)

shown in Figure 32.

Figure 32 Asymmetric double cantilever beam (ADCB) schematic.

The crosshead displacement is the sum of the beam tip displacements of the upper and lower

sections, given by
A=6,+6, (25)

where 6;and 0, are the beam tip deflections for the upper and lower segments of the ADCB,

respectively. For a symmetric DCB,
A=20 (26)

The crosshead displacement can then be used to evaluate the compliance by combing

Equation (24) with Equation (25)

c=B8_ 2a°
P 3EI

27)

Gy can now be defined from Equation (22) by differentiating Equation (27) with respect to a,
requiring only the respective load at each crack propagation, along with material properties

and geometry. It is given as
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Ic BE] ( )

6.2.4 Displacement Method

The displacement method simply takes the result of Equation (27) to solve for the load, P,
giving

_ 3AEI

P
24°

(29)

Then, substitution of Equation (29) into Equation (28) allows Gj. to be calculated

independent of material properties as

3AET .
P
o _( 24’ j “ 3pa (30)
« BEI 2Ba

In addition, using beam theory and the load-displacement response of the DCB, the flexural

modulus can be calculated using Equation (29) and

B’
I = 31
2 (31
where /4 is the thickness of the beam. The flexural modulus is then given as
£ 8Pa’ (32)
Bh*A

6.2.5 Beam Theory Method

Due to the difficulty in accurately measuring the crack length, a final method was developed
to calculate G;. independent of crack length using simple beam theory. Combining Equation

(24) with Equation (25) for an ADCB, the crosshead displacement can be written as
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4Pa’ 1 1
A= 3T 3 (33)
B \ Eh” E,h,

Where E; and E; are the elastic modulus for the upper and lower segments, and /4; and 4, are
the respective thicknesses of the upper and lower beams. Equation (33) can then be

rearranged to solve for the crack length as

BA( 1 LY
a=\-—— 3T 3 (34)
4P Elhl E2h2

The compliance can be found using Equation (33) and dividing out the applied load, P. The

compliance can then be expressed as a function of crack length, material properties, and

geometry and is given by

3
C— 4a 1 - 1 : (35)
B\ Eh™  Eh,

Equation (35) is differentiated with respect to the crack length, a, to yield

dC 124° 1 1
- = 3+ 3 (36)
da B \ Eh™ Eh,

to be used in Equation (22). Substituting Equation (34) into the result of Equation (36)
removes the crack length, a, from the expression. Then, G, can be calculated using purely
the measured load-deflection response, as well as the material properties. It can be shown to

be equal to

Y
27PN [ 1 1
G, = : T+ 5 (37
2B E\h E,h,

For the simplified version of the DCB, when E; = E; = E and h; = h, = h, Equation (27)

reduces significantly and it can be shown
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(38)

Ic

27PN %
{ Eh’B* }

6.3 Experimental Methods

6.3.1 Materials

The CFRP material as well as the Polymer-based CNT formulation to enhance the baseline
CFRP are the same as those listed in Section 3.2.1. This information is not repeated here for

succinctness.
6.3.2 Specimen Preparation

Specimens have been prepared to be both balanced and symmetric with respect to the neutral
axis. Importance was given to the residual stresses that are present and ensuring that they are
balanced out in such a way as to maintain flat specimens with no warping. This is important
to maintaining a pure mode I loading with no mode mixity. The specimens were hand layed

up after cutting plies using a 4-axis CNC ply cutter, as shown in Figure 33.

Figure 33 CNC cutting CFRP plies for composite panel lay-up and autoclave curing.
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The ply to be used for the mid-thickness plane was electrospun onto with the CNT
formulation, as described thoroughly in 3.2.2. The schematic of this depositional process is
repeated again in Figure 34 for clarity. This ply was then used with the baseline material

plies to create the stack sequence needed for curing and specimen cutting.

Needle Tip )
Traversing Syringe Polymer Solution

Drver ‘i\* « »

Multi Wall Carbon Nanotubes
— 7 nm Diameter
>1 pum Length
Aspect Ratio ~1000
3-6 Walls
>98% Purity

Polyvinylidene Fluoride (PVDF)
Fluorinated Copolymer
Hydrophobic
Reduced Crystallinity
Increased Toughness
Dielectric Thermoplastic

Bending
+ Instability

Figure 34 Schematic of electrospinning onto a CFRP ply.

The specimens were layed up to be 16 plies in thickness with the electrospun interface
located at the neutral axis, as shown in Figure 35. The electrospun surface was located on the
warp face of the ply, with the intent to fracture colinear with the warp direction. The stack

sequence is listed in Table 6 along with relevant geometry of the consolidated panels.

8 Plies{

Electrospun Surface

8 PIies{

‘ 16 PIies{

Figure 35 Schematic of the laminate layed up for DCB specimen consolidation.
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Table 6 Mode | DCB specimen configuration.

Material Baseline CFRP  CNT Enhanced CFRP
Number of Plies 16 16

Stack Sequence [[(0/90)4] §] s [[(0/90)4] 4] s
Thickness (mm) 6.0 6.0

Width (mm) 19 19

Length (mm) 145 145

A 12.7 um thick Teflon film was applied to the middle of the panels along one end before
bonding, as shown in Figure 36. The Teflon was approximately 50 mm in length and spanned
the entire width of the panel. This was to inhibit any bonding between the upper and lower
halves of the specimen during the cure cycle, acting as a crack starter during testing. It was
important to ensure the thickness was minimized as much as possibly so no residual out of

plane peeling stress resulting after panel consolidation.

Figure 36 A thin Teflon insert applied to the end of the electrospun lamina.

Panels, after being hand layed up, were vacuum bagged and debulked overnight. Embedded
thermocouples were placed in the bag with the panel in order to properly drive the cure cycle
based on the actual material temperature, rather than just the air in the autoclave. Panels
vacuum bagged and debulking with embedded thermocouples can be seen in Figure 37.
Multiple vacuum ports are applied to the panels, one on each opposite corner, to ensure
uniform resin bleed and compaction during cure. Panels are then placed in the autoclave for

the programmed cure schedule, as shown in Figure 38.
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Figure 38 Autoclave with CFRP panel to cure on caul plate inside vacuum bag.

The autoclave cure schedule is illustrated in Figure 39, showing the temperature, pressure
and vacuum profiles. The debulk operation is performed for at least 30 minutes before the

panel is exposed to increasing temperatures. This ensures adequate compaction of the
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laminate and the reduction of air pockets induced during the lay-up procedure. The autoclave
is initially ramped up in temperature at 5 °F /min while full vacuum is simultaneously
applied to the panel. The temperature ramp continues up to 350 °F, with the ramp driven off
of the lead thermocouple and the dwell based on the lag thermocouple. This vacuum process
with increasing temperature occurs for as long as practically possible to aid in the
devolatilization process. The limitation would be the viscosity of the resin system and the

gelation point.

Temp (°F) Pressure (ps
Vent Autoclave Pressure
Pressure Dwell when Temp is < 150F

10 psifmin

1 Hr Temperature Soalc

190 - Start Autoclave Pres:

sure
when Lead TC Reaches 190F

Full Vacuum On

30 Min. Debulk at Room Temp I |

Vent Vacuum to
Atmosphere when
Autoclave Pressure

Figure 39 Autoclave cure schedule depicting time, temperature, and pressure
relationships for complete consolidation.

As can be seen in Figure 40, the resin viscosity reaches a minimum before rising steeply due
to the chemical crosslinking. The period of time before this is used for effective wet out,
compaction and degassing. The applied vacuum, along with the increasing temperature,
causes gases to expand and mobilize out of the laminate. As viscosity is dropping, this
devolatilization process is aided. Once 190 °F is attained, the autoclave pressure is applied at
10 psi/min up to 60 psi. The vacuum is vented once the autoclave pressure exceeds that of
atmospheric pressure, which is done at approximately 20 psi. The pressure and temperature
continue to ramp up to 60 psi and 350 °F, respectively. The temperature then dwells for
approximately 1 hour with full pressure applied. The cure is then complete and temperature
and pressure are slowly removed at controlled rates to reduce the effects of thermal residual

stress. Panels can be removed once temperature is approximately 150 °F.
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Figure 40 Rheology curve for the 3362 resin system utilized with the carbon fiber.

Cured panels were then measured and scribed for datum reference marks to aid in the cutting
of specimens, as shown in Figure 41. Cutting was performed using a wet diamond saw to get
to final specimen geometry, as previously listed in Table 6. Specimen edge average

roughness was measured to be approximately 2-6 um using vertical scanning interferometry.
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<]
I Teflon Insert

Figure 41 Wet diamond saw cutting specimens from consolidated panels.

Individual specimens were then equipped with steel hinges, as shown in Figure 42. The steel
hinges were cut from larger piano hinges in order to ensure symmetry of loading based on
hinge length and flap width. A quick setting, high strength epoxy was mixed and used to
bond hinges to the specimen while specimens were aligned in the load frame using fixturing
to keep hinges parallel. Once specimens were hinged and ready for testing, a scale was put on
each specimen, starting from the tip of the Teflon insert out to 100 mm in length. This

allowed each specimen to be monitored for crack growth during the experiment. The
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graduations of the scale were every 1 mm for the first 10 mm, then every 5 mm thereafter out

to 100 mm.

Before bonding tabs and fixturing Alignment procedure for fixture

Figure 42 Bonding hinges to specimens and aligning loading fixture for attaching the
hinged specimen to the load frame

6.3.3 Testing Procedure

Specimens were fixture using a stainless steel, double bolted adjustable clamp as shown in
Figure 43. As previously mentioned, the specimens were bonded to hinges while the hinges
were mounted to the fixture to ensure no torsion or bending was induced on the specimen
during mounting. The double cantilever beam specimens were loaded in displacement control
at 1 mm/min using the crosshead displacement. This very low rate of displacement control
was employed to reduce the potential for strain rate dependency within the polymeric
material. Data was recorded at 10 Hz in real time using Instron‘s BlueHill software suite.
Load, displacement, and time were continually recorded for the entire event until stopped by

a 100 % load drop or operator suspended test.
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Figure 43 DCB specimen fixturing, aligning, and testing.

The test set-up consisted of 2 traveling microscopes, 3 computers, a laser extensometer, and
the Instron Model 5848 micro-tester load frame equipped with a 2 kN load cell (0.0001 N
resolution). The experimental stage and instrumentation can be seen in Figure 44 and Figure

45.

Micro-Tester Load Frame

Laser
Extensom

Computer 1 - Microscope 1
Computer 2 — Microscope 2

Computer 3 — DAQ

Microscope 2§

Figure 44 Test setup for double cantilever beam Mode | fracture experiments.

80



The crack tip opening displacement (CTOD) was directly measured with a laser
extensometer and the crosshead encoder simultaneously. After preliminary experiments to
verify method and fixturing, it was determined that the error between the crosshead

displacement and the reading from the laser extensometer was negligible. This allowed either

Figure 45 Travelling microscope for in-situ crack growth determination.

one to be used for post processing reduction of data.

6.4 Results and Discussion

6.4.1 Load and Displacement versus Time Response

The loading of the DCB specimens was controlled by the crosshead displacement rate. The
rate was linear at 1.0 mm/min and the specimen responded accordingly, as can be seen in
Figure 46 and Figure 47 for the baseline CFRP and CNT modified CFRP, respectively. The
response is governed by a linear increase of load resistance versus time up to some instability
load. At this bifurcating load value, the load suddenly drops indicating the first fracture
growth event stemming from the Teflon starter flaw. The fracture then continues to grow and

arrest as time passes, which is observed as the load drops and rises, respectively.
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Figure 46 Load and displacement versus time response for the baseline CFRP.
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Figure 47 Load and displacement versus time response for the CNT enhanced CFRP.
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6.4.2 Load versus Displacement Response

In order to visualize the data in a more useful manner, to either quantify energy or structural
compliance, the load data is superposed with the deflection data, both being directly
measured independently of one another. As can be seen in Figure 48 and Figure 49, the load-
displacement response is qualitatively similar to the load-time responses shown previously,
as expected. This is due to the fact that the displacement is linearly controlled at a constant
rate.

70 +

Width is B

60 +

1 — Baseline CFRP
50 +

Load, P(N)

20 +

0 5 10 15 20
COTD, 6 (mm)

Figure 48 Baseline CFRP load versus crack tip opening displacement.

From these plots of load-displacement, the cumulative energy absorbed and compliance of
the system can now be determined for each of the response curves. This will allow the
determination of the critical strain energy release rate using any of the methods described in

6.2.

83



120 +

Width is B

110 |

100 |
90 E — CNT Enhanced CFRP
80 |

70 +

Load,P(N)

60
50
40
30

20 |

0 5 10 15 20
COTD, 6 (mm)

Figure 49 CNT enhanced CFRP load versus crack tip opening displacement.

To compare the response curves between the baseline CFRP and CNT modified CFRP,
superposition of the data has been performed, as can be seen in Figure 50. From this plot, it is
quite apparent that the CNT enhancement has a rather discernable effect. To start, it should
be noted that the response curves are all representative of similar crack growth extents. This

implies the cracks were all allowed to grow approximately 95 mm from the start crack.

The peak load achieved for the CNT enhanced CFRP is approximately 100 % higher than the
baseline CFRP with an associated displacement at the crack tip that is approximately 2.5
times larger. The initial responses are similar in terms of mechanical stiffness, though the
CNT modified specimens all experience a _pop-in‘ effect around 65 % of the peak load. This
is thought to be the effect of the crack first advancing from the Teflon insert, a region that is
likely resin rich due to the consolidation process. This phenomenon is absent in the baseline
CFRP materials. The stepwise behavior as the specimen is loaded is indicative of crack
spurting behavior with both the baseline CFRP and CNT enhanced specimens experiencing
load drops on the order of 25 -30 %. This type of rapid growth process makes it difficult to
accurately track the fracture growth extent and to determine in-situ measurements with the

traveling microscope.
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Figure 50 Comparison of load versus crack tip opening displacement response
between baseline CFRP and CNT modified CFRP.

6.4.3 Crack Growth Behavior

Significant differences were observed in the crack growth behavior for the baseline CFRP
versus the CNT enhanced system. These differences gave rise to the variation in the
measured mechanical response. In addition, they posed significant challenges for the direct

measurement of the in-situ crack growth measurements.

As can be seen in Figure 51, the baseline CFRP material is well behaved with a sharp crack
tip. The fracture path remains coplanar with the intended, mid-thickness interface. Any
vertical shift in the fracture path remained along the correct interface and was solely
attributed to the architecture of the weave. To contrast this, the fracture behavior of the CNT
enhanced system can be seen in Figure 52. For this modified material system, the crack front
consisted of two competing advances. The intended fracture path, along the mid-thickness

plane, in addition to a secondary fracture development and propagation, continued along the
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entire length of the specimen. These two competing advances alternating their growth spurts
and, when the COTD became large enough, began inducing flexure in the secondary ply. For
both the baseline CFRP and the CNT enhanced systems, a large amount of fiber bridging was

observed.

Figure 51 Mode | fracture behavior for baseline CFRP.
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As a result of the complexities associated with the fracture growth behavior in the CNT
modified CFRP, the crack lengths were not able to be in-situ measured as they were for the
baseline CFRP. Instead, the load and deflection was continuously measured and used with
the beam theory development to determine the strain energy release rate. This methodology
for determining the critical G proved to be invaluable in this present investigation due to the
multiple crack fronts. Whether the value obtained is relevant in terms of intrinsic material

properties for fracture onset and growth is a topic of debate.

R RN R ST

Figure 52 Mode | fracture behavior for CNT enhanced CFRP.
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6.4.4 Energy Absorption

One method of visualizing the experimental data is to integrate the load versus deflection
response in order to determine the work done on the specimen. This work done, with an
elastic unloading, can be visualized as the shaded region in Figure 53. With the elastic
unload, the shaded region represents the energy associated with the damage induced to the
respective materials. This damage extent represents how much energy is absorbed during the

process of creating new surfaces, fracturing fibers, etc.
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Figure 53 lllustration of total energy absorbed during fracture process.

When performing the integration for each respective double cantilever beam experiment, the
plots of Figure 54 can be created. These plots illustrate that the energy absorption process is
generally increasing at a decreasing rate, after the inflection associated with the peak load
value. The plots do not take into account any elastic recovery, they only contain to total
summation of the work done to open the specimens to their respective COTDs. After
approximately 1.5 mm of total displacement, the energy absorption for the two sets of
materials diverges considerably. For a given displacement of 15 mm of COTD, for instance,

the total absorbed energy is more than double for the CNT modified samples versus the
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baseline CFRP. Qualitatively, however, the responses are similar and quite repeatable

amongst similar samples.
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Figure 54 Cumulative energy absorption for the baseline and CNT enhanced CFRP.

6.4.5 Critical Mode | Strain Energy Release Rate

As can be seen in the methodologies developed in 6.2, all of the methods, with the exception
of the Area Method, rely on the mechanical compliance of the system. They all are based on
linear elastic fracture mechanics (LEFM) in their development. The strain energy release rate
can be shown to be equal to the expression given in Equation (22) for either a load or
displacement controlled experiment. To outline the procedure of analysis employed for the
specimens, the compliance is first calculated and plotted with respect to the crack lengths
determined in-situ. A typical relationship for the baseline CFRP can be seen in the plot of
Figure 55. This plot is then fitted using the method of least squares with an appropriate curve.
For this response, a third order polynomial expression was utilized. The order of the
polynomial, and the family of curve employed, will have an effect on how the derivative
behaves. A sensitivity analysis was first performed using several approaches and the

polynomial family worked well within the domain of consideration.
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Figure 55 Typical compliance response with polynomial approximation curve fit.

The derivative with respect to the crack length can then be calculated for the baseline CFRP
materials. The critical strain energy release rates, with the derivative determined at each
location of interest, can be calculated using material properties, applied load, associated
displacement, and geometry. Note the beam theory method is the one method that was
developed in such a way as to eliminate the crack length from the expression. Hence, the
beam theory method does not need the compliance curve for evaluation. It simply utilizes the
respective load and displacement response along with geometry and material properties. The
resulting plot shown in Figure 56 contrasts each of the methodologies outlined in 6.2 as a
function of the fracture length. They all agree well with each other and, globally, increase at
a decreasing rate to a converged value, as would be expected. The plot of Figure 57

characterizes the critical strain energy release rate as a function of the COTD.
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Figure 56 Resulting critical strain energy release rate versus the crack length using
all of the various methodologies developed.
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Figure 57 Resulting critical strain energy release rate versus the COTD using all of
the various methodologies developed.
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To relate the crack opening tip displacement to the crack length, the plot of Figure 58 was
determined. This reveals a non-linear relationship between the two values which increases at
a decreasing rate. More data for shorter crack lengths would have extrapolated this plot

through the origin.
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Figure 58 Relationship between the crack length and the associated COTD.

To have a consistent framework for comparison sake, the elasticity theory development
shown in 6.2.5 has been employed for both the baseline and CNT enhanced material systems.
This approach allowed the determination for the critical strain energy release rate to be
plotted as a function of the COTD. The plots of Figure 59 and Figure 60 illustrate the
approach for the baseline and CNT modified systems, respectively. These plots illustrate
some of the difficulties associated with the determination of Gy for a material response with
oscillatory load deflection behavior and growth spu8rt behavior. If the material had
responded with a more consistent crack growth tearing behavior the response would be much
flatter and smoothened out. To account for this, and for clarity in the visualization for
comparison purposes, a logarithmic approximation was determined using a least squares

method to replace the data curves. This was employed for each specimen.
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Figure 59 Elasticity theory approach to determining the critical strain energy release
rate for the baseline CFRP material system with logarithmic approximation.
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Figure 60 Elasticity theory approach to determining the critical strain energy release
rate for the CNT enhanced CFRP material system with logarithmic approximation.
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Using the elasticity approach, the baseline and CFRP material systems have all been
calculated as a function of the COTD and plotted in Figure 61. These plots shown here are
representative of an idealized single crack growing along the mid-thickness plane using the
experimental data. The baseline material can be seen to have a critical strain energy release
rate between approximately 225 N/m” to 275 N/m” from the initial growth to the final,
converged value. The CNT modified material varies from the initial fracture growth at 750
N/m? to a converged value of approximately 900 N/m”. The initial onset values for the CNT
modified CFRP are approximately 233 % higher than the baseline CFRP material system.
The converged value at larger COTDs for each system reveals an approximate 227% increase
for the CNT modified system. This is a significant increase, but the multiple crack planes

developed in the CNT modified specimen are a considerable source of energy absorption.
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Figure 61 Resulting critical strain energy release rates for both the baseline CFRP
and CNT enhanced CFRP material systems as a function of the COTD.
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6.4.6 Fractography

To investigate the fracture surface morphology, a scanning electron microscope (SEM) was
used on carefully sectioned samples after fracture testing. The variations in the critical strain
energy release rate are fundamentally associated with the nature of the fracture behavior and
the type and amount of atomistic bonds broken. From the fractography images shown in
Figure 62, significant differences are apparent in the respective fracture behavior and

topology.
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Figure 62 SEM fractography images showing the variation in crack behavior for CNT
enhanced CFRP (above) and baseline CFRP specimens (below) under Mode | fracture.

The baseline CFRP fracture surfaces can be seen to be smooth with small amounts of
cohesive fracture through the thermosetting epoxy resin. There are regions of hackly
formation in between fibers that is evident, but the fracture is primarily governed by
interfacial adhesion fracture between the fibers and the resin. Many regions were observed on
the baseline CFRP fractured surfaces where the fibers were cleanly removed from the resin
with no considerable crazing or shear yielding. Although the surface area created is large
when considering the corrugated nature of the topology, as shown clearly in Figure 63, the

bond energy associated with the fiber to resin interface is low in terms of energy absorption.

95

CNT Modified CFRP

Baseline CFRP



SANDIA W

Figure 63 Baseline CFRP fracture surface showing corrugated topology with resin
hackle formation between fiber locations.

The CNT modified CFRP fracture surfaces shown in Figure 62 are very unique and different
from the baseline CFRP. The surfaces are highly three-dimensional in nature with many
regions of both brittle and ductile fracture. The smooth surfaces are likely associated with
brittle, cohesive fracture through the CNT doped polymer, somewhat conchoidal in nature.
There are also regions that appear to have gone through significant permanent deformation,
which would result in significant amounts of energy absorption during fracture. An SEM
showing the complex fracture surface associated with the CNT enhanced CFRP material
system can be seen in Figure 64. CNTs stemming from the surface are difficult to observe
due to the lack of contrast, however a few regions have been identified with CNTs charging
during SEM as shown in Figure 65. The CNTs likely absorb a considerable amount of energy

through fracture and pullout processes.

The PVDF polymer was likely in its f phase after the elctrospinning due to the alignment of
the beta crystallites. This phenomenon occurs when the material is mechanically drawn or
when a strong electrostatic potential is applied, both of which occurred during the
electrospinning deposition. As a result of t he material undergoing a high temperature and

pressure autoclave cure cycle after this deposition, it is likely that the polymer went through a
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polymorphic phase transformation during the melting into the more ductile a phase of PVDF.

This alpha phase has increased toughness and mechanical energy absorbing ability.

Figure 64 CNT modified CFRP fracture surface.

Figure 65 CNTs visible emerging from the fracture surface (image size is
approximately 7 um wide by 4 um tall).

6.5 Conclusions

A series of double cantilever beam fracture experiments have been performed on the baseline

CFRP and CNT modified CFRP material systems. The critical strain energy release rate
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under Mode I loading conditions has been calculated, and resulting fracture morphology has

been investigated for each material system. The following conclusions can be made:

e The load versus COTD behavior for the baseline CFRP material system is linear until
the onset of fracture growth. The fracture precipitation and growth behavior is well
behaved, propagating along the intended plane. The growth behavior exhibits
successive load drops on the order of 25 % before arresting and elastically reloading.

e The CNT modified CFRP material system exhibits an initial pop-in phenomenon at
approximately 65 % of the peak load. The fracture growth behavior is very complex
and fractures along multiple crack planes in a somewhat competing effect. The
propagation-arrest-elastically reload successive process resulted in approximately 30
% load drops.

e The critical Mode I strain energy release rate has been determined using a variety of
methodologies. The CNT modified CFRP material system has been calculated as
having an approximate 230 % increase in the Gy, value, though the crack length could
not be in-situ measured as a result of the multiple fronts. This value calculated
assumes one crack plane and because of the multiple crack planes developed energy
was imparted to their development as well.

e The resulting fractography for the baseline CFRP material revealed weak interfacial
properties between the load bearing carbon fibers and the epoxy resin system. A
corrugated fracture surface was observed with either smooth carbon fibers or the
vacancy where they resided. Hackle-type fracture behavior was observed in the resin
rich regions between fibers with no signs of permanent deformation.

e The CNT modified material system exhibited vastly different fracture morphology
and topology compared with the baseline CFRP. The fracture surfaces for the CNT
modified system were highly three-dimensional with undercutting cleaving and
conchoidal fracture behavior. Permanent deformation before fracture is evident as
well giving rise to large amounts of absorbed energy during fracture. CNTs emerging
from the fracture surface have been detected, and energy absorption during fracture
has been attributed to their fracture and pullout.
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7 FINITE ELEMENT SIMULATIONS OF MODE | FRACTURE

7.1 Introduction

In order to gain additional insight into the crack growth behavior observed under Mode 1
loading conditions, linear elastic fracture mechanics based finite element simulations have
been performed. The complexities associated with the fracture growth process, specifically
for the CNT enhanced specimens, disallowed the experimental determination of the Mode 1
critical strain energy release rate, Gy, using any analytical methods involving the direct input
of incremental crack lengths. Since the crack was observed to grow along multiple fronts, the
in-situ experimental measurement was not possible. This modeling effort is an attempt to
simulate the experimentally observed phenomenon in order to elucidate the mechanisms that

gave rise to the response.
7.2 Model Setup

Three-dimensional simulations were performed using the Adagio code within Sierra. The
adagio code is a non-linear implicit code for quasi-static mechanics problems, ideal for the
modeling of orthotropic composite materials with a well defined stack sequence. The
simulations used 8 noded hexahedral elements, which use one-point integration in addition to
an hourglass control scheme to restrict any spurious displacement modes. Element size was
chosen to be predominantly 0.5 mm. An elastic material model was developed with
orthotropic properties used for the three-dimensional simulation. To review, Hooke‘s law for

an orthotropic material model can be written as
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where the normal strains, ¢;, are related to the normal stresses, o, through the elastic
modulii, Ej;, and the Poisson‘s ratios, v;;, and the shear strains, y;, are related to the shear
stresses, t;;, through the shear modulii, G;;. Rewriting Equation (39) in a more compact form

gives

te}=[sl} (40)

The compliance matrix, [S], is symmetric based on a consideration of strain energy and,

hence,

S. =S, (41)

] Ji

So, it can be seen that only nine material properties are needed to characterize an orthotropic

material. Namely, they are
E\ L Ey, B Vi5,Vi5,Va3, Gy, Gis, Gy (42)

The values used for this CFRP material system are given as

100



E, =58.9GPa

E,,=57.0GPa

E,,=9.8GPa

v,, =0.048

V5 =0.303 (43)
v, =0.303

G,, =4.6GPa

G,, =4.6GPa

G,, =4.6GPa

Note that the fabric employed is an 8-harness satin weave architecture. It has mutually
orthogonal fiber directions and is modeled as two plies of uni-directional fabric. Since the 8-
harness satin weave has low crimp, this is an acceptable first order approximation without
complicating the model with the undulations associated with the warp and weft tows. A
typical unit cell for an 8-harness satin weave architecture can be seen in Figure 66. A unit
cell is defined as the smallest repeating unit of the textile that, when translated in-plane only,

can replicate the textile pattern.

Figure 66 Unit cell for an 8-harness satin weave textile composite fabric.

Due to the asymmetry associated with the 8-harness satin weave, a balanced and symmetric
laminate was constructed for the experiments, and replicated in the finite element analysis

with the idealization of unidirectional plies. As can be seen in Figure 67, the stack sequence
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can be idealized for input into the finite element model. The idealization would involve
utilizing a stack sequence of [0/90/0/90/0/90/0/90/90/0/90/0/90/0/90/0]s which is the same as
[[(0/90)4]s]s. This results in a 32 ply stack sequence, resulting from the 16 plies of textile

composite.

Fracture

Figure 67 Experimental procedure showing the stack sequence for the DCB.

7.3 Results

7.3.1 Stress Based Analysis

Before going forward with a fracture based analysis, preliminary stress analysis models were
simulated for the DCB geometry to ensure the model was converging and giving reasonable
behavior and results with mesh density and element size chosen. Preliminary models were
first run to verify the output in terms of stress magnitude. As can be seen in Figure 68, a
DCB specimen with a wedge inserted between the two beams results in considerable tensile
stress concentrations ahead of the wedge. The far field stress diminishes and the resulting

stress state in the region of interest is satisfactory for model specifics.
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Figure 68 Three-dimensional stress state for a DCB specimen with a wedge.

7.3.2 Single Plane Fracture Based Analysis

With the geometry of the specimen defined and the model working robustly for elastic
solutions, an initial analysis was performed using cohesive surface zone elements. These are
8 noded elements with zero volume to start. They are meshed along the fracture interface of
interest and are defined by a traction-separation law. Once a critical separation distance is
achieved for these elements, the bond breaks and the fracture advances. The critical
parameters for these elements are the peak traction stress, the separation to peak traction, and
the critical separation. The critical strain energy release rate is the integration of this response
curve for the traction versus separation. Variations in the separation law can be applied in
order to match experimentally observed micromechanics. Typically, the separation to peak
traction is kept very small (1 % of critical separation was employed in this study) in order to
generate an artificially stiff element that only degrades during separation. The intent of this
element type is not to induce elasticity with a known stiffness, but to fracture when criteria is

met.

An initial variation in fracture behavior has been performed by changing the critical Mode I
strain energy release rate, as shown in Figure 69. As the Glc is increased, the stress states for
O, 0y, and the effective stress are also increased. In addition, the COTD increases as a result,

which can be visualized with the variation in the respective traction separation laws.
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Figure 69 Resulting stress magnitudes for a variation in Gi..

The resulting load versus COTD response curves can be seen in Figure 70 for a short
specimen. The run times for the analysis are significant and shortening the span of the
specimen makes the computation much more time efficient. The vertical drops observed in
this plot are only an artifact of this artificial shortening of the specimen length. Longer
specimens can be extrapolated from the respective loading curves. The simulation predicts
that all the specimens initially have the same stiffness but reduce accordingly as damage is

induced.
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Figure 70 Resulting load versus COTD responses for a variation in Gy.

A comparison of the load and displacement response between the simulation and the
experiment is promising, with good agreement in qualitative nature. An image showing the
meshed model under load alongside the specimen during experiment can be seen in Figure
71. The hinges in the specimen have not been accounted for in the analysis. The hinges can
be flipped in either direction during the experiment and the implications will be increasing

the local rigidity of the DCBs or shortening the initial crack length.
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Figure 71 Cohesive surface element fracture simulation with experimental
observations during testing.

Predictions with a single crack along the mid-thickness plane have been superposed with
experimental results in Figure 72. As was previously reported in Chapter 0, the CNT
modified specimens experienced a dual crack front between the main crack plane and the
next adjacent plane one ply away. This simulation superposed in Figure 72 does not attempt
or account for this complexity. Again, the drop offs in the simulation load bearing ability are
a result of the artificial shortening of the specimens for time efficiency. Close inspection of
these plots show that the simulations predict a smaller initial stiffness and roll off without
enough load bearing ability during fracture. The initial stiffness variation is likely attributed
to the steel hinges not modeled but used in experiments. Other important points to remember
are that the fiber bridging and permanent deformation mechanisms are not captured in this
LEFM model as well. These effects will result in increased load bearing ability during crack
propagation, as the experiments are demonstrating. Also, the 200 J/m’ predicted for the FEM

simulation agrees well with the experimentally determined values.
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Figure 72 Resulting simulation plots superposed onto experimental data.
7.3.3 Dual Plane Fracture Based Analysis

As a result of the experimentally observed phenomenon demonstrating two crack fronts
advancing along the specimen length for the CNT modified double cantilever beam
specimens, a modeling effort was pursued to gain additional insight into the driving forces to
cause this. Recall, the dual fracture planes that were reported in Chapter 0. A typical case for

the CNT modified specimens can be seen in Figure 73.
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Figure 73 Dual crack planes visible during Mode | testing of CNT modified CFRP.

In order to model this effect, a series of sensitivity analysis were performed to understand
how the variations in both the separation to failure and strain energy release rates affected the
results from both qualitative fracture mechanisms to a quantitative load versus COTD
response curve. It has been found that for a secondary crack to form at another interface, that
second interface must have a lower critical strain energy release rate. This is consistent with
the fact that the stress state at this secondary interface is lower in magnitude. The crack front
along the mid-thickness plane arrests and then the strain energy builds up a bifurcating value

causing the second crack to form and grow.

The area beneath the traction separation response curve is defined as the strain energy release
rate. The peak traction, the distance to the peak traction, and the final separation to failure are
input into the FEA code in order to define the fracture process, and maintain the respective
strain energy release rate for the interfaces. This method of defining the behavior of the

cohesive zone elements is phenomenological in order to capture complex micromechanics of
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the fracture process such as void nucleation, coalescence, and final rupture without actually
modeling them. They are all lumped into this separation to failure definition. An additional
complexity arises, however, when the various fracture properties have their own unique laws
based on variations in the micromechanics. The implications to the traction separation law

parameters and the fracture properties will now be explored.

A sensitivity analysis on the separation to failure value has been employed for the CNT
modified DCB specimens, as can be seen in Figure 74. The separation to failure values
employed are given to both the baseline material interface and the CNT modified interface.
The strain energy release rate has been held constant for each respective interface, with the
baseline CFRP interface (of the CNT modified specimen) at 200 N/m while the CNT
modified was held constant at 300 N/m or 300 J/m”. Four simulations have been performed,
as outlined in Table 7, in order to see the resulting response curves and respective fracture

behavior.
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Figure 74 Load versus COTD response for a separation to failure variation in G,. for
both the baseline CFRP and the CNT enhanced CFRP interfaces.

As can be seen in Figure 74, Simulation 2, 3, and 4 have sudden load drops associated with

their responses when the separation to failure is increased from 0.03 to 0.05 mm, as depicted
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in Table 7. These load drops represent the instability of a new crack front, indicative of rapid
growth associated with a secondary crack. This type of secondary crack does not form in
Simulation 1. In order for a secondary crack to form in simulations with lower separation to

failure values, the fracture toughness at the CNT modified interface must be increased.

Table 7 Input properties for separation to failure sensitivity analysis in Figure 74

Simulation Number
1 2 3 4

Separation to Failure (mm) 0.02 0.03 0.04 005
Baseline CFRP Critical Gy (J/m?) 200 200 200 200
CNT Modified CFRP Critical Gy, (J/m?) 300 300 300 300

Investigating the initial case of secondary crack formation observed in Simulation 2 from
Figure 74, a snapshot in time (or increasing COTD) has been illustrated in Figure 75. The
formation and growth of the secondary crack can be seen to occur just prior to this local
instability in the load versus COTD response curve. As the specimen is further displaced, the
secondary crack continues to grow along this new interface. This is qualitatively similar to

the behavior observed in the experiments, as can be seen in Figure 73 and Figure 52.
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Figure 75 Mechanisms for dual-crack formation in CNT modified CFRP (main crack
along CNT modified interface, secondary crack along baseline CFRP interface).

For this next analysis, a delineation has been made between the separation to failure values
for the baseline CFRP interface and the CNT modified interface, both existing in the CNT
modified material system. The baseline CFRP separation to failure values have been varied
with the CNT modified interface held at 0.02 mm. In addition, the strain energy release rate
has been increased for the CNT modified interface from 300 to 600 N/m. When the Gy is
increased from 300 N/m to 600 N/m at the CNT modified interface, a crack at the plain
interface will form in simulations with lower separation-to -failure values, as can be seen as
the load drops in Figure 76. Increasing the separation to failure value at the baseline CFRP
interface, as depicted in Table 8, results in several, smaller decreases in the load versus

COTD curve rather than fewer larger ones.

111



120

100 —+
80 +
=3 T . .
= 60 Simulation 1
o 1 —Simulation 2
—
40 + ——Simulation 3
20 +
0 —
0 1 2 3 4 5 6 7
COTD (mm)

Figure 76 Load versus COTD response for a separation to failure variation in G,. for
only the baseline CFRP material system interface.

Table 8 Input properties for separation to failure sensitivity analysis in Figure 76.

Simulation Simulation Simulation

1 2 3
Baseline CFRP separation to failure (mm) 0.02 0.05 0.08
CNT Modified CFRP separation to failure (mm) (0.02 0.02 0.02
Baseline CFRP Critical Gy (J/m®) 200 200 200
CNT Modified CFRP Critical Gy (J/m?) 600 600 600

In order to now understand the effect of varying the Gy, at the CNT modified CFRP interface,
the simulation depicted in Figure 77 and Table 9 have been performed. As can be seen, Gy,
has been varied from 600 to 800 N/m. The baseline CFRP Gy, has been held constant at 200
J/m?, similar to the experimental results obtained in Chapter 0. The variation performed
reveals that the qualitative nature of the response is essentially identical, but the peak load

achieved changes. As the Gy is increased, the peak load also increases.
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Figure 77 Load versus COTD response for a G, variation for only the CNT enhanced
CFRP interface.

Table 9 Input properties for Glc sensitivity analysis in Figure 77.

Simulation Simulation Simulation

1 2 3
Baseline CFRP separation to failure (mm) 0.05 0.05 0.05
CNT Modified CFRP separation to failure (mm) (0.02 0.02 0.02
Baseline CFRP Critical Gy (J/m?) 200 200 200
CNT Modified CFRP Critical Gy (J/m?) 600 700 800

Comparing the peak loads achieved in the simulation of Figure 77 with experimental results,
the plot of Figure 78 has been made. This plot illustrates that modeling the CNT modified
interface at 800 J/m2 gives good agreement with the finite element model. Secondary
fracture mechanisms are formed as a result of the respective strain energy release rates and
separation to failure values. Also, the comparison of the strain energy release rates used in
the FEM compare well with the experimentally measured values shown in Figure 60 or

Figure 61. The initial stiffness variation between the model and the experiment is attributed
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to the hinge stiffness contribution to the overall flexural rigidity of the specimen. This can be

easily modified and accounted for in future analysis.
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Figure 78 Experimental load versus COTD response along with the FEA simulation.

7.4 Conclusions

A series of finite element models has been performed to investigate the complexities
associate with double cantilever beam experiments. Adagio code was utilized within the
Sierra package for these quasi-static loading cases. An orthotropic material model was
performed and the satin harness weave architecture was idealized as multiple uni-directional
plies to form the stack sequence. A variation in material fracture properties and separation to

failure values has been performed. A summary of the findings are as follows:

e The CNT modified interface must have a larger critical strain energy release rate than
the baseline CFRP interface in order for a double crack to form.
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Small load drops prior to the peak load will take place if the separation to failure
value at the baseline CFRP interfaces are increased to be larger than the value at the
CNT modified interface. This is similar to what was experimentally observed.

The ratio of the baseline CFRP interface separation to failure value compared with
the CNT modified interface effects when the crack will jump. FEM results indicate
that the best agreement with the experimental data occurs when the baseline CFRP
interface separation to failure is at least twice that of the CNT interface.

Good agreement was found between the simulations and the experimental results in
terms of both the qualitative nature of the fracture process and the fracture properties
measured from experiment. The resulting force versus COTD simulations, when
superposed with the experiments, are very close to the experiments with deviations
associated with the DCB hinge stiffness.
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8 MODE Il FRACTURE CHARACTERIZATION

8.1 Introduction

The fracture toughness of composite materials for transverse loading is primarily governed
by the ability for the material carry shear stress between adjoining lamina. When there is a
mismatch in the fiber orientation of the adjoining lamina, the shearing stress can be
considerable due to variations in the Poisson contraction. Microcracks are developed in this
resin rich, interply zone, eventually coalescing to form what is known as a delamination
crack. Several other factors control the ability for a material to exhibit toughness to mode II
fracture. Some of these include constituent and interfacial properties of the fiber and matrix,

type of loading and environmental conditions [60].

End notched flexure tests are primarily used to simulate the mode II delamination
phenomenon in composite materials from transverse shearing stress which is frequently
encountered in composite structures. The ENF test is based on a simple 3-point flexure
experiment with a starter flaw, but has the disadvantage of stability concerns for the crack
growth, which are overcome with appropriate aspect ratio between starter crack length and
beam span. In addition, it is said to only give initiation values of the mode II strain energy
release rate [61]. Also, there is the issue that, on the microscopic scale, the micro-crack
formations have been shown [62]-[63] to actually be mode I opening cracks, caused from the
normal stress present when the stress tensor is transformed, which have coalesced due to the
brittle nature of the binding resin. For these reasons, in addition to the friction present at the
interface, it is not widely accepted as a suitable test method and, hence, no common testing

standard has been accepted.

The ENF tests were performed in order to identify the Mode II strain energy release rate
characteristics for the baseline and CNT enhanced CFRP material investigated in this study.
The loading rate for this three point flexure test was maintained constant, in addition to the

boundary conditions and specimen geometry.
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8.2 Analytical Methods

The ENF experimental setup can be idealized as the schematic in Figure 79. A central load,
P, is applied at a distance x = L from the simply supported ends. The beam, of width B, has a
Teflon insert starter crack along the neutral axis for a distance, a, from the end support
toward the mid span of the beam. The split ends have a reduced second area moment of
inertia as a result, which gives rise to a flexural rigidity of 1/8"™ of the value it has at the
other, intact end. With a transverse deflection, v, the moment curvature relation for a linear
elastic beam of isotropic material with a rate dependent modulus, E, can be expressed as
0%y

M =—-EI ? (44)
X

-

Width is B

EL8
.,
2h S EI
2L

= |

—=x

Figure 79 ENF schematic showing relation between geometry and crack length.

For the region 0 < x < a, Equation (44) can be shown to be

2
ﬁ:_Elﬁv 45)

4 8 ox’
For the region a < x < L, Equation (44) can be shown to be

2
% __EI % (46)
X
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and, lastly for the region L <x <2L , Equation (44) can be shown to be

PL — & =-EI 6_2\/ (47)

2 o’
These differential equations in Equations (45) - (47) can be simultaneously solved with the
appropriate boundary conditions of slope and displacement to ensure compatibility and
determination of the integration constants. The total deflection, assuming only bending
deformation, can then be expressed in terms of the delamination growth and the elastic

modulus as

e PQ2L +3(a+ Aa)?)
12EI

(48)

Energy Release Rate, G, is the rate of change in potential energy with respect to a

change in crack area, 4, and is expressed as

G- (49)
0A

where II is the total of the potential energy from internal strain energy, U, and external

forces. Now, balance of total energy, E, for a solid body gives

oFE oIl oW,
= +—==0

0A 04 04 (50)
on__ow,
0A 0A

where Wj is the decrease of work required to create new surfaces, which can be expressed in

terms of the surface energy, vs, the crack length, 2a, and the width, B, as

W, =4aBy, (51)
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Therefore, from Equations (49) and (50), we can say the critical strain energy release rate,

G., is given as

G, = W, (52)
04

The potential energy of a body, II ,can be expressed in terms of the work done, F, from the

external forces and the internal strain energy as
[I=U-F (53)

With a dead load, P, applied to the solid body, the internal strain energy caused from a

displacement out to A can be expressed as
U= j PdA=— (54)

and the work done by the load, P, acting through a displacement A can be expressed as
F =PA (55)

so, substitution of Equations (54) and (55) into Equation (53) gives

n--2_y (56)
2
From Equation (49), we have
GC — 5_1_[ = @ (57)
0A 0A

and the infinitesimal crack area, 04, can be expressed in terms of the width, B, and

infinitesimal crack length, da, as

0A = Bda (58)
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So, the strain energy for a dead load, P, can be written as

1
G = —[6—Uj (59)
B\ da ),

From Equation (54), Equation (59) can be written as

a[PA}
1 2 P (0OA
G, =— === (60)
B| Oa 2B\ 0a ),
P
The displacement A can be expressed in terms of the load and the compliance, C, as
A=CP (61)

so, the strain energy release rate is

_P ta[cp]j )
© 2B\ da ),

which reduces to

2
G, = kil (a—CJ (63)
2B\ da ),

since the load is constant. Now, considering the transverse displacement given in Equation

(48) the compliance of the beam can be defined as

v _ (2L +3(a+Aa))
P 12EI

C= (64)

and the partial derivative of Equation (64) with respect to the crack length, a, gives
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0C _ 9| (2L +3(a+Aa)’) | _3(a+Aa)
oa Oa 12E1 4EI

With the beam thickness, 24, the second area moment of inertia can be expressed as

So, the critical strain energy release rate can then be expressed as

9P*(a+ Aa)’
G, = 2,3
16B°h'E

Stability of the crack growth requires

aGIIC < 0

oa

With the compliance, C, given before fracture as

2L +3a°
8EBh*

using Equation (66) for the inertial term. Recall from Equation (57) that

el
Y

and,
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for displacement control, resulting in an increase in strain energy as potential energy is
increased. This is in contrast to the load controlled case when the potential energy is
decreased by the amount of increase in strain energy, as described in Equation (56).

Rewriting Equation (60) in terms of the displacement and load for the displacement control

6o 1 a[PzA} & a[ﬂ

case gives

c PN (72)
B| Oa 2B| Oa
5
Evaluation of the derivative in Equation (62) results in
1
o~ 3 2
C|  72EBh’a (73)
Oa (2L +3a’)’
So, the critical strain energy release rate can be written as
365°Eh’a’
= (74)

‘(L +34%)

To satisfy the stability condition set forth in Equation (68), the derivative of G, must now be

determined. This can be shown to be

oG, 95%a 9a’
= |15 3 (75)
oa 8C°EB"h 2L +3a
with the compliance, C, defined in Equation (69). Rewriting Equation (68) results in
957 9a’
2 a2 175 X 7|0 (76)
8C EB"h 2L +3a
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which results in the inequality

3
1—%30 )
+5a

This implies that the aspect ratio between the initial crack length, a, and the half span of the

beam, L, must satisfy

L<33a (78)
or

a=0.69L (79)

to ensure stability in the crack growth.
8.3 Experimental Methods

8.3.1 Materials

The CFRP material as well as the Polymer-based CNT formulation to enhance the baseline
CFRP are the same as those listed in Section 3.2.1. This information is not repeated here for

succinctness.
8.3.2 Specimen Preparation

The specimen preparation for both the baseline CFRP and the CNT enhanced system are
identical to that described in 6.3.2. The only difference is the stack sequence, Teflon starter
crack length, and lack of hinges for the ENF specimens. The stack sequence for the ENF
specimens is composed of 8 total plies. Again, these specimens have been layed up to be both
balanced and symmetric to eliminate any potential for warping during the cure. In addition,
the crack front was to grow along the warp fibers which were oriented colinear with the

specimen length. The stack sequence and geometry is listed in Table 10.
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Table 10 End notched flexure specimen geometry and stack sequence.

Material Baseline CFRP CNT Enhanced CFRP
Number of Plies 8 8

Stack Sequence [1(0/90)5] 4] s [1(0/90)3] ] s
Thickness (mm) 2.7 2.7

Width (mm) 19 19

Length (mm) 145 145

The starter crack is the same thin 12.7 um Teflon film used for the DCBs. The Teflon was
inserted at the mid-thickness plane protruding approximately 45 mm into the specimen
length. This enabled the stability requirements after trimming to final specimen dimensions.

A schematic of the final specimen can be seen in Figure 80.

Teflon Insert
12.7 micron thickness
12 mm

}—-———40 mm

Figure 80 Schematic of approximate ENF specimen geometry.

8.3.3 Testing Procedure

Specimens were tested in three-point flexure under displacement control at 3 mm/min. The
state of shear present along the mid-thickness plane drives the crack growth from the Teflon
insert. The specimen was loaded until a load drop of 10 % or 20 % was achieved for the CNT
enhanced CFRP material or the baseline CFRP material, respectively. This load value was
determined through preliminary experiments as the on setting criteria without additional

fracture growth.
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Figure 81 Schematic of 3-point end notched flexure experiment and specimen details.

The load span was set to be 114.3 mm (4.5 inches) which allowed for sufficient specimen
overhang from the ends. This load span allowed for a length-to-thickness ratio of
approximately 40:1. The supports are hardened steel cylinders of 12.7 mm diameter held in
vee-grooves with springs to allow rotation. The load is applied through the same stainless
steel cylinder, directly coupled with the crosshead of the universal test machine. A typical
loading sequence can be seen in Figure 82 along with the test set-up and description in Figure
83.
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Figure 82 Three-point end notched flexure experiment in-progress.
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Figure 83 Experimental setup for three-point end notched flexure experiments.

After the crack growth occurred, the specimens were unloaded to a state of zero load. This
allowed the determination of any residual deflection for more accurate energy calculations
based on the load-deflection integration scheme employed. The specimens were then
microscopically inspected for the fracture growth extent. The measurements were recorded
for both the front and back of the crack plane observed from the edges. The specimens were
then ultrasonically imaged using a focused 5 MHz transducer in a water immersion tank, as
shown in Figure 84. The system was set up for pulse-echo detection, and calibrated for

quantifiable thickness data based on material thickness and time of flight signal response.
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Figure 84 Ultrasonic immersion tank for detecting subsurface fracture growth.

The immersion tank system was set to scan with an approximately 200 pm resolution. The
scanning gates for the a-scan were set to both the mid-thickness plane and the back face.
However, the near field of the transducer was optimized for signal strength at the crack
plane. The specimens were then evaluated using the analytical techniques described in 8.2, in
addition to simply normalizing the energy by the new surface area generated, as in Equation

(19).

8.4 Results and Discussion

8.4.1 Load versus Deflection Response

The load and deflection are directly measured during testing at a data capture frequency of 10
Hz. The response of all the specimens was consistent between the baseline CFRP and CNT
modified CFRP material systems, up until the fracture growth of the baseline materials. As

can be seen in Figure 85, the response is linear in nature until fracture for the baseline CFRP.
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The load drops catastrophically once a bifurcating load value is attained. The load drops until
redistribution occurs and the crack growth arrests. The CNT modified system is similarly
linear until approximately 6 mm of central span deflection is achieved. Beyond this, the load
increases at a reduced rate with indications of stable crack growth and permanent
deformation. The CNT modified system withstood an approximately 88 % higher load
bearing ability before significant crack growth, with a 114 % larger deflection at the peak
load.

400 + &
1 22—

350+ lEE— -

300 -

T p 4 —CNT Modified..
>0 T — Baseline CFRP

200 -+

Load, P (N)

150 +
100 -

50 +

0 HE———————
0 1 2 3 4 5 6 7 8 9 10
Transverse Displacement (mm)

Figure 85 Applied flexural load versus central span deflection for the baseline CFRP
and CNT enhanced CFRP for ENF experiments before elastic unloading.

In order to visualize the nature of the response for each of these material systems with more
insight, the plot of Figure 86 has been developed to consider the resulting stiffness at each
coordinate point from the load-deflection data. This allows the instantaneous stiffness to be
closely examined for deviations from linearity. The data was plotted for all deflections
beyond 1 mm of deflection, without considering the noisy settling-in phase of the specimen

and loading fixture from 0 to 1 mm. The baseline material can be seen to drop off suddenly at
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approximately 4.2 mm of deflection, indicative of the catastrophic growth. The CNT
enhanced system gradually decayed and rolled off from approximately 7 to 10 mm of central

span deflection.
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Figure 86 Resulting stiffness versus central span deflection for the baseline CFRP
and CNT enhanced CFRP for ENF experiments up through peak load.

A comparison between the analytic prediction for the central span deflection given by
Equation (48) and the experimental values obtained can be seen in Figure 87. The predictive
relation is first order in the load, P, and results in a linear behavior. The inability to predict
the central span deflection will result in inaccuracies in the prediction of Gy as a result. A
correction factor could possibly be applied in order to get the deflection function to match up

closer with the experimental results.
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Figure 87 Comparison of analytic prediction with experimental data.
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Crack Growth Behavior

10

The fracture growth is driven by the constant state of shear stress located along the mid-

thickness plane. As a result of this loading scenario, there is also friction present at this

interface. The relative sliding of the two halves composing the flexural specimen can be seen

in Figure 88, and is the driving force for the crack growth.
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Figure 88 End notched flexure experiments in-progress showing relative sliding
along beam’s neutral axis.

The Teflon starter crack was identified with a microscope for each specimen and marked
before testing. The fractured specimen, after testing is complete, was then optically imaged at
low power to identify the extent and nature of growth. A typical starter crack and crack arrest
mechanism can be seen in Figure 89. Recall, the textile used was a 8-harness satin weave
which has alternating tows from the warp and weft directions causing the interface along the
mid-thickness plane to appear non-planar. The fracture path was well behaved for both
material types and did not jump plies or create any secondary crack front, as was observed in

the DCB specimens.
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Teflon Starter Cracks Crack Arrest Mechanism

Figure 89 Teflon starter crack (left) shown for select specimens along with crack
front growth and arrest behavior (right) for 2.7 mm thick specimen.

The arresting mechanism for many of the specimens was to stop at the intersection of the
weft tow along the path, as shown in Figure 90. Some instances, the crack path went through
the weft tow as a result of the transverse reinforcing fibers. Locating the extent of the fracture
was very challenging with the fracture completely closed. Unlike the DCB experiments,
where the crack growth is stable and measured in-situ with an opening specimen, the ENF
experiments rely solely on microscopy on the surface for visual detection. In addition, the
crack front shape is unknown and an assumption must be made to determine the area

generated as a result of the crack growth.
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Crack Arrest Location

CArack Growth Path

Figure 90 Micrograph showing details of crack growth behavior and arrest location
for 2.7 mm thick specimen.

In order to compliment the visual measurements of the crack growth extent from the edge of
the specimens, a series of ultrasonic images were obtained with a 5 MHz focused transducer.
The transducer was focused on the immersed parts and maximized in terms of its return
signal amplitude with gates set at both the mid-thickness plane and the back face. A typical
C-scan produced from the A-scan data can be seen in Figure 91. The first echo returning
from the part can be seen with the two respective gates set for the mid-thickness plane and
the back face. The amplitude of the return signal is plotted with a color coding based on the
signal strength. Mismatches in local impedance within the material causes the pulse wave to
be reflected and transmitted. When gated at the neutral axis, the gain is set on the system to
ensure the optimized signal for this plane will return approximately 80 % of the reflected
wave amplitude. This is interpreted as colors on the C-scan, with the reddish regions
indicative of a strong return signal amplitude. This implies that there is a discontinuity there,
as expected, and the signal reflects back with minimal losses. Regions of the bluish color are
indicative of weak returned signals, indicative of signal attenuation, something expected for

polymeric based fiber reinforced composites. This is observed for the mid-thickness gate
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where there are no cracking, and for the cracked region in the back face gate image. When
gating the back face, most of the signal is reflected from the complete disbond and not much
gets through to the back face. Therefore, the signal returning must pass through the disbond

again, losing much, if not all, of its amplitude.
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Figure 91 Resulting C-scan images based on gate location using first echo response
from 10 MHz fixed focus transducer.

The resulting C-scan for all of the specimens can be seen in Figure 92. Using the U-Twin
system software, the crack lengths were measured from the calibrated pixels using a double-
crosshair tool. The crack fronts are relatively straight and the newly generated surface area is
easily determined. In addition to the two-dimensional representation of the crack growth
behavior, a three-dimensional image based on the signal amplitude to the mid-thickness
plane gate has been developed, as can be seen in Figure 93. This plot serves as a useful tool
to gain insight and, more specifically, spatial information with respect to flaw location
through the thickness. With a fixed focus transducer, the signal is optimized using the near
field transmission and knowing where the flaws are is important to get the correct standoff

distance between the transducer and the work piece.
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Figure 92 C-scan image of all ENF specimens after testing showing the extent and
shape of fractured surface.
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Figure 93 Three-dimensional image showing the amplitude of 10 MHz fixed focus
transducer response gated on the mid-thickness interface.

Comparing the crack lengths obtained using the edge inspection technique under a
microscope with the ultrasonically generated values produced variations on the order of 20 to

70 %. In each case, as might be expected, the crack lengths determined from the microscopy

137



was lower than the ultrasonic image generation. The specimens were immersed in water for
the ultrasonic imaging, but not for more than 1 hr in room temperature water. Polymers
typically absorb water and swell as a result, possibly causing some residual stress to be
induced. The analysis methodology employed, therefore, will take into account each method
of crack growth determination, possibly to get a lower and upper bound. It is unlikely that the
moisture drove the cracks to significantly grow with such a short exposure. The more likely

explanation is the inability to discern the final arrest of the fracture path under a microscope.

25

Crack Length (mm)

1 2 3 4 5
Specimen Number

M Baseline Visual Crack Length Baseline C-Scan Crack Length
B CNT Enhanced Visual Crack Length B CNT Enhanced C-Scan Crack Length

Figure 94 Comparison between visual edge measured crack lengths and ultrasonic
C-scan measured crack lengths.

8.4.3 Energy Absorption
In order to effectively use the load-deflection response curves, the specimens were unloaded
after the fracture growth event occurred. This elastic recovery unload event allows the

delineation between the work done to create new fracture surfaces and that of purely elastic

deformation. The unload also shows if any residual deformation is present. By unloading
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until the force is non-existent, allows the deflection to settle in to a final resting location. This
is the residual deflection amount, and only the CNT modified specimens appear to have non-

zero values, which average at about 250 um.
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Figure 95 Applied flexural load versus central span deflection for the baseline CFRP
and CNT enhanced CFRP for ENF experiments including the elastic unloading.

Integrating the force-deflection response, similar to that shown in Figure 53, all the way
through the elastic unload allows the determination of the energy associated with the
generation of new surface area. This energy can then be used with the crack length
measurements to calculate Gy. The shaded regions of Figure 96 represent the work done in

order to load, grow the crack, and then unload the specimen.
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Figure 96 Integrated area representing energy absorbed to create new fracture
surface for baseline CFRP (above) and CNT enhanced CFRP specimen (below).

The energy absorbed, calculated through a mid-point rule numerical integration scheme,
increases at an increasing rate until the maximum load is achieved. The unloading then
removes the elastically stored energy from the cumulative summation. This is illustrated in
the plots of Figure 97 for both material systems of interest. The final values at the vertical
intercepts have been tabulated for each specimen and the CNT modified specimens have
absorbed roughly 267 % more energy for the fracture growth process. This calculated energy

will be used for the Area Method to determine the Mode II strain energy release rates.
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Figure 97 Cumulative energy absorbed versus central span deflection for the baseline
CFRP and CNT enhanced CFRP for ENF experiments including the elastic unloading.

8.44 Critical Mode Il Strain Energy Release Rate

Calculation of the critical strain energy release rate using the energy method is

straightforward. Using the relation

AU

" BAa (80)

llc
The work done, AU, is determined from the numerical integration and the crack length, 4a, is
measured. The results can be seen in Figure 98 for both the CNT modified CFRP and the
baseline CFRP material for both cases of the visual measured crack lengths using a

microscope and for the C-scan ultrasonic determination.
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Figure 98 Resulting Mode Il strain energy release rates as a function of crack length
measuring method.

With the strain energy release rates under Mode II loading determined by both approaches
using the integrated energy, the microscopic determination of crack area method can be seen
to overestimate the critical release rate for both material types. This is to be expected as a
result of the shorter crack lengths obtained since the energy was the same for each individual
case by using Equation (80). The overestimate is on the order of 52 % for the CNT enhanced
material system and 28 % for the baseline CFRP. The average values for the baseline CFRP
using the microscopy and C-scan measurement techniques are 782 J/m” and 610 J/m?
respectively. The standard deviation for the baseline material system was approximately 11
% and 9 % with respect to the average Gy values, respectively, for the microscopy and
ultrasonic crack length determination. The average values for the CNT modified CFRP using
the microscopy and C-scan measurement techniques are 3568 J/m’ and 2354 J/m’
respectively. For the CNT modified material system, the deviation was approximately 15 %

and 4 % for the microscopy and C-scan measurement methods, respectively.
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To compare the experimentally measured results using the integrated energy with the analytic
development above in 8.2, the plot in Figure 99 and Figure 100 have been created. Using the
result of Equation (67), and the on setting instability loads from the load-deflection response
from Figure 85, the predictions can be calculated. For all, the modulus was taken as 58 GPa
which is the experimentally measured extensional modulus in the warp direction. For the
baseline CFRP, the analytic predictions are on average 59 % and 137 % higher than the area
method of integration for the microscopy versus ultrasonic determined crack lengths,

respectively.
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Figure 99 Mode Il strain energy release rate experimental values for baseline CFRP
material compared with analytic predictions using Equation (67).

Considering the CNT modified CFRP, the analytic prediction for the microscopy measured
crack lengths was on average within 2 % of the experimentally determined value using the
area method of integration with the maximum peak load for the instability condition. Using a
lower bound load level found from the reduction in stiffness, as shown in Figure 86, and

defining the instability load to have occurred when the stiffness drops below 50 N/mm, the
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prediction then becomes 24 % lower for the microscopy determined crack lengths. The
analytic prediction for the C-scan determined crack lengths was found to be on average 94 %
higher than the area integration method for the CNT enhanced CFRP specimens. Using the
reduced load tangent method, when the stiffness reduces below 50 N/mm, the analytic

prediction then over predicts by 44 %.
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Figure 100 Mode Il strain energy release rate experimental values for CNT enhanced
CFRP material compared with analytic predictions using Equation (67).

8.5 Conclusions

An investigation into the Mode II fracture behavior for a baseline CFRP and CNT modified
CFRP material system has been conducted in order to determine the critical strain energy

release rate. The findings of this study are as follows:
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The maximum load achieved prior to significant crack growth was found to be 88 %
higher for the CNT modified CFRP. In addition, approximately 267 % more energy
was imparted to the crack growth process for the CNT modified CFRP.

The baseline CFRP material underwent a catastrophic load drop while the CNT
modified CFRP exhibited a roll off behavior in terms of the instantaneous stiffness
reduction.

The measured crack lengths using edge microscopy were upwards of 70 % different
than that determined from ultrasonics. The microscopic determined crack lengths
were consistently lower in value than the C-scans, resulting in higher Gy values
compared with that from the C-scan crack lengths.

The crack lengths measured with the C-scan for the CNT modified specimens
correlated well with only a 4 % standard deviation.

Analytic predictions did not agree well with experimental values measured. This is
predominantly associated with the inability to predict the displacement within an
acceptable range. A correction factor may be applied to get better correlation.
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9 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

9.1 Summary and Conclusions

An extensive experimental investigation into the characterization of a CNT enhanced carbon
fiber reinforced polymer composite material has been performed. Experimental
characterization has included thermal analytical analysis, dynamic mechanical analysis,
Mode 1 fracture testing, Mode II fracture testing, finite element simulations, and the
development of a new depositional technique for the homogeneous dispersion of CNTs onto
a composite material. In addition, analytical models have been derived and utilized for
additional insight in order to delineate the material properties that govern the response from

the extrinsic boundary values that influence it.

Based on this comprehensive investigation, the following significant conclusions

have been made:

1. CNTs can be adequately dispersed onto an uncured polymeric composite substrate
through an electrospinning technique with adequate process parameters chosen.

2. The exothermic reaction during the cure is affected by the presence of a secondary
polymer substrate acting as the transport medium for the CNTs.

3. The glass transition temperature, storage modulus, and Tan Delta are all measurably
different from the baseline CFRP and the CNT enhanced system.

4. The Mode I fracture strain energy release rate for the CNT enhanced system is far
superior over the baseline CFRP material system. The fracture morphology shows
considerable differences associated with the energy absorbing mechanisms.

5. The Mode II fracture strain energy release rate for the CNT enhanced system is far
superior over the baseline CFRP material system. The crack length determinations
were found to be more reliable using ultrasonics rather than optical edge inspection.

6. Finite element simulations proved useful for gaining insight and explaining the
mechanisms associated with the complex fracture process observed during double
cantilever beam experiments.
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9.2 Future Recommendations

On the basis of this present investigation, the following studies are recommended for future

work:

1. Investigation of the state of phase for the PVDF-HFP polymer at respective points in
time during processing and testing. Correlating this phase to the measured response.

2. Perform a study in order to elucidate the effects of doping a traditional composite
with a thermoplastic toughening polymer versus the improvement by adding CNT
enhancement.

3. Perform a study isolating the CNTs with a variety of different polymeric substrate
transport mediums to optimize the load transmission and interfacial adhesion.

4. Investigate the effects for a variation in CNT weight percent versus mechanical
performance improvements.

5. Expand this study to understand the implications of CNT doping on composite
materials under adverse loading conditions involving temperature and strain rate
variation.

6. Develop a technique for in-situ observation of the fracture process at an appropriate
length scale to define the mechanisms of energy absorption arising from the CNTs.

7. Expand this concept for the development of a nano-enhanced resin formulation that
can either prepreg a structural composite fabric or be used for resin infusion systems.
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