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Abstract

Advanced fiber reinforced polymer (FRP) composites are widely used in
structural applications due to their high specific strength and stiffness. Generally, high-
quality, advanced FRP composites are produced using an autoclave. However, the
disadvantages associated with autoclave curing include high initial capital investment
and operating costs. As a result, there is an increasing interest in the development of
out-of-autoclave (OOA) techniques to produce composite parts with comparable
properties to those obtained in an autoclave, but at a lower cost. In the first part of this
dissertation, a novel technique, magnet assisted composite manufacturing (MACM), is
developed to produce high-quality FRP composite laminates out of an autoclave. In this
technique, high-temperature permanent magnets are utilized to apply sufficiently high
consolidation pressure during cure of laminates. To establish MACM as a viable OOA
method for producing structural composite laminates, the microstructure and properties
of laminates fabricated by MACM are compared with those cured in an autoclave. The
high flexural properties, fiber volume fraction of over 60% with less than 1% voids of
the laminates fabricated by MACM revealed the potential of this process to be used as a
lower-cost alternative to autoclave cure, without diminishing the quality of the part.

Despite the favorable mechanical properties of FRP composite materials, their
non-mechanical properties, e.g., thermal or electrical conductivities still is a major
concern, limiting their application. It is well-known that incorporation of a third phase
into structural composite laminates is quite effective in improving multiple non-
mechanical properties. The second part of the dissertation involves the development of a

novel cascaded suspension deposition method to introduce well-dispersed short fibers
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into the molded laminates, allowing the control of the surface properties of the resulting
laminates. Towards this goal, the three-phase composite laminates are fabricated first by
depositing short nickel coated carbon (NiC) fibers on a glass fabric surface by the
proposed method and then followed by vacuum infusion. To demonstrate the
effectiveness of this technique, the microstructure morphology of the deposited fabric
and the resulting composite is quantitatively characterized. The findings suggest that
with this technique, short fibers are distributed on the laminate surface with a uniform
fiber volume fraction and excellent dispersion with random orientation.

Controlling the orientation and alignment of the third phase in three-phase
composite laminates is an effective approach for tailoring the anisotropy, and thus
improving the functionalities of structural composites. The third part of the dissertation
introduces a new magnetic-field assisted composite processing method to induce
alignment of short fibers on the surface of three-phase composite laminates. For this
purpose, magnetic field generated by permanent magnets are utilized to align NiC fibers
in three ways: (i) during deposition of fibers by cascaded suspension deposition, (ii) on
the deposited fabric after mold filling in VARTM, and (iii) on the deposited fabric
during deposition, mold filling, and after mold filling. The degree of alignment and the
required field strength are evaluated as a function of NiC fiber length and nickel coating
thickness. The results suggest that with the proposed method, it is possible to obtain an
anisotropic distribution of fibers while maintaining the uniform fiber volume fraction
and good dispersion throughout the surface of the laminate. Thus, the proposed method
allows tailoring surface anisotropy, thus improving the required properties in the desired

direction for high-performance and other applications of FRP composites.
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Chapter 1. Introduction

The objective of the current dissertation is threefold. First, this research is
concerned with developing a novel fabrication method to produce high-quality
composite laminates out of an autoclave. Second, a novel deposition technique is
developed to introduce well-dispersed short fibers into the molded laminates, allowing
the control of the surface properties of the resulting composite. Third, a new magnetic-
field assisted composite processing method is proposed to control the orientation of
conductive short fibers in structural laminates for tailoring the anisotropy, and thus
improving their functionalities.

1.1. Out-of-autoclave processing of composite laminates

Fiber reinforced polymer (FRP) composites have been widely used in several
industrial applications due to their unique advantages including high strength-to-weight
ratio and excellent corrosion and fatigue resistance [1-3]. For structural applications,
FRP composites are in the form of a laminate, typically composed of multiple plies of
prepregs (i.e. fabrics pre-impregnated with polymeric matrix). Autoclave curing is
currently the standard technique for producing high-quality FRP composite parts,
especially in the aerospace industry [4]. In autoclaves, high compaction pressure and
elevated temperature are applied using a pre-determined curing cycle to ensures full
consolidation of the laminate, leading to a high fiber fraction (=60%) and low void
content (<2%) [5, 6].

Despite the great advantages of autoclaves, high capital investment for the
equipment as well as high operational costs and part size constraints have motivated

researchers to find alternative lower-cost out-of-autoclave (OOA) methods [4, 7].



Among them, liquid composite molding (LCM) techniques such as resin transfer
molding (RTM) or vacuum assisted resin transfer molding (VARTM) are of interest as
they produce good-quality composite parts and offer attractive features such as
reasonable cost and flexibility [8-10]. In the RTM process, multiple plies of fabric (or
preform) are placed into a two-piece matched rigid mold and the resin is injected into
the preform in the closed mold under pressure [8]. In VARTM, however, a flexible
sheet is used as the upper mold which is sealed to the rigid mold using a sealant tape,
and the resin is infused into the preform under vacuum [11]. A key issue in the infusion
processes is the gel time of the resin system, which may not be enough to completely
wet the fabric with resin and premature gelation may occur during infusion [12]. In
addition, the high impregnation rate of fibrous reinforcement increases the risk of
entrapping voids in the final part, which may adversely affect the performance and
long-term durability of composites [13, 14]. Accordingly, several variants of VARTM
have been developed such as Seeman composites resin infusion molding process
(SCRIMP) [15], controlled atmospheric resin infusion process (CAPRI) [16],
pressurized infusion (PI) [17], compaction of dry fiber preforms with stationary and
moving magnets [13], and applying magnetic consolidation pressure in VARTM [14].
Vacuum bag only (VBO) prepreg processing is another approach in OOA
techniques [18]. In VBO, partially impregnated prepregs are used with new resin
formulations that allow removal of entrapped air during a lengthy vacuum hold before
elevated temperature curing in a standard oven [19]. Since the applied consolidation

pressure is limited to 0.1 MPa, the high levels of absorbed moisture by the prepreg and



insufficient air evacuation time may lead to process-induced defects such as voids in the
VBO part [18, 20, 21].

Quickstep process is, one of the OOA technologies, developed by an Australian
company (Quickstep Technologies Pty Ltd.) [22]. In Quickstep, two floating rigid or
semi-rigid molds are used to sandwich the composite laminate in-between [22-24]. In
this process, heat is quickly applied to the composite laminate by circulating a heat
transfer fluid (HTF) in both the top and bottom sides. A flexible, thermally conductive,
membrane or bladder separates the laminate and the mold from HTF. Using flow of
HTF makes it possible to achieve a very high ramp rate of 10-15 K min™?, much faster
than 2-3 K min~! ramp rate generally used in an autoclave. The higher ramp rate results
in a lower minimum viscosity of the resin and better fiber wetting, leading to a better
fiber-matrix adhesion in Quickstep manufactured composite parts [25]. Accordingly, the
interlaminar fracture toughness under Mode | and Mode Il for carbon epoxy composites
made by Quickstep are comparable to those made in an autoclave [25]. In addition, the
rapid heating and cooling process in Quickstep may save the processing time by 67%
compared to autoclave [25]. It is also observed that faster heating rates do not
necessarily lead to higher void contents compared to slower heating rates, a positive
aspect of an OOA process [24]. In addition, a higher ramp rate affects the
chemorheology of the epoxy-based thermoset resin system, where higher glass
transition temperature with similar molecular network structure is reported in Quickstep
processed samples compared to the autoclave cured ones [26]. However, panels made
by Quickstep absorb slightly higher moisture content, probably because of their higher

resin content and cross-link density [27]. It is well-established that the absorbed may



adversely affect mechanical properties and durability of polymeric composites [27]. To
improve the quality of Quickstep laminates by reducing their void content to below 1%,
Muric-Nesic et al. [28] subjected the laminates during cure to vibrations with the low
frequency of around 10 Hz.

Another alternative approach to autoclave curing is prepreg compression
molding (PCM), also known as hot press molding. In the PCM process, an uncured
laminate made of prepregs is pressed and cured between the heated molds [29, 30]. The
PCM process is well-known for its high productivity, low equipment cost, and
simplicity. However, the cost of PCM molds is typically high because of the required
structural rigidity to apply high pressures (=10 MPa) and tight tolerances to avoid
leakage [31]. Recently, Lee et al. [29] found that with applying vacuum pressure in the
PCM process, the common PCM-process induced defects such as micro grooves and
voids can be reduced in the composite products.

Although OOA techniques are more cost-efficient than autoclave curing, the
composite parts produced via these processes may not achieve the same levels of
mechanical properties as those obtained in an autoclave. One of the objectives of the
current work, therefore, is to develop a novel technique, magnet assisted composite
manufacturing (MACM) to produce high-quality composite laminates out of an
autoclave. In this technique high-temperature permanent magnets are utilized to
generate sufficiently high consolidation pressure during cure of prepregs, thus

eliminating the necessity of using an autoclave.



1.2. Controlling surface microstructure of structural laminates

The FRP composites are very attractive material for structural applications,
especially in the aerospace industry due to their high strength and stiffness to weight
ratio and low sensitivity to fatigue and corrosion [32, 33]. This outstanding combination
of properties has promoted the replacement of traditional metals by FRP composites.
For instance, Boeing 777 uses 12% composites and 50% aluminum while in Boeing
787, aluminum usage dropped to 20% and composites usage increased to 50%.
However, the low conductivity of composites compared to metals currently limit their
applications [34].

To tailor mechanical and functional properties of composites such as thermal
and electrical conductivities, most research so far has focused on the incorporation of
micro- or nano-sized reinforcements into traditional FRP composites [35-41]. Typically,
for fabrication of three-phase (consisting of particle reinforcements, fabric, and resin)
composites, the resin is first modified by adding particles and then the particle/resin
suspension is infused into the fabric by VARTM [37, 40, 42, 43]. However, a uniform
and stable dispersion of particles within the polymer matrix, as well as unavoidable
dramatic increase in viscosity of the resin due to the addition of particles and filtration
of particles during infusion are critical issues in the processing of these three-phase
composites [39, 40, 44, 45].

One alternative approach to manufacture three-phase composite laminates is to
first, deposit the short fibers or other nanoscale reinforcements onto the fabric surface
and then, infuse resin into the deposited fabric by VARTM. With this approach, resin

viscosity does not increase and the challenges with the conventional VARTM process



are overcome. Several techniques have been introduced to deposit short fibers on the
fabric surface, such as chemical vapor deposition (CVD) [46, 47], electrophoretic
deposition (EPD) [48, 49], spraying processing [50-53], and aqueous suspension
deposition [54].

To achieve a very high reinforcement content and preferred in-plane orientation
in the three-phase composites, the reinforcements are grown onto the fabric surface by
the CVD process [55]. In addition, the CVD process is applicable for a variety of
reinforcements and fabric substrates. For instance, He et al. [56] reported that
homogeneously aligned carbon nanotubes-glass/epoxy composites can be fabricated
with CVD process, showing significantly improved electrical conductivity and thermo-
mechanical and flexural properties compared to glass/epoxy composites. However, the
use of high temperatures and predeposited catalysts along with the difficulties in the
processing of large parts are the limitations of CVD method [48]. Furthermore, Sager et
al. [46] reported that with the growth of carbon nanotubes on the surface of carbon
fibers using the CVD process, the tensile strength of the fiber reduces at least by 30%,
possibly due to thermal degradation and surface oxidation of fibers.

Alternatively, the EPD process has been applied successfully to fabricate three-
phase composites because of its simplicity, scalability, and cost-effectiveness [57]. In
EPD, charged particles, dispersed in a suitable solvent, migrate towards an electrode
under an applied electric field, resulting in the accumulation and homogeneous
deposition of particles at the relevant electrode [58]. In this regard, Rodriguez et al. [59]
demonstrated that with EPD process amine-functionalized carbon nanofibers can be

uniformly deposited on the surface of a layer of carbon fabric using water as a solvent.



However, a uniform deposition of particles with this method depends on several
processing parameters including the PH level of suspension, applied voltage, deposition
time, and isolation process of electrodes [60].

In spraying processing, the dispersed reinforcements in a solvent are sprayed
onto the fabric surface using an airbrush, and then the solvent on the fabric is removed,
remaining the reinforcements-deposited fabric [52]. This process can be modified by
spraying a kind of epoxy resin with high viscosity on the deposited fabric to anchor the
reinforcements, thus preventing their flushing during infusion [53]. Shan et al. [53]
reported that the modified spraying technique can produce composites with enhanced
interlaminar fracture toughness while preserving their in-plane mechanical properties.
This method is simple and scalable; however, it may be difficult to control the
dispersion and distribution of reinforcements throughout the resultant composite.

To directly deposit reinforcements on the fabric surface, aqueous suspension
deposition can be used [54, 61, 62]. In this process, the reinforcements are first
dispersed in deionized water by ultrasonication and then, the fabric is immersed in a
bath containing the reinforcement/water suspension, followed by drying the deposited
fabric [54]. Li et. al [54] demonstrated that with the deposition of hydroxyl-
functionalized carbon nanotubes, the interfacial shear strength of the carbon fiber/epoxy
composites increases up to 43% compared those made without deposition. However,
during the immersion process, the reinforcements are deposited on both sides of the
fabric surface, which may not be preferred for some applications.

To assess the effectiveness of the deposition techniques for the fabrication of

multifunctional materials, previous studies have focused on measuring mechanical,



thermal, electrical, and/or magnetic properties of the resultant three-phase composite.
However, a detailed quantitative microstructural analysis of the deposition morphology
in terms of: (i) spatial uniformity of fiber volume fraction; (ii) degree of dispersion; and
(iii) orientation and degree of alignment on the fabric surface and on the fabricated
laminates has never been conducted.

In the present work, a novel and simple method, allowing uniform and isotropic
deposition of micron-sized fibers on the fabric surface, is introduced for fabrication of
three-phase composites with controlled surface microstructure. This method, cascaded
suspension deposition, is based on slowly cascading the fibers/water suspension on the
fabric surface immersed in water followed by the sedimentation of fibers under gravity.
The effectiveness of the proposed technique to uniformly distribute fibers on the surface
of the fabric and the resulting structural laminates are investigated through
comprehensive microstructural analysis. For this purpose, the uniformity of fiber
volume fraction, as well as, degree of dispersion and alignment of the fibers are
assessed. Also, the effects of the concentration of deposited fibers, fabric architecture,
and resin flow on the process-induced microstructure are investigated.

1.3. Tailoring anisotropy in structural laminates

The fundamental limitations of FRP composites are the poor conductivities,
which hinders FRP applications in thermal management systems and electronic packing.
To address the poor conductivity properties of FRPs, integration of conductive short
fibers into traditional FRP composites is a promising technique. Typical conductive
reinforcements used to manufacture conductive polymer composites include metal

powders and carbon-based materials such as carbon fibers, graphene nanoplatelets, and



carbon nanotubes [63-67]. However, at low volume fractions of reinforcements, the
conductivity of the composite is low, similar to that of the pure polymer. To
considerably improve the conductivity, a high loading (i.e. volume fraction of = 50%)
of randomly distributed reinforcements is required, thus forming some conductive
pathways in composites [68-71]. For example, Mazov et. al reported that the thermal
conductivity of polypropylene-based composites with 16 wt.% multiwall carbon
nanotubes is only around 0.56 W/m x K [72]. However, the processing of composite at
high reinforcements loading is difficult and the formation of aggregates of
reinforcements may adversely affect the mechanical properties of the composite [72-
74]. Therefore, it is desirable to increase the conductivity of the composite without
having high reinforcements content.

Controlling the orientation and alignment of short fibers is a promising method
for significantly improving the conductivity of the composite in the direction of fibers
orientation [75-77] compared to composites with randomly-oriented fibers. For
instance, Khan et al. demonstrated a very low percolation threshold of about 0.0031
vol% in multi-walled carbon nanotubes (MWCNTS) epoxy composites along the
direction of MWCNT alignment, significantly lower than 0.034 vol% for randomly-
oriented MWCNT epoxy composites [75]. In addition, with inducing alignment of short
fibers, it is possible to introduce anisotropy in the composite, thus tailoring direction-
dependent properties.

For inducing alignment of short fibers in three-phase composites, currently, a
popular method is to align reinforcements by deposition methods on the fabric surface

prior to fabrication of three-phase laminate by VARTM [78, 79]. For instance, Wicks et



al. [78] implemented aligned carbon nanotubes (CNTSs) in the alumina-fiber epoxy
composite by growing vertically-aligned CNTs by chemical vapor deposition directly
on the surface of individual fibers. Stahl et al. [80] shear pressed the vertically aligned
CNT arrays to change vertical alignment to a nearly horizontal plane of thin solid sheet.
Then, they integrated the dry or resin infused sheet between prepreg plies prior to the
laminate cure.

An alternative approach for inducing alignment of short fibers in three-phase
composites is by using external fields during composite fabrication, which has the
advantages of scalability and precise control of the alignment. Reinforcements
orientation and alignment can be induced in composites by applying magnetic field [81-
83], electric field [84-86], acoustic field [87], and shear flow [88] during composite
fabrication. Regarding inducing alignment with the shear flow, it is difficult to obtain
continuous conductive pathways or end-to-end contacts, leading to low anisotropy [89].
Comparing magnetic field with electric field, magnetic field does not have the
limitations of dielectric breakdown or electrode polarization using electric fields [90].
Compared to the acoustic field, magnetic field can be generated without the use of a
complex set-up [87], e.g. using permanent magnets. Thus, among these feasible
approaches, magnetic field is chosen in this work because of its attractive capabilities.

Thermodynamically, a combination of parameters such as fiber size, field
strength, and magnetic susceptibility anisotropy leads to magnetic field induced
alignment [91]. For example, Camponeschi et al. [92] applied a magnetic field of up to
25 T to orient and align CNTSs in polymer composite, which is quite high. Therefore,

short fibers are coated with magnetic nanoparticles, especially nickel-based
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nanoparticles, to align them in a polymer resin without the need to apply high magnetic
fields [83, 93]. Controlling the orientation of nickel coated carbon (NiC) fibers in a
polymer resin using magnetic field has been previously demonstrated in Ref. [81, 94].
They reported that NiC fibers with an average aspect ratio of 45 possess an anisotropic
diamagnetic susceptibility of 2.5 x 1072, and can be aligned under a low intensity
magnetic field (<0.2 T). Most of the reported research efforts in this area have been
focused on inducing alignment of short fibers in polymer resin using an external field.
However, controlling the orientation of short fibers in three-phase composites by using
external field has not been elucidated.

In the present work, a new magnetic-field assisted composite processing is
proposed for inducing alignment of short fibers in molded laminates, thus tailoring their
surface anisotropy. In the proposed technique, magnetic field generated by a set of
permanent magnets is used for controlling the orientation of NiC fibers on the surface of
three-phase NiC/glass/epoxy laminates. Different degrees of alignment of fibers are
induced by applying magnetic field: (i) on the fabric substrate during deposition of
fibers, (ii) on the deposited fabric after mold filling by VARTM, and (iii) on the fabric
substrate during deposition, mold filling, and after mold filling. Since a good dispersion
and uniform distribution of fibers on the fabric surface is necessary for achieving
improved properties of composites, cascaded suspension deposition is adopted.

1.4. Dissertation outline

Chapter 2 presents the development of a new feasible technique, MACM, for

fabricating structural composite laminates out-of-autoclave. The ability of MACM to

fabricate high-performance laminates with fiber and void volume fractions and
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mechanical properties comparable to those made by autoclave curing is also
demonstrated.

A novel method, cascaded suspension deposition, to introduce well-dispersed
short fibers into the molded laminates, allowing the control of the surface properties of
the resulting composite is proposed in chapter 3. Comprehensive analysis of the
process-induced microstructure morphology on the fabrics and on the fabricated
laminates are carried out by assessing: (i) spatial uniformity of fiber volume fraction;
(ii) degree of dispersion; and (iii) process-induced orientation and degree of alignment.
To demonstrate the flexibility of the proposed method, the effects of fiber
concentration, fabric architecture, and resin flow are studied.

Chapter 4 includes two parts. The first part of chapter 4 investigates the
alignment of nickel coated carbon (NiC) fibers by magnetic field during cure of
polymer composites. The appropriate level of magnetic field for achieving a high degree
of alignment of fibers is identified. In the second part of chapter 4, a new magnetic-field
assisted composite processing method is proposed to align NiC fibers on the surface of
three-phase composite laminates. Given the results of the first part of chapter 4, an
appropriate level of magnetic field generated by a set of permanent magnets is applied
for inducing alignment of NiC fibers without disturbing the uniformity of
microstructure in the composite. This chapter investigated the effects of varying
physical properties of fibers (i.e. fibers aspect ratio and nickel coating) on the
microstructure morphology of composites.

Chapter 5 states the conclusions and contributions of this work, as well as

recommendations for future work.
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Chapter 2. Magnet Assisted Composite Manufacturing: A Novel Fabrication
Technique for High-Quality Composite Laminates
A novel fabrication method, magnet assisted composite manufacturing
(MACM), is developed to produce high-quality composite laminates out of an
autoclave. This technique involves the placement of high-temperature Neodymium
permanent magnets on a vacuum bag to generate sufficiently high consolidation
pressure during cure, thus eliminating the necessity of using an autoclave. The objective
of this chapter is to demonstrate the ability of MACM to fabricate high-performance
laminates which have comparable mechanical properties, fiber volume fraction, and
void content to those achieved by autoclave curing. Towards this goal, eight-ply, woven
carbon/epoxy laminates are fabricated in an oven by MACM and also in an autoclave
using the same thermal cycle. The thickness of the laminates cured by MACM indicates
that an effective consolidation pressure of 0.29 MPa (42 psi) can be generated by the
magnets during cure at 177°C (350°F). The high flexural properties, high fiber volume
fraction, and the low void content of the laminates fabricated by MACM validate the
feasibility of this process as a lower-cost alternative to autoclave cure, without
compromising the part quality. Considerable reduction of void content to under 1% is
also achieved by applying magnets during cure when the resin viscosity is at a
minimum.
2.1. Introduction
Various processing techniques are developed to fabricate high-performance

composite laminates to meet functional design requirements at a reasonable cost.

Manufacturing techniques such as autoclave curing, hot-press molding [95], vacuum-
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bag-only (VBO) curing [96, 97], and Quickstep [25] have been broadly used for
fabricating high-quality composite laminates from prepregs. Among these methods,
autoclave curing is primarily utilized for the fabrication of structural composites in the
aerospace industry, where the prepreg lay-up is placed in a vacuum bag and subjected to
high consolidation pressure and temperature during a cure cycle. The benefits of using
an autoclave include the ability to achieve fiber volume fractions above 60% [98] for
improved mechanical properties as a result of applying sufficiently high consolidation
pressure [99, 100]. The consolidation pressure, which is often applied throughout the
cure cycle, helps reduce the formation of voids and enables removal of volatiles,
trapped air, and excess resin out of the composite laminate. If the consolidation pressure
is not adequate, elimination of the voids will be incomplete, thus yielding a composite
laminate with relatively poor mechanical properties [101-104]. In addition to the level
of consolidation pressure, the time when it is applied was shown to have a significant
effect on the resulting void content [105, 106]. It should be noted that along with overall
void content, spatial distribution and geometrical features of voids such as size and
shape morphology could have noticeable adverse effects [107-110]. For example,
microcracks may grow from high-aspect-ratio elliptical voids located at the fiber-matrix
interface that could lead to premature fracture of the laminates [111, 112].
Consequently, overall void content, as well as process-induced void morphology
throughout the laminate, should be investigated for evaluating the effectiveness of a
manufacturing process.

Although the benefits of using an autoclave are well established, they are

expensive, labor-intensive to operate, and consume excessive energy [113], thus leading
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to a higher cost per cured part. As a result, development of more cost-effective out-of-
autoclave (OOA) technologies such as hot-press molding, VBO cure processing, and
Quickstep is highly desirable for the fabrication of high-performance composite
laminates.

The hot press molding involves pressing the laminate into the heated rigid mold
so that parts with two good surfaces, high fiber volume fraction (56%) and low void
content (<2%) can be manufactured using high enough pressure [30, 114]. However, the
sensitivity of matched-die to material variation and the dependency of this technique on
thermal conductivity of the mold are some of the common drawbacks [115].

Vacuum-bag-only (VBO) cure involves fabricating parts in an oven with only
vacuum-bag consolidation pressure up to 101 kPa. However, this level of pressure may
not be sufficient to suppress void growth and remove entrapped air. Thus, the composite
laminates fabricated using this method can be prone to voids [116], especially when the
prepreg contains a reactive resin matrix [117]. Also, during VBO cure processing, the
presence of moisture in a humid environment can significantly affect the quality of
composites [18]. In VBO curing, a vacuum hold before initiating the cure cycle and heat
transfer rates lower than an autoclave are necessary to minimize void content.
Therefore, typically longer cure cycles are used in VBO compared to autoclaves [118].

Quickstep is a rapid OOA technology which uses as high as 40°C/min ramp
rates and shorter cure cycles compared to autoclaves [119, 120]. The rapid
heating/cooling of the laminate is achieved by utilizing a Heat Transfer Fluid (HTF) due
to the higher heat capacity of fluids. The higher ramp rates lead to the lower minimum

viscosity of the resin and possibly improved fiber-matrix adhesion due to better fiber
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wetting [25]. In addition to the vacuum pressure, the weight of the HTF provides a
modest consolidation pressure of 10 to 30 kPa in Quickstep process where high-quality
laminates with 61% fiber volume fraction and 2-5% void content can be manufactured
[119, 121]. Khan et al. [27, 122] reported that 977-2A carbon/epoxy laminates
manufactured by Quickstep absorb a high amount of moisture because of higher resin
content and increased crosslink density compared to laminates cured in an autoclave.
Despite the reduction in cycle time and energy consumption, Quickstep requires
relatively expensive equipment (approximately two-thirds of an equivalent autoclave)
[123], periodic replacement of the flexible membrane, and transferring HTF to control
the heat rate [118].

Although OOA technologies are more cost-efficient than autoclave curing,
mechanical properties of composites manufactured by autoclaves are typically higher
due to the higher fiber volume fraction and lower void levels [95]. Therefore,
developing new OOA processes that can produce laminates matching or exceeding the
mechanical properties of the autoclave-cured laminates without increasing the
production cost, process time, and energy consumption would be highly desirable.
Towards this goal, curing composite parts under sufficiently high pressure (i.e.,
comparable to autoclave pressure) generated by magnetic force may offer an attractive
alternative solution.

The utilization of an electromagnetic clamping device to consolidate the
composite laminates is recently proposed by Ziegenbein and Colton [124]. In this
device, the clamping pressure is generated between a rubber membrane containing iron

particles and an array of electromagnets. If the actively cooled electromagnets are
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utilized, the maximum possible clamping pressure is estimated to be 0.1 MPa which is
far below the required processing pressure for prepregs. Also, the effectiveness of the
electromagnetic clamping device is not demonstrated by fabricating composite
laminates.

A more robust and feasible approach to generate sufficient consolidation
pressure is to utilize high-power permanent magnets. For this case, the vacuum bag
containing the composite laminate can be sandwiched between the magnets and a
magnetic tool material, possibly a thin steel sheet. For fabricating geometrically
complex shapes, the thin steel sheet can be easily formed to the desired shape and
placed over the underlying tool, which is often made of a lighter metal such as
aluminum or a durable composite. A variety of permanent magnetic materials that can
generate considerable compressive pressure over small gaps exists. Among these,
Neodymium Iron Boron, SmCo, Alnico, Ceramic (Ferrite), and Flexible (Rubber)
magnets are utilized for numerous industrial applications and, depending on their grade,
may be used up to 840°C without losing much of their magnetic strength. Pallapa and
Yeow [125] reported that Neodymium Iron Boron, NdFeB, magnets have the highest
energy products (160-400 kJ/m®) compared to other materials and can generate up to 0.8
MPa compressive magnetic pressure. The compressive force can be maintained for
long-term use, where the total irreversible loss in magnetic properties is expected to be
only up to 2% after ten years of operation [126].

In this chapter, a new and innovative out-of-autoclave manufacturing technique
for producing high-quality, structural composite laminates is presented. This technique

referred to as “Magnet Assisted Composite Manufacturing” (MACM), involves
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utilizing the compressive force of high-power, high-temperature permanent magnets as
the consolidation pressure while the laminate is placed in a vacuum bag and going
through the conventional cure cycle in an oven. The MACM technique is highly
promising because it does not require special tooling or expensive equipment, and thus
could produce structural composites at a much lower cost compared to those made by
autoclave cure. Improving fiber volume fraction and overall quality of the laminate at
critical, high-stress locations would be possible by applying the magnetic pressure only
on these critical areas of the laminate. Although it is beyond the scope of this work,
MACM may be effectively used for manufacturing large structural composites. For
such applications, one can slide an array of magnets covering a small area over the
vacuum bag, instead of covering the entire part surface with magnets.

The potential of the MACM process is demonstrated by curing eight-ply carbon
fiber/epoxy laminates in a variety of manufacturing scenarios. Experimental results
including void and fiber volume fraction, microstructural analysis, and flexural
properties of the laminates manufactured by MACM are presented and compared with
those obtained from laminates cured in an autoclave. Furthermore, the proper time of
applying the consolidation pressure based on temporal changes in resin viscosity is
investigated.

2.2. Materials and methods
2.2.1. Materials

The composite material used in this work is TENCATE IM7/EX-1522, which is

a plain weave carbon/epoxy prepreg system. The uncured resin content is 45+3% by

weight. IM7 is a PAN-based carbon fiber with a relatively high performance and
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intermediate modulus that has been primarily used in the aerospace composites. EX-
1522 is a toughened, high-performance epoxy resin with a glass transition temperature
of 180°C. A 2.2-2.8°C/min ramp rate with a 180 min hold at 177°C (350°F) and 0.27-
0.69 MPa (40-100 psi) autoclave pressure is the recommended cure cycle.

2.2.2. High-temperature permanent neodymium magnets

Sixteen through-the-thickness magnetized N38EH neodymium magnets (K&J

Magnetics) of dimensions 2.54 cm in length, 2.54 cm in width, and 5.08 cm in thickness
are used to provide compressive pressure on the lay-up which is placed on a magnetic
tool plate (see Fig. 1.). The highest operating temperature of each magnet is 200°C with
a maximum energy product of 302.4 kJ/m? (38 MGOe). A compressive pressure of 0.55
MPa can be generated when the magnets are sandwiched without a gap between two
steel plates at room temperature. The actual magnetic pressure applied on the lay-up
will be less than 0.55 MPa due to: (a) increased temperature during cure and (b) the

small gap between the magnets and the bottom tool plate (i.e. lay-up thickness).

Consolidation pressure applied by magnetic force

Magnetic material

Magnets

Lay-up

T

Magnetic tool plate

Figure 1. Consolidation pressure applied by magnetic force.
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2.2.2.1. Effect of elevated temperature on magnetic compression during cure
The compressive pressure, P, exerted by a permanent magnet at the lay-up
surface is given by [124]

_ B (1)
210

P
where B is the magnetic field flux density and p, is the permeability of the lay-up.
In deriving equation (1), the following assumptions have been made: 1) The flux
density, B, on the surface does not vary; 2) The magnet completely covers the
underlying lay-up, leading to a uniform compressive pressure on the lay-up surface.

The magnetic flux density, B, for N38EH magnets used in this work is given as

1.093 T at room temperature. Considering the decrease in B at elevated temperatures
and assuming the lay-up permeability remains constant, one can estimate the reduction
in compressive pressure applied by the magnets during cure. Fig. 2 illustrates the linear
reduction in magnetic compressive pressure as a function of temperature which is

reversible up to the maximum operating temperature of the magnets (200°C). At cure

temperature of 177°C, the pressure will be reduced approximately by 35%.
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Figure 2. Normalized compressive pressure exerted by a N38EH neodymium
magnet versus temperature.

2.2.2.2. Effect of lay-up thickness on magnetic compression during cure

The maximum compressive pressure is achieved when the magnets are touching
the steel tool plate. However, the magnetic pressure depends on the thickness of the lay-
up. The thickness of the lay-up decreases during cure, so the magnetic pressure will
increase gradually. According to the previously published literature, the thicknesses of
the fabricated carbon fiber—epoxy prepreg laminates for 8, 16, and 20 plies are
approximately 2.1 to 4.3 mm [127-129]. Considering these thicknesses, the N38EH is
capable of generating the maximum pressure of 0.3 MPa (44.76 psi), 0.22 MPa (31.70
psi), and 0.2 MPa (30.18 psi) for 8,16, and 20 plies respectively. Fig. 3 presents the
effect of lay-up thickness on magnetic compressive pressure. It is seen that magnetic
consolidation pressure will decrease in an approximately exponential manner with

increasing the lay-up thickness. For the current lay-up (8-ply prepreg) with the initial
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and final thicknesses of 2.5 and 2.0 mm, the consolidation pressure gradually changes
from 0.28 MPa (41 psi) to 0.31 MPa (46 psi) during cure. As a result, the sufficient
magnetic pressure (~30 psi) can be generated by N38EH for consolidating the laminate

up to 20 plies inside the oven.

o7 —— N38EH NdFeB data sheet
0.6 } — — Experimental data

® Initial lay-up thickness=2.5 mm, P=0.29 MPa
0.5 B Final lay-up thickness=2.0 mm, P=0.31 MPa
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— —
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Lay-up thickness (mm)

Magnetic compressive pressure (MPa)

Figure 3. Compressive pressure exerted by a N38EH neodymium magnet versus
gap distance.
2.2.3. Rheological measurements

Applying magnetic compressive pressure at a different time during cure cycle
may facilitate improved resin flow and reduction in void content. Therefore,
characterization of the minimum viscosity and gel point could be helpful in selecting
when the magnets should be applied on the lay-up during the cure cycle.

Toward this goal, the rheological characterization of IM7/EX-1522 prepreg is
performed by an Alpha Technologies APA rheometer with a disc radius of 19 mm and a

gap size of 2.8 mm. The experiment is conducted at a frequency of 1 Hz under a
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constant strain of 0.5%. The autoclave/oven cure profile (i.e. initial ramp of 2.2°C/min
followed by 177°C hold for 180 min) is utilized for rheological characterization to
determine when the minimum viscosity and gel point are reached for this prepreg. Fig. 4
depicts the change of complex dynamic viscosity over time during cure. It is seen that
the minimum viscosity of the resin referred to as point A occurs at 55 min and 145°C.
The variation of tan delta and elastic shear modulus during cure is shown in Fig. 5.
Point B, the gel point, takes place at 62 min and 161°C. The gel point is determined
according to ASTM D7750-12 as the time when the value of tan delta drops rapidly and

simultaneously the value of elastic shear modulus (G') increases very promptly.
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Figure 4. Complex dynamic viscosity as a function of time subjected to cure
schedule during the rheological test (Point A is the minimum viscosity).
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Figure 5. Tan delta, and elastic shear modulus as a function of time subjected to
cure schedule during the rheological test (Point B is the gel point).
2.2.4. Magnet assisted composite manufacturing (MACM)

The new manufacturing technique, magnet assisted composite manufacturing
(MACM), to fabricate composite parts is schematically illustrated in Fig. 6. This
technique uses the compressive force of high-temperature permanent magnets as the
consolidation pressure on the laminate. Briefly, the lay-up assembly consists of the
vacuum bag, caul plate, bleeder/breather plies, porous teflon, and prepreg which is
surrounded by an edge dam placed on the bottom steel tool plate. After the vacuum is
applied, sixteen N38EH NdFeB magnets (25.4 x 25.4 x 50.8 mm), which are placed
together in a 4x4 configuration on a 2.4 mm-thick top steel plate, compress the lay-up,
as shown in Fig. 7. Then, the whole cure assembly (i.e. bottom steel tool plate, lay-up,
magnets, and top steel plate) is placed in an oven. The cure cycle consists of a heat ramp

of 2.2°C/min to 177°C followed by an 180 min isothermal hold and cooling to room
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temperature at 3.5°C/min. A vacuum pressure of 88 kPa (i.e., 13 kPa absolute pressure)

is applied throughout the cure cycle.

. 2.4-mm thick magnetic material

. Magnets

. Vacuum bag

. Caul plate

. Bleeder/Breather

. Porous teflon

. Prepregs

. Dam

. Vacuum port

0.4.7-mm thick magnetic mold
material

Figure 6. Schematic illustration of the new manufacturing technique used to
fabricate composite parts.

Magnetic material top plate
with dimensions

(length x width x thickness)
0f 203 x 203 x 2.4 mm

Sixteen N38EH NdFeB
Magnets

Figure 7. Photograph of the arrangement of magnets that are employed in the
proposed manufacturing technique.

In this work, 8-ply IM7/EX-1522 laminates (102 mm x 102 mm) are fabricated
under seven scenarios in the oven and autoclave, as listed in Table 1. Two laminates for
each fabrication scenario are produced to determine repeatability. In the first scenario
(Oven-0MPa), the laminates are manufactured in the oven without magnets. Scenario 2

(Oven-Mag) is considered to investigate the effectiveness of the MACM process, where
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magnets are applied throughout the cure cycle in the oven. Since applying pressure at
different times during cure has been reported to improve laminate quality [12, 36],
scenario 3 (Oven-Mag-umin), and 4 (Oven-Mag-Gel) are investigated, where the
magnets are applied at minimum viscosity (point A) and gel point (point B)
respectively, until the end of the cure cycle. Applying magnets at the point of minimum
viscosity is expected to further enhance resin flow and help reduce the void content
throughout the laminate. To establish the MACM process as a viable method, the
mechanical properties, fiber volume fraction and void content of the composites
manufactured in the oven with or without using MACM are compared to those
manufactured in the autoclave under identical cure cycle. Hence, three additional
scenarios are considered: scenario 5 (Autocl-OMPa), autoclave curing without any
pressure, scenario 6 (Autocl-0.2MPa), autoclave curing with 0.2 MPa pressure, and
scenario 7 (Autocl-0.4MPa), autoclave curing with 0.4 MPa pressure.

Table 1. Seven fabrication scenarios used in manufacturing of IM7/EX-1522
composite laminates.

Fabrication scenario Manufacturing process

1 Oven-OMPa Oven curing using vacuum bag only, without pressure

2 | Oven-Mag Magnet assisted composite manufacturing (MACM) in oven

3 Oven-Mag-umin | MACM applied at minimum viscosity in oven

4 Oven-Mag-Gel | MACM applied at gel point in oven

5 Autocl-0MPa Autoclave curing using vacuum bag only, without pressure

6 Autocl-0.2MPa | Autoclave curing with 0.2 MPa pressure

7 Autocl-0.4MPa | Autoclave curing with 0.4 MPa pressure
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2.2.5. Void and fiber volume fraction measurement
The density of each composite specimen is identified by the suspension
technique. In this method, the Cargill Labs 2.49 g/cm? heavy liquid is diluted with water
until the specimen is suspended in the mixture. Fiber and matrix weight content are
determined using a hot sulfuric acid-hydrogen peroxide digestion method as
described in ASTM D3171 Procedure B. The density of cured resin is also measured by
the suspension method and found to be 1.46 g/cm?. The density of fiber reinforcement is

obtained to be 1.79 g/cm? using a nitrogen pycnometer. Fiber volume fraction (V) and

void volume fraction (V) are calculated according to the following equations as

recommended by ASTM D3171.

Fiber volume fraction (%):[p;_wf] )
f
Void volume fraction (%)=100 — p, [? + ‘;V_m] 3)
f m

where W is the fiber weight fraction in the composite, p is the density of the fiber, p.
is the density of the the composite specimen, W, is the matrix weight fraction in the
composite, and p,, is the density of the matrix.
2.2.6. Image analysis

A detailed image analysis is one of the most accurate methods for the
characterization of microvoid morphology. SEM is used for imaging of 3 mm x 2 mm
through-the-thickness cross-sectional area from all samples. The composite specimens
are mounted in acrylic resin, polished, and coated with gold/palladium to obtain SEM
images at both the 50X and 200X magnifications. Four different cross-sections

locations are analyzed for each processing scenario to reduce experimental uncertainty
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due to spatial variation of voids. Image analysis software is used to determine the
location, size, and shape of all visually identified voids.
Equivalent diameter, D, is obtained from the void area and can be used to

determine the void size distribution for each specimen,

42 (4)

where A is the void area. Small voids are defined as voids with an equivalent diameter
lower than 20 um. Voids with the equivalent diameter between 20 um and 100 um are
classified as medium voids. Voids with an equivalent diameter above 100 um are
regarded as large voids.

To classify void shapes with respect to their circularity according to
ASTM F1877-05, roundness, R, is defined,

_ 44 (%)
T[drznax

where d 4, 1S the maximum diameter within the void. Roundness equals unity for a
perfectly circular void and goes to zero for a highly elongated void. A lower roundness
value (R<0.5) represents elongated to very elongated voids. VVoids with roundness in the
range (0.5<R<0.9) are considered slightly elongated. Roundness greater than (0.9<R) is
observed in mostly circular voids.
2.2.7. Flexural test

Three-point bending tests are conducted using a Com-Ten 705TN system as per

ASTM D790. A total of 12 specimens (length=76.2 mm and width=12.7 mm, six from

each laminate) are used to determine flexural properties. The support span for all
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specimens is controlled so that a support span-to-depth ratio of 32:1 is achieved. The
specimens are tested at a crosshead rate of 2 mm per minute.
2.3. Results and discussion
2.3.1. Fiber volume fraction and void content

The fiber volume fraction, void volume fraction, and average thickness of the
composite laminates cured under different fabrication scenarios are shown in Table 2. It
is seen that the fiber volume fraction and void content of the composites manufactured
in the oven and autoclave using the same thermal profiles without applying external
pressure are similar. The fiber volume fraction of 51-52% and a void volume fraction of
4.8-5.0% obtained without applying any pressure during cure establish the baseline
values that can be improved by either applying magnets or autoclave pressure.

Table 2 shows that other five fabrication scenarios significantly change fiber
volume fraction and void content. In fact, all five scenarios Oven-Mag, Oven-Mag-imin,
Oven-Mag-Gel, Autocl-0.2MPa, and Autocl-0.4MPa record substantial enhancements
in fiber volume fraction as well as a reduction in microvoids. Table 2 further confirms
that fabricating carbon epoxy composites with high fiber volume fraction (~60%) and
low void volume fraction (<3%) is possible when magnets are placed on the vacuum
bag throughout the cure cycle (Oven-Mag). Application of magnets at minimum
viscosity (Oven-Mag-umin) has an additional advantage in reducing the void volume
fraction to 0.9% while maintaining 60% fiber volume fraction. Thus, use of the
sufficient consolidation pressure as well as applying this pressure at the proper time
helps to fabricate high-quality composite parts, which has been reported earlier [107,

130, 131]. Table 2 also confirms that higher consolidation pressure results in higher
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fiber volume fraction and lower laminate thickness. Thus, the highest fiber volume
fraction (= 63%) and the lowest thickness (1.63 mm) are attained at 0.4 MPa autoclave
pressure (i.e., by scenario referred to as Autocl-0.4MPa). Obviously, in MACM, the
magnetic pressure increases while the thickness of the laminate decreases during the
consolidation of the laminate. This is in contrast with the autoclave curing where it is
common practice to apply a uniform pressure during cure. One can estimate that the
laminate thickness of 1.68 mm, which is obtained by applying the magnets either at the
minimum viscosity point or throughout the cure, would have been produced by
applying 0.29 MPa (42 psi) constant pressure in an autoclave. This high level of
equivalent pressure level further validates the possibility of using magnets during cure
of commercial prepregs in lieu of autoclaves, even at the elevated cure temperature of
177°C (350°F).

Table 2. The fiber volume fraction, void content, and average thickness for

laminates fabricated by different fabrication scenarios (n=6 for fiber and void
volume fraction and n=18 for average thickness, 95% confidence intervals).

Fabrication scenario Fflrggugﬁm)e \1421:(195?:%/?)6) thicﬁr\ll—:srsa%rgnm)
1 | Oven-oMPa 51.2+07 | 48+05 | 1.96+001
2 | Oven-Mag 59.6+03 | 25+02 | 168+001
3 | Oven-Mag-umn | 604+07 | 09+02 | 1.68+003
4 | Oven-Mag-Gel | 550+11 | 15+09 | 1.85+003
5 | Autocl-OMPa 51.9+07 | 50+04 | 190%001
6 | Autocl-02MPa | 57.6£09 | 17+06 | 1724002
7 | Autocl-04MPa | 629+04 | 17+05 | 1.63+001
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2.3.2. Void shape and location

To investigate the quality of the laminates and identify the salient features of the
process-induced microstructure, SEM micrographs of the composite laminates
manufactured under different processing scenarios are shown in Figs. 8-11 at 50X and
200X magnifications.

Figs. 8(a) and (b) exhibit the micrographs of the typical laminate fabricated in
oven and autoclave, respectively in the absence of cure pressure at 50X magnification.
As expected, similar voids in terms of size and shape are distributed throughout the
laminates manufactured by the scenarios 1 (Oven-0MPa) and 5 (Autocl-OMPa). In Figs.
8(a) and (b), a number of voids located inside the fiber tows, in the matrix region, and
between the plies can be observed. Most of these voids would form due to entrapment
of air between the layers, absorbed moisture by the prepreg, and volatiles expelled
during the cure reaction [132]. In fact, the location of the voids primarily dictates their
size and shape such that the vast majority of large and medium size voids are located in
the matrix region and between the plies. The shape of voids varies from near-spherical
in resin rich areas to irregular, asymmetric voids within fiber tows. The presence of
ellipsoidal voids found along the fiber direction suggests that voids are trapped and
elongated due to consolidation during cure. Formation of the elongated and high-aspect
ratio void morphology during processing has been discussed in detail by Lundstrom
[133]. It is also expected that, unless the resin flow or compaction pressure governs the
void shape, the viscosity of the resin becomes low enough during cure to maintain the
circularity of voids, which is the lowest surface energy shape and thus is the most stable

form.
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Voids in the matrix

Figure 8. Micrographs of the laminates (50x) manufactured without cure pressure
in different scenarios: (a) Oven-0MPa and (b) Autocl-0MPa.
The micrograph of laminates from scenarios 2 (Oven-Mag), 6 (Autocl-0.2MPa),
7 (Autocl-0.4MPa) are presented in Figs. 9 (a), (b), and (c), where similar voids are
observed. From these figures, it is seen that most voids are elongated and located

between the plies, extending along the fiber-matrix interface which are often observed

32



in unidirectional composite laminates cured in an autoclave at moderate to high
consolidation pressures [134]. It is evident that as a result of consolidation pressure the
thickness of resin-rich regions is decreased compared to the scenarios without the
curing pressure shown in Figs. 8(a) and (b). Consolidation pressure also has a
significant effect on the shape and amount of voids. Due to more lateral resin flow
during consolidation, lower void content and generally, a smaller void size is obtained.
Figs. 9 (a-c) show that applying consolidation pressure formed highly elongated voids
with sharper edges, i.e. with lower roundness, R, value. These voids are situated at the
fiber/matrix interface and compressed between the stiffer fiber tows. Applying higher
pressure certainly is necessary for the reduction of void content, but in the meantime,
high pressure may entrap voids at the fiber-matrix interface, making them more
detrimental than the voids located within the matrix or the fiber tows. For example, Fig.
9 (c) depicts a highly elongated, 1272 um-long (a relatively big void compared to the
other scenarios) void is trapped between plies when the autoclave pressure is 0.4 MPa

(Scenario 7).
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Highly elongated void: R = 0.42

Figure 9. Micrographs of laminates (50x) manufactured under consolidation

pressure in different scenarios: (a) Oven-Mag, (b) Autocl-0.2 MPa, and (c) Autocl-
0.4 MPa.
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Fig. 10 illustrates micrographs of laminates manufactured in the fabrication
scenarios 3 (Oven-Mag-umin) and 4 (Oven-Mag-Gel). It can be clearly seen that
applying magnets at minimum viscosity helps achieve improved resin flow, facilitates
void migration, and thus reduces the number as well as the size of voids (Fig. 10 (a)).
Also, the sample manufactured in scenario 3 (Oven-Mag-umin) has smaller resin rich

areas than those fabricated in scenario 4 (Oven-Mag-Gel).

Figure 10. Micrographs of laminates (50x) manufactured under consolidation
pressure by magnets applied in different scenarios: (a) Oven-Mag-pmin and (b)
Oven-Mag-Gel.
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Figs. 11 (a-c) show the voids in the laminates from scenarios 1 (Oven-OMPa), 2
(Oven-Mag), and 3 (Oven-Mag-umin) at 200X magnification. In scenarios 1 (Oven-
OMPa), due to the absence of consolidation pressure, smaller voids within fiber tows
(i.e., intratow voids) may coalesce and form an extended porosity network. The
magnetic compressive pressure in scenarios 2 (Oven-Mag) has significantly reduced the
amount of small, mostly isolated voids inside the tows. A further reduction of voids
inside fiber tows is achieved in scenario 3 (Oven-Mag-umin) such that, as fiber tows
became highly compacted, intratow voids seem to be almost eliminated as shown in

Fig. 11 (c).
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Figure 11. SEM micrograph of the voids (200x) observed in the composite
laminates manufactured in different scenarios: (a) Oven-0MPa, (b) Oven-Mag,
and (c) Oven-Mag-pmin.
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2.3.3. Size and shape distribution of voids

Fig. 12 represents void size distribution as estimated from the equivalent
diameter. Using magnets in scenario 2 (Oven-Mag), the relative percentage of smaller
voids (~84%) is slightly increased while the void content reduced approximately by
50% compared to scenario 1 (Oven-OMPa). A similar void size and content are
observed in the laminates manufactured in an autoclave under 0.2 and 0.4 MPa
pressure, which show above 92 percent of voids are smaller than 20 um (i.e., small
voids). It is noticed that if the magnetic pressure is applied at the minimum viscosity, in
addition to the overall void volume fraction, the relative percentage of small voids is
reduced to 77%, suggesting that mobilizing or coalescing small voids at the lowest resin

viscosity becomes easier.
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Figure 12. Size distribution of voids based on the equivalent diameter under
different fabrication scenarios.
The void shape morphology given by roundness values is presented in Fig. 13.

The shapes of the voids primarily depend upon the applied pressure, and in this regard,
the roundness of voids in processing scenarios 1 (Oven-0MPa) and 5 (Autocl-OMPa) are
quite similar. It is seen that while the void volume fraction remained at around 5% in
both cases, approximately 68% and 27% of the voids are slightly elongated or
elongated, respectively. Applying magnets in scenario 2 (Oven-Mag) resulted in a
modest increase in elongated voids to 36% of the total void fraction of 2.5%. However,
for this case, weekly elongated voids still remain dominant at nearly 60% of the total
void fraction. Thus, the shape morphology and the location of these voids suggest that

their source could be trapped air during the lay-up or volatiles expelled during cure.
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When magnets are applied at a minimum viscosity in scenario 3 (Oven-Mag-pimin), a
more slender void morphology (~43% elongated and 57% slightly elongated) is
observed. It is also seen that changing autoclave pressure from 0.2 MPa to 0.4MPa,
reduced the mostly circular voids and slightly increased void elongation while
maintaining the same void content of 1.7%. When magnets are applied at gel point in
scenario 4 (Oven-Mag-Gel), 75% of voids are slightly elongated, and 20% are
elongated with a lower total void content of 1.5% compared to oven or autoclave cure.
Nevertheless, when the magnets are applied at the lowest resin viscosity, the lowest
total void fraction of 0.9% is obtained which, unlike other laminates, is made of only
elongated voids. The void volume fraction, morphology, and size coupled with the
laminate fiber volume fraction given in Table 2 govern the quality and mechanical

properties of the laminates.
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Figure 13. Voids shape morphology given by roundness, R, under different
fabrication scenarios.
2.3.4. Flexural properties of composite laminates fabricated by MACM and
conventional cure
The flexural strength of the laminates fabricated by different scenarios is

displayed in Fig. 14. The fiber volume fraction is also included in Fig. 14 for reference
and also to establish the expected positive effect of increased fiber content on the
flexural strength. The error bars indicate 95% confidence interval. Fig. 14 confirms that
the flexural strength of composites cured under magnets and higher autoclave pressure
is greater than those manufactured without any external pressure. The composites

manufactured in scenario 2 (Oven-Mag) shows a significant, 17-21%, improvement in
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flexural strength compared to scenarios 1 (Oven-OMPa) and 5 (Autocl-OMPa). Also,
scenario 2 (Oven-Mag) yielded a relatively high 60% fiber volume fraction and showed
8% to 11% improvement in flexural strength compared to scenario 6 (Autocl-0.2MPa)
and 7 (Autocl-0.4MPa). The effectiveness of the MACM method is confirmed by the
higher flexural strength of the Oven-Mag samples compared to those fabricated in an
autoclave. Despite a marked increase in fiber volume fraction from 57.6% to 62.9%, the
flexural strength of samples fabricated at 0.4 MPa showed a slight decrease in strength
compared to the laminate fabricated at 0.2 MPa. This reduction, although within
experimental uncertainty, may be an indication of the increased importance of void

shape and location, particularly for laminates with very low void content.
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Figure 14. Flexural strength of composites fabricated by different scenarios. Fiber
volume fraction for each scenario is also shown for reference. (n=12, 95%
confidence interval error bars).
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It needs to be emphasized that the composites manufactured by applying
magnets at the minimum resin viscosity showed the highest flexural strength (17-21%
increase in strength compared to scenarios 1 and 5) and also the lowest void content
(0.9%). In scenario 4 (Oven-Mag-Gel), the flexural strength is nearly the same as those
obtained in scenario 6 (Autocl-0.2MPa), despite a lower fiber volume fraction in
scenario 4. This result corroborates the benefits of applying magnets even late in the
cure cycle. The application of magnetic pressure at gel point, where most of the resin
flow has taken place, had succeeded in removing most of the voids, and therefore
increased the flexural strength of the laminate.

The flexural modulus of the laminates fabricated by different scenarios along
with their fiber volume fraction are plotted in Fig. 15. As expected, the effect of the
fiber volume fraction is more dominant in the flexural modulus. An improvement of
about 20-22%, 12-14%, and 5-6% in flexural modulus is observed in scenarios 2 (Oven-
Mag), 3 (Oven-Mag-pumin), and 4 (Oven-Mag-Gel) respectively, compared to those
fabricated in scenarios 1 (Oven-OMPa) and 5 (Autocl-OMPa). Applying higher
consolidation pressure in autoclave led to higher fiber volume fraction and flexural
modulus. Thus, compared to those made by scenario 5 (Autocl-OMPa), the laminates
fabricated by scenarios 7 (Autocl-0.4MPa) and 6 (Autocl-0.2MPa) showed 19% and
11% enhancement in flexural modulus. The fiber volume fraction is also increased to
63% and 58%, respectively, from the baseline value of 51-52% when the pressure is not
applied. The results show that the flexural modulus of composites fabricated in scenario

2 (Oven-Mag) and 7 (Autocl-0.4MPa) are the highest. The slightly lower flexural
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modulus of the composites fabricated in scenario 4 (Oven-Mag-Gel) compared to
scenario 6 (Autocl-0.2MPa) is due to the lower fiber volume fraction.

Since the prepregs are cured using the same thermal cycle both in oven and
autoclave, the fact that oven-cured composites with the application of magnetic pressure
exhibited considerably better properties than composites manufactured in autoclaves
with 0.2 and 0.4 MPa pressure confirms the ability of the MACM method in producing

autoclave quality laminates.
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Figure 15. Flexural modulus of composites fabricated by different scenarios. Fiber
volume fraction for each scenario is also shown for reference. (n=12, 95%
confidence interval error bars).

2.4. Concluding remarks

The primary purpose of this chapter is to introduce the magnet assisted

composite manufacturing (MACM) process and establish it as a viable out-of-autoclave
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manufacturing method for structural composite laminates by experimentally comparing
the performance of laminates fabricated by MACM with the laminates cured in an
autoclave. The MACM process uses permanent magnets to apply a consolidation
pressure on a vacuum bag during cure in an oven, thus eliminates the need to use an
autoclave to achieve high fiber volume fraction and low void content. Application of
magnets when the resin viscosity is at a minimum provided additional benefits of higher
fiber volume fraction and lower void content, thus leading to higher flexural properties
and enhanced structural integrity. The following observations can be highlighted as the
salient features of MACM:

(@) The results suggest that magnetic compressive pressure is high enough for
fabricating 8-ply laminates with sufficiently high fiber volume fraction (60%)
and low void volume fraction (<3%). If the magnets are applied when the
viscosity is at a minimum, even lower void volume fraction under 1% is
achievable.

(b) Applying magnets during cure in an oven caused a substantial improvement in
flexural properties, matching or exceeding the properties obtained in an
autoclave. Improvements in both strength and modulus of about 21% are
achieved in laminates manufactured by MACM.

(c) Applying magnets even late in the cure cycle when the resin is at gel point is
shown to be beneficial. For this case, MACM is successful in decreasing the
void content to 1.5% so that the flexural strength of the laminates are nearly the

same as those cured in an autoclave under 0.2 MPa pressure.
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It is possible to fabricate aerospace quality composite structures using MACM
method without having to apply consolidation pressure in an autoclave. Conclusive
results obtained so far suggests that, in some cases, the proposed technique can be
utilized as a substitute for autoclave curing. Future improvements in the proposed
method are possible by sliding the magnets over larger areas of the composite during

cure for manufacturing large, high-quality parts.
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Chapter 3. Fabrication of Three-Phase NiC/Glass/Epoxy Composites with
Controlled Surface Microstructure Using a Cascaded Suspension Deposition
Method
Fabrication of multifunctional materials via incorporation of a third phase into

structural composite laminates is of great interest, especially for manipulating surface
properties. However, achieving a uniform, well-dispersed surface microstructure in
three-phase composites is quite challenging by using the traditional fabrication
processes. In this chapter, a novel cascaded suspension deposition method is presented
to introduce well-dispersed short fibers into the molded laminates, allowing the control
of the surface properties of the resulting three-phase composite. Towards this goal, the
micron-sized, nickel coated carbon (NiC) fibers are uniformly deposited on a glass
fabric surface by the proposed method. The deposited fabric is then used to fabricate
NiC/glass/epoxy composite laminates by vacuum assisted resin transfer molding
(VARTM). The deposition morphology on the glass fabrics and on the fabricated
laminates are investigated by assessing: (i) spatial uniformity of fiber volume fraction;
(ii) degree of dispersion; and (iii) process-induced orientation and degree of alignment.
To demonstrate the flexibility of the proposed method, the effects of fiber
concentration, fabric architecture, and resin flow are studied. The experimental results
reveal that, in all fabrication cases, the cascaded suspension deposition technique is
capable of depositing short fibers on the fabric surface with a uniform fiber volume
fraction and excellent dispersion with random orientation. Additionally, it is observed

that the resin flow during VARTM does not considerably disturb the deposition-induced
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microstructure of the NiC fibers, which allows the successful fabrication of three-phase
laminates by VARTM.
3.1. Introduction

Advanced fiber reinforced polymer (FRP) composites have been widely used in
aerospace, automotive, and marine industries owing to their high specific strength,
excellent corrosion resistance, and favorable fatigue tolerance. In recent years,
multifunctional polymer composites that possess high thermal stability, high electrical
and thermal conductivity, and novel optical properties, besides high load-
bearing capacity have attracted growing interest [75, 94, 135-138]. Several studies
during the last decade have revealed that incorporation of micro- or nano-sized
reinforcements into traditional composites is quite effective in enhancing multiple
thermo-mechanical properties simultaneously [35, 39, 41, 139]. The common practice
in fabricating multifunctional, three-phase composites is to: (i) modify the resin by
adding particle reinforcement using high shear mixing and/or sonication and (ii) infuse
the particle/resin suspension into the fabric using liquid composite molding (LCM)
techniques such as vacuum assisted resin transfer molding (VARTM) [37, 40-42].

There are major challenges involved in infusing particle/resin suspension into
the fabric during liquid composite molding processes. One challenge is the difficulty in
obtaining a homogenous dispersion of nanotubes or larger short fibers throughout the
resin. Especially at high volume fractions, fiber aggregation and filtration may take
place, resulting in local defects and nonuniform properties [140]. The micro or nano-
scale aggregates often create stress concentration zones, leading to premature failure

and reduction in composite performance [141, 142]. For instance, Manchado et al. [141]

48



found that increasing nanotube concentration in the polymer matrix from 0.75 to 1%
decreased the tensile modulus of the fabricated composite by more than 8%. Another
challenge is the significant increase in viscosity of the resin due to the incorporation of
short fibers or smaller nano-scale additives, which often results in processing
difficulties in VARTM [143, 144]. Increased viscosity slows down the impregnation
and may result in filtration of fibers [40]. Additionally, as the filling rate decreases,
resin gelation may occur before the part is completely filled [13, 145]. Accordingly, the
addition of nanoparticles at concentrations above 0.5% has been reported to cause
blockage of resin flow in VARTM and incomplete fabric wetting [39]. Thus, mixing
much larger short fibers with the resin and infusion of this mixture into a preform may
not be a feasible option in making composite products.

The above drawbacks to fabricate three-phase composite laminates by VARTM
can be overcome by depositing short fibers or other nanoscale reinforcements onto the
fabric surface prior to fabrication. Hence, various technigues have been developed in
the literature including chemical vapor deposition (CVD) [46, 47], electrophoretic
deposition (EPD) [48, 49], spraying method [50, 51], and aqueous suspension
deposition [54]. The CVD process, widely used for nanoparticle growth on fiber
substrates, requires a catalyst for the decomposition of hydrocarbon gases at
temperatures ranging from 700 to 1000 °C [146, 147]. This process provides a strong
bond between fibers and substrates and allows control of nanoparticle location and
alignment [46]. However, the high temperature and chemical atmosphere used in this
process may degrade the fiber properties [46]. An attractive alternative to overcome

some of the limitations of the CVD process is the use of solution-based processes such
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as EPD process. In EPD, charged reinforcements in a liquid medium are attracted and
deposited onto the electrode surface of opposite charge under an applied DC electric
field. The benefits offered by EPD is the ability to uniformly deposit micro- and nano-
sized particles and control the deposition thickness [148]. However, the uniformity of
particle distribution by this method depends on several factors such as the PH level of
suspension, applied voltage, deposition time, and isolation of the electrodes [60]. In
spraying method, the reinforcements, mainly carbon nanotubes, are dispersed in an
organic ethanol solvent and the solution is then sprayed evenly onto one or both sides of
the fabric using a mist spray gun. Spraying fiber-containing solution is especially
beneficial for selective placement of reinforcements but may cause problems such as
particles agglomeration [52].

A relatively new and promising technique to introduce nanoparticles on a variety
of substrates is aqueous suspension deposition [54, 61, 62]. In this process, the
nanoparticles are dispersed in the deionized water by ultrasonication to obtain a stable
suspension at the desired concentration and then, the fabric is immersed in the
suspension. The nanotubes are deposited on both sides of the fabric surface during
immersion. After deposition, the fabric is removed from the aqueous suspension bath,
dried, and the resin is infused into the deposited fabric using VARTM. Compared to
other methods, this method has the advantages of being simple, scalable, low
temperature, and inexpensive because of the use of the aqueous medium for deposition.
However, immersing the fabric in a particle suspension may lead to variations in the
spatial distribution of particles throughout the preform surface, resulting in nonuniform

properties of the fabricated composite. In addition, with this method, controlling the
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concentration of particles on the fabric surface may be difficult. The existing literature
on this method or other deposition techniques is mainly focused on evaluating the
properties of the resultant composite. A detailed quantitative analysis of the process-
induced microstructure morphology in terms of: (i) spatial uniformity of fiber volume
fraction; (ii) degree of dispersion; and (iii) process-induced preferred orientation and
degree of alignment, have not been performed either on the deposited fabric or on the
fabricated composite laminates.

In this chapter, a novel method, cascaded suspension deposition, is introduced to
incorporate micron-sized fibers into the molded laminates. This technique is scalable
because of using an aqueous medium, and thus can be used to tailor the surface
properties of large structural composites. First, the cascaded suspension deposition for
the fabrication of a three-phase composite is demonstrated by the deposition of micron-
sized fibers on the fabric surface. Then, composite laminates are fabricated using the
deposited fabric by VARTM. Spatial uniformity of fiber volume fraction, as well as the
degree of dispersion and alignment of short fibers are quantitatively assessed both on
the deposited fabric surface before impregnation and on the laminate surface after
fabrication. In addition, a detailed analysis of microstructural changes caused by resin
flow during impregnation is presented. The effects of different short fiber
concentrations and fabric architecture (random mat or plain weave) are also investigated

to demonstrate the flexibility of the proposed technique.
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3.2. Experimental
3.2.1. Materials

Nickel coated carbon (NiC) fibers are considered as a popular conductive
reinforcement option in a polymer matrix, because of the high specific strength and
semiconductivity of carbon fibers, as well as high electrical conductivity of nickel [81,
94, 149, 150]. Therefore, in this work, NiC fibers with a density of 2.14 g/cm?
(Conductive Composites Co.) are used as the third phase. The nominal length and
average diameter of the fibers are reported by the supplier to be 250 and 7 pm,
respectively. However, a detailed microscopy analysis of several sample fibers shows a
nonuniform fiber length distribution (see Fig. 16). The actual average fiber length is
measured to be 169.6 + 61.2 um. Also, no significant variation is observed in the
diameter of the fibers. Two types of glass fabrics with different architectures are chosen
in this work: chopped strand random mat (Fiberglast, part#250) and plain weave
(Hexcel, HexForce 3733). The areal density of random mat and plain weave fabrics are,
respectively, 0.458 kg/m? and 0.197 kg/m?. The INF-114 epoxy resin and INF-211
curing agent (Pro-Set Inc.), mixed at 100/27.4 weight ratio, is selected as the resin

system because of its low viscosity of ~300 mPa s at 22 °C.
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Figure 16. NiC fiber length distribution analysis using ~2000 fibers. The
corresponding mean value is 170 pm.
3.2.2. Cascaded suspension deposition: Deposition of micron-sized NiC fibers on a
fabric surface
In this chapter, a novel cascaded suspension deposition technique is developed
to achieve a uniform and isotropic deposition of micron-sized fibers on the fabric
surface. Fig. 17 displays the schematic of this technique in detail, illustrating multiple
steps involved in the homogeneous deposition of NiC fibers on the glass fabric surface.
In this technique, two cascaded trays (i.e., upper suspension tray and lower deposition
tray) are used. The suspension tray contains the short fibers/water suspension and the
deposition tray contains water with the fabric placed at the bottom. The suspension tray
is positioned at a short distance above the deposition tray for slowly cascading the
fibers/water suspension into the deposition tray. The deposition process is completed by

the sedimentation of fibers on the fabric surface under gravity, followed by draining the
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water from the deposition tray and drying the fabric. To achieve a uniform deposition of
fibers on the fabric surface, the processing details are as follows (see Fig. 17): (i) the
perforated bottom surface of the suspension tray is covered prior to cascading so that
the fibers can be well dispersed in water by sonication; (ii) the suspension tray
perforations are small enough to generate a continuous cascading flow and large enough
to allow micron-sized fibers easily flow through; (iii) the fabric in the deposition tray is
immersed in a few centimeters deep water to prevent forming artificial cascading lines
on the fabric, thus eliminating the possibility of nonhomogeneous fiber deposition; and
(iv) after sedimentation of fibers, the water in the deposition tray should be slowly
drained, avoiding any disturbance in deposition-induced microstructure or fiber wash

out.
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Figure 17. Schematic of the cascaded suspension deposition for depositing NiC
fibers on the glass fabric surface. The NiC short fibers, initially dispersed at the
top suspension tray, are deposited by sedimentation on the glass fabric placed at

the bottom of the deposition tray.

To investigate the flexibility of the proposed technique and its ability to
uniformly deposit short fibers on different fabric substrates, two types of fabric with
random and plain weave architectures are considered. Furthermore, depositing different
concentrations of NiC fibers and the resulting process-induced microstructure is studied.
For this purpose, 0.05, 0.1, and 0.2 g NiC fibers are deposited on a 12.7 x 12.7 cm?
random mat fabric, respectively.

3.2.3. Fabrication of composite laminates

Three-phase composite laminates containing NiC fibers on the surface of

glass/epoxy laminate are fabricated using VARTM, as illustrated in Fig. 18. After the
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deposition of NiC fibers on the fabric surface using the cascaded suspension, the dried
fabric is laid-up on the tool plate as seen in Fig. 18. The lay-up assembly is covered
with a vacuum bag and sealed. Finally, the resin is infused under vacuum pressure.
After completion of the filling, the inlet is clamped while the outlet line is kept open for
an additional 5 min to remove excess resin. The laminate is then cured in an oven for 8

h at 60 °C, thirty minutes after the start of resin infusion.

Tacky tape
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Figure 18. Schematic of the VARTM experimental setup.

Apart from the method described above, a conventional fabrication method for
three-phase composites is the addition of fibers into the resin and then infusing the
resin/fiber mixture into the fabric. This approach, although has been the subject of
considerable research, often leads to processing problems such as increased resin
viscosity and filtration of fibers. In this work, both conventional infusion and the
proposed cascaded suspension deposition approaches are employed to demonstrate the
difference in the dispersion quality and uniformity of the microstructure of the

fabricated laminates.
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Table 3 presents the five different scenarios performed in this work to fabricate
12.7 x 12.7 cm? three-phase NiC/glass/epoxy composite laminates. These scenarios are
labeled in the following order: fabrication method, glass fabric type, and NiC/resin
weight fraction. For the fabrication methods, “M” stands for “Mix NiC fibers with resin
+ VARTM?” and “CD” is for “Cascaded suspension deposition + VARTM?”. For the
glass fabric type, “R” is for random mat and “P” stands for plain weave. Finally,
“NiC#%” represents the NiC fibers/resin weight fraction (i.e. #% is 0.5, 1, or 2%). In
the first scenario, M-R-1%NiC, the conventional approach is considered where NiC
fibers are first mixed with epoxy resin, and then the mixture is sonicated. Subsequently,
the curing agent is added such that the fibers/resin weight fraction becomes 1%. Then,
the mixture is degassed in a sonication bath and subsequently, infused into random mat
fabric. The second scenario, CD-R-0.5%NiC, however, uses the cascaded suspension
deposition approach, where 0.05 g fibers are first deposited on a single layer of 12.7 x
12.7 cm? random mat fabric and then the neat epoxy resin is introduced into the
deposited fabric. The difference between scenarios CD-R-0.5%NiC, CD-R-1%NiC, and
CD-R-2%N:iC is that the concentration of NiC fibers increases from 0.5% to 1% and 2%
wt. of resin, respectively. These scenarios are performed to investigate the effect of
different fiber concentration on the process-induced microstructure. To investigate the
effect of fabric architecture, the last scenario, CD-P-1%NiC, is used, where NiC fibers

(at 1% wt. of resin) are deposited on plain (P) weave fabric.
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Table 3. Five fabrication scenarios for the three-phase NiC fibers/glass
fabric/epoxy composite laminates.

Fabrication
method-glass . .
. . . N
fabric type- Fabrication method Glass fabric type |Ct/r§/sm
NiC/resin (wt. (wt. %)
%)
Mix NiC fibers with resin
M-R-1%NiC + VARTM Random Mat (R) 1
(M)
CD-R-0.5%NiC Random Mat (R) 0.5
CD-R-1%NiC Cascaded Suspension Random Mat (R) 1
Deposition + VARTM
CD-R-2%NiC (CD) Random Mat (R) 2
CD-P-1%NiC Plain Weave (P) 1

3.2.4. Comprehensive analysis of process-induced microstructure

Quantitative and comparative analyses of the microstructure of the deposited
fabrics and composite laminates are carried out to assess the following three important
parameters: (i) spatial uniformity of fiber volume fraction, (ii) degree of dispersion, and
(iii) preferred orientation and degree of alignment of NiC fibers. Fig. 19 illustrates four
distinct microstructural patterns with different levels of spatial uniformity of fiber
content, dispersion, and isotropy. These images schematically demonstrate how the
three microstructural parameters can convey independent yet complementary
information about the laminate morphology. For example, Figs. 19(a) and (b) both
exhibit well-dispersed and randomly oriented short fibers. However, unlike the uniform
fiber volume fraction in Fig. 19(a), Fig. 19 (b) shows a low fiber volume fraction region
in the middle, which would most likely translate into a higher variation in its properties.

Similarly, Figs. 19(a) and (c) illustrate well-dispersed fibers with uniform fiber volume
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fraction, while Fig. 19(c) depicts the preferred orientations at 0° and 90°, unlike the
perfect isotropy in Fig. 19(a). Fig. 19(d) is an example of poorly-dispersed fibers with
non-uniform volume fraction distribution and random orientation. The detailed
quantitative assessment of each one of these parameters is described in the following

sections.
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Figure 19. Representative demonstrations of discontinuous fibers forming
different microstructural patterns: (a) uniform fiber volume fraction/well-
dispersed/no preferred angle; (b) non-uniform fiber volume fraction/well-
dispersed/no preferred angle; (c) uniform fiber volume fraction/well-
dispersed/preferred angles at 0° and 90°; and (d) non-uniform fiber volume
fraction/poorly-dispersed/no preferred angle.
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3.2.4.1. Spatial uniformity of fiber volume fraction

A uniform fiber volume fraction throughout the laminate is essential to obtain a
homogeneous part with uniform properties. To quantify the spatial uniformity of fiber
volume fraction, high-resolution optical scanning is carried out covering the entire
surface of the fabricated composite (127 x 127 mm?). For this purpose, a commercial
flatbed scanner (Epson Perfection VV550) is used for obtaining images at a high
resolution of 4800 dpi, where the pixel size is 5.3 um. Thus, at this resolution, a few
hundred micron-long individual fibers with 7 um diameter can be clearly identified. To
the best of our knowledge, this is the first application of these scanners to capture
individual micron-sized fibers. For analysis of fiber volume fraction uniformity, a 100 x
100 mm? area is extracted from the center of each scanned image to eliminate the
possible edge effects. Then, the light scattering effects due to surface roughness of the
laminate are filtered from each extracted image using ImageJ software. To separate the
background (i.e. resin and glass fabric) from the deposited NiC fibers, the preprocessed
images are binarized and inverted so that the white (gray value of 255) and black (gray
value of 0) pixels correspond to NiC fibers and background, respectively. Fig. 20 shows
a scanned image of CD-R-1%NiC laminate after: (a) removing light scattering and (c)
binarizing and inverting the image. The zoomed areas in the red square boxes of the left
images are shown in Figs. 20(b) and (d). Fig. 20(b) clearly illustrates the spatial
distribution of fibers on the surface of the laminate. As Fig. 20(d) demonstrates, the

images are inverted to visualize NiC fibers better, where fibers are shown in white.

60



(a) (b)

__> e —
flow direction 20 mm

Figure 20. Example of a scanned image of CD-R-1%NiC laminate: (a) grayscale
image after removing light scattering, (b) zoomed area of the box shown on the
upper left image where the deposited NiC fibers are identified individually, and (c)
binarized and inverted image, and (d) zoomed area of the box shown on the lower
left image. The ability to identify each NiC fiber deposited on the laminate surface
is clearly enhanced by image processing.

Considering that the gray value of each pixel of the binary image is correlated
with the presence of fiber at that location, it is possible to quantify the amount of fiber

deposition on the laminate surface. For convenience, this information is averaged along
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(i.e., longitudinal) and transverse to the flow direction and later given as the level of
fiber deposition plotted against the x- or y-axis of the laminate, normalized with respect
to the laminate length L. This quantitative analysis is performed by first dividing the
100 x 100 mm? binary laminate image into 18700 equal-sized (i.e., ~1 mm x 100 mm),
partially overlapping areas along the x-direction. Each area covers almost 1 mm (200
pixels) along the laminate length, whereas the area height is the same as the entire
image height of 100 mm (18900 pixels). It should be noted that these areas partially
overlap, where each new analysis area adds a new pixel line of 5.3 pm x 100 mm
further along the flow direction, while removing a similar one-pixel line from closer to
the inlet gate. The choice of size of these areas is a trade-off between two
considerations: smoothing noisy grayscale data and determination of actual variations in
deposited fibers (i.e., surface fiber volume fraction). The average gray value of pixels
within each 1 x 100 mm? window is obtained and assigned as the amount of fiber
deposition in that window centered at (x). Then, the obtained average gray values of all
windows are plotted along the x-direction, indicating the variation in fiber deposition on
the laminate surface. The lower variation of these fiber deposition values along (x) or
transverse (y) to the flow direction implies uniformity of the fiber deposition on the
composite surface (i.e., uniformity of the fiber volume fraction).
3.2.4.2. Degree of dispersion of fibers

A number of studies have shown the importance of achieving a good dispersion
level to obtain the optimum properties of composites [151-153]. Typically, the literature
reports the uniformity of dispersion of fibers based on the uniformity of properties in

composite parts as opposed to directly analyzing the dispersion level using the
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microstructural information. In this work, however, a quantitative assessment of fiber
dispersion is performed using an area disorder parameter. For this purpose, optical
images of NiC fibers-deposited fabric and three-phase composite laminates are
captured, covering five equidistant regions of 2x2 mm? areas near the inlet, between
inlet and center, at the center, between center and outlet, and close to outlet. Fig. 21
shows steps of image processing for the quantitative assessment of dispersion of NiC
fibers. Fig. 21 (a) presents an example of an optical image of deposited fabric on a 2x2
mm?area. Individual NiC fibers within the image, in Fig. 21(a), are selected and the
positions (x, y) of the center of the fibers are determined, as depicted in Fig. 21(b) and
(c), respectively. For an accurate determination of fiber dispersion, periodic boundary
conditions are implemented at the left, right, top, and bottom of the image (see Fig.
21(d)). The red line in Fig. 21(d) passes through the boundary points of Fig. 21(c). The
points outside red line region in Fig. 21(d) are generated by applying periodic boundary
condition, i.e. shifting the boundary points located at the red line. A Delaunay network
of triangular cells is constructed such that the positions of the center of the fibers are
located at the vertex of the triangles, as presented in Fig. 21(e). It should be noted that
the triplet of fibers is selected such that for each vertex of a triangle, the other two are
the nearest neighbors (i.e., locations of the two closest fibers). The solid black rectangle
in Fig. 21(e) shows the 2x2 mm? area of the original image. As Fig. 21(e) depicts,
applying periodic boundary condition caused the Delaney network to expand to the
entire region of the image (i.e. solid black rectangle), in which the degree of dispersion
of fibers can be accurately calculated over the entire image area. Otherwise, the Delaney

network only covers a smaller sub-region of image where fibers are located, and the
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calculated degree of dispersion does not fully represent the state of dispersion in the
entire image. Once the network is constructed, the mean (A) and standard deviation (c,)
of the area of Delaunay triangles (A) are calculated. It is important to note that only the
area of triangles that their centers (shown by red dots in Fig. 21(e)) are located inside

the solid black rectangle are considered for analysis of area disorder.

(a) NiC fibers on fabric (b) Individual NiC fibers (c) Center of fibers
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Figure 21. Steps of image processing for the quantitative assessment of dispersion:
(a) optical image of NiC fibers-deposited fabric on a 2x2 mm?area, (b)
identification of individual fibers, (c) determination of the center of each fiber, (d)
applying periodic boundary condition, (e) construction of Delaunay network,
determination of center of triangles, and identifying triangles whose centers lie
inside the image (i.e. solid black rectangle), and (f) determination of area disorder,
ADgel, from finalized Delaunay network.

The area disorder (ADger), Which is a dimensionless quantity for the robust

characterization of dispersion quality, is determined as [154],
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ADgei=1 — (1 + O'A/K)_l (6)

The ADygel is between 0 and 1 since standard deviation (o) can change between
0 and oo. The ADqgel closer to zero refers to a more regular array of particles while the
ADge closer to 1 corresponds to a highly clustered system.

For analysis of ADgel, approximately, 300, 600, and 850 fibers depending on the
concentration of fibers (i.e. 0.5, 1 and 2% wt. of resin) from each image are selected. To
have a reference value for well-dispersed, randomly-distributed fibers, the same number
of fibers (i.e. 300, 600, and 850 fibers) are generated with a random position in a 2x2
mm? area. Accordingly, the reference area disorder value, ADgei(ref.), is determined to
be 0.466 for an ideal microstructure of random distribution of fibers, regardless of the
number of fibers. Thus, the ADgelequal or close to the ADgei(ref.) corresponds to well-
dispersed, randomly-distributed fibers. The larger the value of ADgel from the
ADgel(ref.) correlates to a more clustered, aggregated distribution.

3.2.4.3. Degree of alignment of fibers

The process-induced fiber orientation plays an important role in the anisotropy
of the composite properties. To obtain isotropic material properties, the orientation of
short fibers should have a random orientation distribution. In addition to the fact that the
substrate fabric architecture may affect fiber orientation during deposition, the resin
flow can also induce alignment of fibers during infusion. Thus, for the first time, the
effects of fabric architecture, as well as resin flow on in-plane orientation of fibers, is

demonstrated and quantified. For alignment analysis, optical images of NiC fibers-
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deposited fabric and three-phase composite laminates are taken, covering five regions of
the 2x2 mm? area, as similarly conducted in the dispersion analysis. To obtain the
orientation angle of each fiber, a line is drawn along the fiber’s axis. Then, the angle
between this line and the horizontal line (i.e. parallel to the direction of resin flow) is
calculated and placed into a data bin of 20°. Thus, the planar orientation domain
between -90° to 90° is divided into 9 bins, where 0° orientation refers to being aligned
in the resin flow direction. After identifying the orientation of all fibers in each optical
image, a normalized histogram of the frequencies of the orientation angles is generated.
The probability density function of the orientation angles is also estimated using a
kernel distribution. The kernel distribution is a nonparametric approach to estimate the

probability of a random variable. The kernel density estimator is given by,

) = %Zx(“ ) )

where n is the total number of fibers and us, uz,..., un are the individual orientation data.
K(u) is a kernel probability density function and h is the bandwidth, also called the
smoothing parameter, which controls the smoothness of the kernel estimator. Here, a
Gaussian or a normal estimator is used.

1 _luz
K(u) = \/T_T[e 2 (8)

For all cases, the smoothing parameter, h, is estimated by minimizing the
asymptotic mean squared error [155].
3.3. Results and discussion
Representative optical images of NiC fibers at three different concentrations, i.e.

0.05, 0.1, and 0.2 g, deposited on the 12.7 x 12.7 cm? random mat fabric are shown in
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Figs. 22(a)-(c). Fig. 22 shows that the concentration of NiC fibers affects the deposition
microstructure on the fabric surface. Furthermore, the images of fibers deposited on the
random mat and plain weave fabrics are given in Figs. 22 (a) and (b), respectively. As
can be seen in Fig. 23, the fabric architecture, size of inter tow gaps, and gap locations
are also affecting the microstructure morphology. In addition to these two factors, the
resin flow during laminate fabrication may induce microstructural changes that could
possibly alter the state of NiC fibers dispersion, orientation, and volume fraction
distribution. Therefore, to validate the performance of the cascaded suspension
deposition method, a detailed analysis of microstructure formed by the NiC fibers on
deposited fabrics, as well as the final microstructure formed after the fabrication of

laminates are reported in the following sections.
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Figure 22. Representative optical images of NiC fibers-deposited random mat glass
fabric at three different concentrations, where 0.05, 0.1, and 0.2 g NiC fibers are
deposited on 12.7 x 12.7 cm? fabric surface, respectively.
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Figure 23. Microscopy images of NiC fibers deposited on (a) random mat and (b)
plain weave glass fabric surfaces, showing that the fabric architecture, size of inter
tow gaps, and gap location affect the microstructure morphology.

3.3.1. Comparison of the conventional approach of mixing fibers with resin and
cascaded suspension deposition

An image of the top surface of the composite laminate produced by the common
practice of mixing of NiC fibers with resin and then infusing the mixture into the fabric,
M-R-1%NiC, is shown in Fig. 24(a). Although the fibers were well-dispersed in resin
prior to infusion, the black region at the inlet in Fig. 24(a) indicates that the random
glass mat filtered most of the NiC fibers very near the inlet. Hence, the filtration caused
the NiC fibers to accumulate at the inlet and sharply decreased their concentration away
from the inlet, seen by the light-gray region adjacent to the black area. In addition, a
significant increase in resin viscosity is observed with the addition of short fibers. This
factor, along with the increased resistance to flow due to the accumulation of fibers,
increased the filling time from 3 min to 11 min. For a visual comparison, Fig. 24(b)
shows a photograph of the top surface of the composite laminate produced with

cascaded suspension deposition technique (CD-R-1%NiC), at the same fiber
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concentration. Unlike Fig. 24(a), a mostly uniform gray color is observed throughout
the entire surface of laminate, indicating an even distribution of NiC fibers. At a higher
magnification, some small, lighter colored areas can be detected on the laminate surface
that correspond to the gaps in the fabric architecture, where short fibers cannot be
deposited. Fig. 24(b) also illustrates that no significant accumulation or movement of
NiC fibers occurred during infusion of resin into the deposited fabric in VARTM.
Comparison between Figs. 24(a) and (b) suggests that fabrication of three-phase
composites with micron-sized fibers is in fact not feasible with conventional mixing
approach of using VARTM process. A similar observation was reported for nano-sized
fibers at concentrations above 1.5 wt.% [156]. As an alternative, the proposed cascaded
deposition technique followed by the VARTM process can be easily incorporated to
manufacture three-phase composites. However, the influences of the fiber
concentration, fabric architecture, as well as resin flow on the spatial distribution,

dispersion, and orientation of fibers need to be understood.
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Figure 24. Top surface of a laminate fabricated by: (a) Conventional mixing
approach (M-R-1%NiC), illustrating the filtration of NiC fibers from the
fibers/resin mixture near the inlet during infusion and (b) Cascaded suspension
deposition technique followed by infusion of a neat resin (CD-R-1%NiC),
indicating a uniform, well-dispersed distribution of NiC fibers on the surface of a
random mat laminate. Right-hand panels are enlarged views of the boxed area in
the left panels.

3.3.2. Spatial uniformity of fiber deposition

To identify the spatial uniformity of fiber deposition along the fill and transverse
directions, the local gray value of pixels is normalized with respect to 255, which is the
gray value of the NiC fiber. Figs. 25(a) and (b) illustrate the fiber occurrence (i.e.,

normalized gray value) in random mat laminates at various fiber concentrations (i.e. 0.5,
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1 and 2% wt. of resin) parallel and transverse to the resin flow direction, respectively.
The average gray value of pixels, in the 100 x 100 mm? images of CD-R-0.5%NiC, CD-
R-1%NiC, and CD-R-2%NiC laminates are 77, 110, and 123, respectively. This
increasing trend in the average gray value or fiber occurrence prove that there is more
NiC fiber in CD-R-1%NiC than CD-R-0.5%NiC laminate and in CD-R-2%NiC than
CD-R-1%NiC laminate. As expected this increase does not linearly correlate with
weight fraction of the fibers, which can be due to the overlapping of the fibers in the
scanned image. The variation of normalized gray value along or transverse to the resin
flow direction represents the changes in fiber volume fraction at the laminate surface.
Thus, a lower variation in normalized gray value indicates a better uniformity in the
spatial distribution of NiC fibers. Comparison of Figs. 25(a) and (b) clearly indicates
the mostly uniform spatial distribution of NiC fibers throughout the laminate surface. In
fact, regardless of the fiber concentration, an almost perfectly uniform distribution of
fibers can be seen in the transverse direction, evidenced by the horizontal fiber
occurrence lines in Fig. 25(b). The fiber occurrence is not as uniform in parallel to the
resin flow direction which might be due to slight movement of fibers along the flow
(see Fig. 25(a)). It should be noted that the observed uniformity of fiber deposition is
independent of the fiber concentration, which is an important benefit of the cascaded

deposition method.
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Figure 25. Variation of fiber occurrence (i.e. normalized gray value) indicating the
uniformity of fiber distribution in: (a) resin flow direction and (b) transverse
direction of random mat laminate at 0.5, 1, and 2% fiber concentration (CD-R-
0.5%NiC, CD-R-1%NiC, and CD-R-2%NiC).The local gray value of pixels is
normalized with respect to 255, which is the gray value of the NiC fiber.

Figs. 26(a) and (b) presents the fiber occurrence (i.e. normalized gray value) in a
plain weave laminate at 1% fiber concentration (CD-P-1%NiC) along the resin flow and

in transverse direction, respectively. The average gray value of pixels in the 100 x 100
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mm? image of CD-P-1%NiC laminate is 68. Similar to the random mat, mostly uniform
fiber distribution is observed in both directions for the plain weave. At the same time,
variation of the fiber distribution in the transverse direction is slightly less than that in
the fill direction. Comparison of the random mat and plain weave fabric indicates that,
at the same fiber concentration, the variation of fiber occurrence at a smaller length
scale along both directions is higher in plain weave laminates. This can be due to the
presence of the gaps between the tows in the plain weave architecture, resulting in local
deposition of NiC fibers at the crossings of glass fiber tows. Thus, the fiber volume
fraction is more uniform at a smaller length scale on the random mat compared to plain
weave laminates.

Overall, it is observed that with cascaded suspension deposition technique,
uniform deposition of the micron-sized fibers is achieved throughout the glass fabric-
epoxy laminate surface. In addition, this method provides the flexibility of depositing
various types of microfibers on different fabric architectures, and thus enables
manufacturing of three-phase composites with tailored surface properties. Achieving
spatially uniform fiber deposition is particularly significant since fabrication of multi-
functional, advanced composites with highly conductive or magnetic surface properties

becomes possible.
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Figure 26. Variation of fiber occurrence (i.e. normalized gray value) indicating the
uniformity of fiber distribution in: (a) resin flow direction and (b) transverse
direction of plain weave laminate at 1% fiber concentration (CD-P-1%NiC). The
local gray value of pixels is normalized with respect to 255, which is the gray value
of the NiC fiber.
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3.3.3. Degree of dispersion and alignment of fibers on fabric and composite
laminate
This section discusses the results of the dispersion and alignment of fibers after

deposition and how these two parameters are altered by the resin flow during infusion.

3.3.3.1. Effect of resin flow during infusion on the deposited fiber microstructure

Fig. 27 illustrates the changes in the dispersion and orientation of the deposited

fibers due to resin infusion. The images shown in Fig. 27(a) and (b) are captured at the
same 2 mm x 2 mm location by a microscope camera before and after the resin
infusion. To illustrate the effect of flow-induced changes in fiber dispersion, the
Delaunay network is generated, area disorder, ADgel, is estimated and the results are
presented in Figs. 27(c) and (d). In these cases, ADqe is found to be 0.465 before and
0.498 after infusion. A small decrease in degree of dispersion is reflected in the slightly
increased ADgel Value. Thus, considering that the reference area disorder for a perfect
dispersion is ADgei(ref.)=0.466, the proposed cascaded suspension deposition technique
resulted in well-dispersed fibers on the random mat fabric surface. Having a slightly
higher area disorder of 0.498 after infusion reveals that dispersion is only marginally
reduced after flow front passes. However, still, short fibers are well-dispersed on the
surface of the random mat laminate. In other words, even though the resin flow through
the random mat could be relatively fast [13], it does not cause a considerable transport
or clustering of fibers which could have resulted in a significant increase in ADgel
.These results demonstrate that one can easily fabricate a three-phase composite by

cascaded deposition of short fibers followed by VARTM.
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Flow-induced alignment of fibers is investigated by comparing normalized
frequencies of the orientation angle of fibers on the fabric before and after infusion and
their kernel distribution (see Figs. 27(e) and (f), respectively). Fig. 27(e) shows that
most of the fibers are orientated in the ranges between -10° to -70° and probability
density of the orientation angle of fibers has a small and discernible peak near -30°.
This can be explained by the tendency of the fibers to orient along the direction of
fabric tows during deposition. Degree of orientation of fibers after infusion (see Fig.
27(f)) shows that the flow induces a slight alignment along the flow direction. However,
the random architecture of fabric and entanglement of short fibers with fabric reduce the
tendency of the fibers to align perfectly with the flow during infusion, thus mostly

maintaining the level of isotropy induced during deposition.
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Figure 27. The changes in dispersion and orientation of NiC fibers due to resin
infusion in VARTM. (a) and (b) are optical images of the same 2 mm x 2 mm
location before and after infusion, respectively. (c) and (d) demonstrate generated
Delaunay triangles from fibers position and calculated degree of dispersion before
and after infusion, respectively. (e) and (f) show normalized frequencies of the
orientation angle of fibers before and after infusion and their kernel distribution.
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3.3.3.2. Microstructural changes caused by resin flow at multiple locations

The degree of dispersion of fibers as deposited on the fabric and on the laminate
at five different locations are depicted in Fig. 28(a). Similarly, ADge of all cases is
normalized with the reference value of ADgei(ref.)=0.466. The closer the normalized
area disorder is to 1, the better the dispersion. It is seen that the normalized value of
ADyge for the deposition on random mat is up to 1.05, which illustrates that fibers are
well-dispersed on the fabric surface. The laminate dispersion results suggest that during
infusion, the normalized ADgel may change by 5-16% to 1.08-1.21 at different locations.
As a result, the average and 95% confidence interval of area disorder values at multiple
locations for random mat increases from 0.476 + 0.010 to 0.523 + 0.022 for the
laminate. This change in dispersion quality, although not high enough to result in
visually identifiable fiber clusters, can still be prevented by controlling the speed of the
resin flow. For this purpose, external pressure can be applied by compressed air [17] or
by permanent magnets (if fibers are not magnetic) on the VARTM lay-up [14], which
may greatly restrict the fiber movement during infusion.

Normalized frequencies of the orientation of a total of approximately 3000 fibers
from five different locations on the random mat fabric and laminate surface and their
kernel distributions are presented in Figs. 28(b) and (c). The small orientation peaks
observed at angles between 30-70° could be explained by the local orientation of fabric
tows. The fiber orientation histograms for the laminate reveal that NiC fibers are
slightly rotated during infusion and a more random orientation distribution is formed. In
fact, wetting of fabric and resin flow overcome the friction of short fibers entanglement

with fabric, helping the fibers to slightly rotate. Thus, in a random mat, resin flow can
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favor the formation of an isotropic distribution of fib

isotropic microstructure in the laminate.

ers, thus leading to improved
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Figure 28. (a) Normalized area disorder of NiC fibers on the random mat fabric
and laminate. Normalized frequencies of the orientation of fibers on the random
mat: (b) fabric and (c) laminate and their kernel distributions at five locations
along the flow direction. Note: A value of normalized area disorder close to 1
corresponds to well-dispersed, randomly-distributed fibers.
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3.3.4. Effect of concentrations of fibers on microstructure morphology

To quantify the effect of fiber concentration on the dispersion and alignment,
laminates containing fibers at 0.5, 1, and 2% wt. of resin are prepared. The degree of
dispersion of the NiC fibers at five equidistant locations on the laminates is depicted in
Fig. 29. The vertical axis is the normalized area disorder, where the values close to 1
correspond to good dispersion of the short fibers. As shown in Fig. 29, at each
concentration, the normalized area disorder, or in other words degree of dispersion of
fibers, are rather similar at all locations. Thus, short NiC fibers at different
concentrations can be well dispersed throughout the surface of random mat laminate by
the cascaded suspension deposition. Fig. 29 also clearly presents that as the fibers
concentration is increased, the value of normalized area disorder decreases, approaching
1 for a well-dispersed distribution at each location. In addition, the average value of
area disorder at five locations decreases from ADp,=0.539 + 0.009 in CD-R-0.5%NiC
t0 0.523 £ 0.022 in CD-R-1%NiC, and to 0.473 £ 0.017 in CD-R-2%NiC laminates.
Therefore, the NiC fibers are slightly better dispersed in the random mat laminates with

increasing the fiber concentration.
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Figure 29. Normalized area disorder of fibers on the random mat laminates at
different fibers concentrations (0.5, 1, and 2% wt. of resin) at five locations along
the flow direction. A value of normalized area disorder close to 1 corresponds to

well-dispersed, randomly-distributed fibers.

Fig. 30 shows the normalized frequencies and kernel distributions of fiber
orientations in random mat laminates at different concentrations as a function of
orientation angle. In all the laminates, CD-R-0.5%NiC, CD-R-1%NiC, CD-R-2%NiC,
NiC fibers are randomly oriented. Given that thelD resin flow direction is at 0°, it can
be concluded that the fabrication process does not induce any alignment. In addition,
changing the concentrations of fibers does not seem to affect the alignment of NiC

fibers. The small variations observed in the alignment of fibers can be due to the local

variations in the architecture of random mats.
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Figure 30. Normalized frequencies and kernel distributions of fibers orientations
in random mat laminates at different fibers concentrations (0.5, 1, and 2% wt. of
resin) as a function of orientation angle, showing random orientation of fibers.
3.3.5. Effect of fabric architecture on microstructure morphology
To assess the sensitivity of NiC fibers dispersion to fabric architecture, the

normalized area disorder of fibers deposited on plain weave fabric is obtained at five
locations and compared with those deposited at the same concentration on random mat

in Fig. 31(a). As seen in Fig. 31(a), the normalized area disorder of fibers on random

mat (ADp;=0.476 + 0.010) is lower than that on plain weave fabric (ADpe;=0.504 +
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0.007), suggesting a better dispersion of fibers on the surface of random mat. This could
be due to the presence of smaller gaps in the random mat and the random placement of
these gaps. Despite achieving a lower degree of dispersion of fibers in plain weave
fabric, there is still no agglomeration of NiC fibers. Fig. 31(b) presents the normalized
area disorder of fibers on plain weave fabric before and after infusion at five locations
along the flow direction. Similar to the random mat, the normalized area disorder of
fibers in plain weave laminate (ADp;=0.525 + 0.022) is higher than that in plain weave
fabric (ADp,=0.504 + 0.007), indicating lower degree of dispersion in the laminate than
fabric due to resin flow. However, the normalized area disorder of NiC fibers on plain
weave laminate reduces from inlet to outlet due to the sharp reduction in resin velocity,
indicating a slight improvement in dispersion of NiC fibers along the flow direction.
This phenomenon is not observed in random mat laminate because the resin velocity

does not change significantly from inlet to outlet in random mat laminates.
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Figure 31. Normalized area disorder of fibers on: (a) plain weave fabric compared
to those at similar fibers concentration on random mat fabric and (b) plain weave
fabric before and after infusion at five locations along the flow direction. Note: the
closer the normalized area disorder is to 1, the higher the degree of dispersion.
Normalized frequencies and kernel distributions of fiber orientation angle for
plain weave laminate is shown in Fig. 32. It is seen that the fibers are slightly aligned
either towards (0°) or perpendicular (-90° and 90°) to the flow direction. Given that in

plain weave fabric the fiber tows are parallel or perpendicular to the flow direction, the

flow caused the fibers to marginally align along the warp and weft tows. For this reason,
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in plain weave laminate, a slightly higher degree of alignment of fibers in 0°, 90°, and -
90° is observed, unlike random mat laminates. Thus, one may benefit from the
dependency of NiC fiber orientation on the fabric architecture, and thus may introduce

anisotropy to tailor the properties of the composite.
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Figure 32. Normalized frequencies and kernel distributions of fiber orientation
angle for plain weave laminate, demonstrating fabric architecture-induced
orientation of fibers at = 0° and 90° (i.e., along the warp and weft tows of plain
weave fabric).
3.4. Concluding remarks

This work introduces the cascaded suspension deposition method to uniformly
incorporate short fibers into the molded composite laminates. The effectiveness of the

proposed technique to uniformly distribute fibers on the surface of reinforcing fabric
and the resulting structural laminates is investigated through a comprehensive analysis
of the process-induced microstructure. For this purpose, quantitative assessment of the

uniformity of fiber volume fraction, as well as, degree of dispersion and alignment of

the fibers are conducted. This chapter also investigates the effects of concentration of
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deposited fibers, fabric architecture, and resin flow on the process-induced
microstructure.

The results prove that the proposed technique enables fabrication of three-phase
composite laminates with uniform fiber volume fraction, as well as good dispersion and
isotropic orientation of short fibers (i.e., the third phase). The resin flow in VARTM
does not disturb deposition-induced microstructure of the NiC fibers, indicating the
compatibility of VARTM with cascaded suspension deposition technique. Thus,
composites with uniform microstructure at all concentrations (i.e., 0.5, 1 and 2%) of
NiC fibers are fabricated. The results also show that with increasing the concentration
of fibers to 2 % wt. of resin, the degree of dispersion of fibers slightly improves. In
addition, the fabric architecture is found to influence the microstructure morphology,
such that NiC fibers on the plain weave laminate have a slightly lower degree of
dispersion and tendency to align at particular directions (i.e. 0° and 90°) compared to
random mat laminates. Conclusive results obtained suggest that the proposed technique
is capable of depositing short fibers on different fabric substrates at a desired
concentration, allowing the fabrication and control of the surface properties of the three-

phase composites by VARTM.
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Chapter 4. Magnetic Field-Induced Alignment of Short Carbon Fibers in Polymer
Composites

In the first part of chapter 4, the alignment of nickel coated carbon (NiC) fibers
by a magnetic field during cure of an epoxy resin is explored. Towards this goal, the
effects of several parameters such as field strength and fibers length on the
microstructure morphology of NiC epoxy composites are investigated. Furthermore, the
degree of alignment and the magnetic field strength required for tailoring anisotropy in
the composite are identified. The results confirmed that applying magnetic field using a
set of permanent magnets is a favorable method for the preparation of aligned NiC
fibers polymer composites.

The second part of chapter 4 involves the development of a new magnetic-field
assisted composite processing method to align NiC fibers on the surface of three-phase
composite laminates. The appropriate level of magnetic field, identified in the first part
of chapter 4, is used to induce alignment of NiC fibers without disturbing the uniformity
of microstructure in the three-phase (i.e. NiC fibers/glass fabric/epoxy) composites, and

thus, controlling their surface anisotropy.
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4.1. Alignment of Nickel Coated Carbon Fibers by Magnetic Field during Cure of
Polymer Composites
Carbon fibers are widely used as reinforcement in polymer-matrix composites

due to their excellent mechanical properties combined with their lightweight. Coating of
short carbon fibers with nickel not only preserves the desired specific mechanical
properties of both the fiber and the resulting composite but also improves their electrical
conductivity and magnetic properties. The short fibers may be randomly dispersed in
composites to exhibit isotropic behavior. However, controlling the orientation of the
fiber reinforcement can improve the performance of the composite such as electrical
conductivity, modulus, and strength in the loading direction. In the first part of chapter
4, the alignment of nickel coated carbon (NiC) fibers by a magnetic field during cure of
an epoxy resin is explored. For this purpose, the effects of several parameters such as
field strength (10-50 mT) and fibers length (0.1 and 0.25 mm) on the degree of fiber
alignment within composites are investigated using scanning confocal microscopy and
image analysis techniques. The 0.1 mm long fibers started to align along the direction of
magnetic field at around 10 mT. The degree of alignment is enhanced at about 30 mT
which enables the NiC fibers to interact easily with each other and build NiC fiber
networks. Furthermore, when a higher magnetic field of 50 mT is applied, in addition to
the rotation and network formation, pronounced migration of fibers towards the
magnetic poles is observed. In addition, under the same magnetic field of 30 mT, longer

fibers (0.25 mm) reaches a higher degree of alignment.
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4.1.1. Introduction

Thermoset epoxy resins are widely used as coatings for the protection against
aggressive environments, adhesives for joining structural components, and matrices for
manufacturing fiber reinforced composites [157, 158]. The cured epoxy resins generally
exhibit many desirable properties such as good thermal stability, relatively high strength
and modulus, and excellent adhesion properties. However, their low fracture toughness
and electrical conductivity result in poor resistance to crack propagation and lightning
strike, which limit their use, especially for structural applications. Therefore, fillers are
often added to epoxy resins to overcome these limitations [159-161]. One of the widely
used reinforcing fillers is short carbon fibers due to their excellent mechanical
properties combined with their lightweight and relatively low material and processing
costs [162-164]. Coating of short carbon fibers with nickel improves the electrical
conductivity and magnetic properties of both the fiber and the resulting composite while
preserving their specific mechanical properties [149, 165, 166].

The short fibers may be dispersed randomly in liquid thermosetting resins using
a combination of sonication and mechanical mixing to exhibit isotropic behavior.
However, controlling the orientation of the fiber reinforcement can significantly
improve the performance of the composite such as electrical conductivity [77, 167] and
mechanical strength [83, 94] in the loading direction. To align fibers, several methods
have been developed including applying shear [88], ultrasound field [149], electric field
[84], and magnetic field [168, 169]. Applying magnetic field, however, has advantages
over other methods because it allows the homogeneous, remote orientation of fibers

along a particular direction, and is not sensitive to surface charge. In addition, strong
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permanent magnets and electromagnets are currently available which can generate a
sufficient magnetic field to effectively align fibers in a polymer matrix [81].

Magnetic alignment can be used for materials that exhibit anisotropic
diamagnetic susceptibility such as fibers. Under a static magnetic field, the carbon fiber
axis with the largest diamagnetic susceptibility orients parallel to the applied field.
There are various factors influencing the alignment of fibers in a resin such as the
magnetic field strength, fiber aspect ratio/shape, magnetic properties of the fiber and
resin, resin viscosity, and cure rate. Typical diamagnetic particles require extremely
high magnetic fields on the order of 1 T for alignment [170]. However, low magnetic
field strengths of 1-10 mT can be used to align the micrometer-sized, rod-like or
platelet-like nonmagnetic particles coated with superparamagnetic nanoparticles
suspended in a fluid [83]. Using a fluid or resin with a higher viscosity increases the
time it takes to align particles along the field but does not affect the magnitude of the
magnetic field required for alignment. However, if the resin cures too fast, the low
magnetic field may not allow fibers to achieve the desired orientation before cure [81].

In the present work, the magnetic alignment of NiC fibers in an epoxy laminate
and the resulting material microstructure are explored. The alignment is achieved by
placing the mold containing the composite between two permanent magnets at a
distance, holding them in place, and thus applying a static magnetic field in the range of
10-50 mT during cure. The confocal microscopic studies are performed to evaluate the
effects of field strength and fiber length on the degree of alignment within composite

laminates.
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4.1.2. Experimental details
4.1.2.1. Materials
Two types of nickel coated carbon (NiC) fibers with different lengths
(Conductive Composites Company, LLC) are selected as the reinforcements. The
nominal lengths of the fibers are 0.1 and 0.25 mm, and their diameter is 7 um. Fig. 33
shows SEM images of NiC fibers used in this work, where nickel is 20 wt. % of the
coated fiber. As can be seen in Fig. 33(b), some fibers were not coated properly, so they
may not align under the low magnetic field. The epoxy resin used in this work is
EPIKOTE resin MGS RIMR 135 with EPIKURE curing agent MGS RIMH 137 at a
weight ratio of 100:30 (Hexion - currently Momentive). This is a low viscosity resin
(310 mPa s at 25 °C) with a long pot life which allows the necessary time for the fibers

to rotate before the resin gels.

Figure 33. SEM image of (a) a single nickel coated 7-micron diameter AS4D fiber
at 7000x and (b) uncoated and coated fibers at 800x magnification.
4.1.2.2. Fabrication of epoxy composites with aligned NiC fibers
NiC fibers are first mixed with epoxy resin by a stirrer at 350 rpm for 5 min, and

then the mixture is sonicated for 30 min to help the dispersion of fibers. After that, the
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curing agent is added and mixed for 5 min at 350 rpm. The composite is transferred to a
silicon mold and placed at a distance between two parallel permanent magnets, as
illustrated in Fig. 34. The strength of the magnetic field is measured by a Gaussmeter
(Alphalab, model GM1-ST). The curing of epoxy is carried out at room temperature for
24 h, and the magnetic field is applied during the entire curing process. Cured
composites are then placed in an oven for post cure at 80 °C for 15 h.

The first part of chapter 4 investigates the effects of field strength and fibers
length on the degree of fiber alignment within the composites. To apply different
magnetic fields (10-50 mT), block-shaped N52 Neodymium Iron Boron (also referred to
as NdFeB) magnets (KJ Magnetics) with dimensions of 2.54 (length) x 2.54 (width) x
1.27 (thickness) cm®, magnetized through-the-thickness, are used. Recently, these
magnets have been used to apply magnetic pressure on the composites, and it was
reported that they have a very high surface magnetic field of the order of 0.5 T [171-
173]. When these magnets are 60 mm apart, they can generate a magnetic field of
approximately 50 mT in the middle. As seen in Fig. 34, an aluminum mold is used to
hold the magnets in place, and the field is applied in the horizontal direction. This
configuration of magnets generates magnetic field gradient in the horizontal direction;
however, within 12 mm at the center of the composite sample, the magnetic field is
determined to be almost uniform. To apply a lower field of 30 and 10 mT, the distance
between the magnets is increased to 85 and 115 mm by placing spacers. Also, to assess
the effect of fiber length on the degree of alignment, 0.1 and 0.25 mm long fibers which

have 14 and 36 aspect ratios (a=length/diameter) are employed as the reinforcement. In
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all the composite samples, a concentration of 1.0% wt. NiC fibers is used. Also, the

thicknesses of the cured samples are measured to be around 1 mm.

Aluminum mold Composite sample

Permanent
magnet

Permanent
magnet

60 mm

Figure 34. Setup for alignment of NiC fibers during cure of an epoxy laminate,
with the sample placed between two 2.54 x 2.54 x 1.27 cm®, N52 NdFeB,
permanent magnets. Magnets are able to generate a 50 mT magnetic field from 60
mm apart.
4.1.2.3. Scanning confocal microscopy

The microstructure of the cured samples is characterized by scanning confocal
microscopy. Multiple images are taken covering the whole thickness of the sample
using a Leica TCS SP8 confocal microscope. Once all the images are captured, they are
then vertically stacked together using ImageJ software.

4.1.2.4. Fiber alignment analysis

The in-plane orientation of each fiber is determined by identifying its major axis
with respect to the horizontal axis using ImageJ software, where the horizontal
alignment direction corresponds to 0°. A histogram of the angular distribution of fibers
is then generated based on the relative frequency of orientation angles and sorted into

bins of 10°. Also, a normal distribution is fitted to the histogram of orientation

distribution and the mean and standard deviation are estimated.
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4.1.3. Results and discussion

Fig. 35 shows confocal microscopic images of the composites containing NiC
fibers (0=14) which are cured: (a) without magnetic field, (b) under 10 mT horizontal
magnetic field (B=10 mT), (c) B=30 mT, and (d) B=50 mT. All the images are captured
from the middle of the composite laminates. Fig. 35(a) shows randomly-oriented fibers
in the composite made without magnetic field. However, Fig. 35(b) shows that some of
the NiC fibers rotated towards the direction of magnetic field of 10 mT, clearly
depicting the formation of a preferred orientation angle. The underlying mechanism is
that the magnetic field induces a torque on the fibers and if the torque is large enough to
overcome the hydrodynamic drag, the fibers will rotate. Fig. 35(c) shows that the
magnetic field of 30 mT caused a higher alignment of NiC fibers and formation of
aligned NiC fiber networks. The networks are formed because the fibers experienced
positive dipolar interactions in the magnetic field which causes the attraction of NiC
fibers in a head-to-tail fashion. As a result, relatively long chains of NiC fibers parallel
to the external field are observed in the samples cured under 30 mT. At a higher
magnetic field of 50 mT, the fibers migrate towards the magnetic poles. The migration
of fibers at this field is due to the increased magnetic field gradient along the horizontal
direction. For this reason, a lower number of fiber chains are observed in the middle of
the sample (see Fig. 35(d)) and a greater concentration near the edges of the sample

which are close to the magnetic poles.
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Figure 35. Confocal microscopic images at 10x of NiC fibers with =14 in the
cured composites: (a) without magnetic field and under magnetic field of (b) B=10
mT, (c) B=30 mT, and (d) B=50 mT

A histogram of the orientation angle distribution is shown for the composites
cured: (a) without magnetic field, (b) under horizontal magnetic field of B=10 mT, (c)
B=30 mT, and (d) B=50 mT in Fig. 36. This quantitative analysis is used to analyze and
identify the preferred orientation induced by the magnetic field. The results confirmed

that there is no preferential orientation in the samples cured without a magnetic field.
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However, in all the samples cured under a magnetic field of 10-50 mT, a peak near the
0° orientation angle is observed. Moreover, with increasing the magnetic field from 10
to 30 mT (see Figs. 36(b) and (c)), the number of fibers aligned with the direction of
magnetic field (i.e. 0°) increases. Under 50 mT, the number of aligned fibers is less

which is due to migration of fibers.
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Figure 36. Histogram of orientation angle distribution of NiC fibers with a=14 in
the cured composites: (a) without magnetic field, and under magnetic field of (b)
B=10 mT, (c) B=30 mT, and (d) B=50 mT.
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Fig. 37 shows the probability density functions (PDFs) of the orientation angle
of fibers in the samples cured under magnetic field of 10, 30, and 50 mT. Fig. 37
presents that all PDFs have a normal distribution with the same mean (around 0°) but
different standard deviations, indicating different levels of alignment along the magnetic
field. With increasing the magnetic field from 10 to 30, the standard deviation decreases
from 33 to 24°. Thus, the NiC fibers are more aligned with the 30 mT magnetic field
than those with 10 mT. Given that the samples made with 50 and 30 mT have almost
similar probability densities while the migration of the fibers under 30 mT is less,
applying 30 mT could be a better choice for the increased alignment while minimizing

the migration of 0.1 mm long NiC fibers.
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Figure 37. Probability distribution of NiC fibers orientations with =14 in the
cured composites under magnetic field of B=10, 30, and 50 mT.

Figs. 38(a) and (b) present the confocal microscopic images and histogram of
orientation distribution of 0.25 mm long NiC fibers (0¢=36) under 30 mT magnetic field.
Similar to the shorter fibers, the NiC fibers aligned with the magnetic field and NiC
networks formed. Histogram of orientation distribution shows a peak at 0°. Fig. 38(c)
compares the probability distribution of orientation of fibers with different lengths (0.1
mm long with 0=14 and 0.25 mm long with a=36) cured under the same magnetic field
of 30 mT. The standard deviations of orientation distribution of the fibers with aspect
ratios of 14 and 36 are 24° and 12°, respectively. Thus, under the same magnetic field

of 30 mT, the alignment of longer fibers (i.e. 0.25 mm long) is considerably higher than
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the alignment of 0.1 mm long fibers. The 0.25 mm long fibers could achieve the same

degree of alignment as 0.1 mm long fibers under lower magnetic field (<30 mT).
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Figure 38. (a) Confocal microscopic images at 10x and (b) histogram of orientation
angle distribution of NiC fibers with =36 in an epoxy resin under B=30 mT. (¢)
Probability distribution of NiC fiber orientations with a=14 and 0=36 under B=30
mT.

100



4.1.4. Concluding remarks

In the first part of chapter 4, the alignment of nickel coated carbon (NiC) fibers
during cure in an epoxy resin under a low magnetic field of 10-50 mT is investigated.
Three distinct mechanisms are observed in the magnetic field induced microstructure of
the composite: rotation of NiC fibers, network formation, and migration towards the
magnetic poles. NiC fibers (0.1 mm long with an aspect ratio of 14) are aligned in a
relatively low magnetic field of 10 mT. However, with increasing the magnetic field to
30 mT, the alignment of fibers is improved, and thus highly aligned, fiber chains are
formed. At 50 mT, the fibers are observed to migrate towards the magnetic poles. It is
also found that under the identical magnetic field, longer NiC fibers, 0.25 mm long with
a higher aspect ratio of 36, reach to a higher degree of alignment than 0.1 mm long
fibers. Thus, fibers with higher aspect ratios are seen to be more responsive to the
magnetic field and can be aligned at a higher degree under a lower magnetic field

strength.
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4.2. Tailoring Surface Anisotropy in Three-Phase NiC/Glass/Epoxy Laminates by
a Magnetic Field
The controlled orientation of conductive fibers in structural laminates is highly

desirable for tailoring the anisotropy, and thus improving their functionalities. In the
second part of chapter 4, a new magnetic-field assisted fabrication method is proposed
to align nickel coated carbon (NiC) fibers on the surface of three-phase composite
laminates. Highly dispersed fibers with a uniform spatial volume fraction on the fabric
surface are achieved via a recently developed cascaded suspension deposition method.
An appropriate level of magnetic field, generated by a set of permanent magnets, is then
used to control orientation of NiC fibers without disturbing the uniformity of
microstructure in the composite. Different levels of fiber alignment are induced by the
presence of magnetic field: (i) on the fabric substrate when the fibers are deposited, (ii)
on the deposited fabric after mold filling by vacuum assisted resin transfer molding
(VARTM), and (iii) on the fabric substrate during deposition, mold filling, and after
mold filling. The effects of fiber aspect ratio and the amount of nickel coating on the
process-induced microstructure are investigated. The results show that the proposed
method can be successfully used in VARTM to obtain a controlled orientation of fibers
while maintaining the uniform fiber volume fraction and good dispersion throughout the
surface of laminate. Surface microstructural analysis reveal that the highest alignment
of NiC fibers is achieved when the magnetic field is applied throughout the fabrication

process.
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4.2.1. Introduction

Conductive polymer composites are typically fabricated by the addition of
conductive fillers into a polymer matrix which inherently has a low conductivity [174-
176]. Currently, metals, carbon-based materials such as carbon fibers, carbon
nanotubes, graphene, or a combination of them are widely used as the conductive fillers
[63, 64]. To significantly increase the conductivity, the volume fraction of particles
within the composite needs to be high (e.g. ~50%), so that the fillers can form
conductive networks [68]. However, having a high filler content may lead to
deterioration in processability and mechanical properties of the composites due to the
aggregation of fillers [72, 177]. To obtain enhanced properties without requiring a high
loading of fillers, an effective method is to form interconnected network of fillers by
controlling their orientation in the polymer matrix. In this regard, a number of studies
have reported much improved thermal and electrical conductivities of composites along
the alignment direction compared to those with random distribution of fillers [75-77]. In
addition, controlling the orientation of fillers can tailor anisotropy in composites, and
thus manipulate their thermo-mechanical properties. For instance, alignment of fillers
offers potential applications in electromagnetic interference (EMI) shielding where high
conductivity along the desired direction with insulation in other directions is important
[178].

Several techniques currently exist for controlling the orientation of short fibers
in a solution, including applying magnetic field [81], electric field [84], and shear flow
[88]. Among various approaches, magnetic alignment has attracted considerable

attention due to several reasons. Being insensitive to the physical and chemical
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properties of the resin and not inducing currents in the polymer by accelerating charged
particles are examples of the advantages of using magnetic field over the electric field
[179, 180]. In addition, compared to the shear flow, the non-contact alignment induced
by a magnetic field is easier to implement [181]. Moreover, permanent magnets are
easily available, powerful, and inexpensive and can generate high field strength [94].
However, generating a high magnetic field (i.e. in the order of 1 T), required to orient
the typical nonmagnetic (diamagnetic) fibers, may be challenging [179]. To overcome
this difficulty, fibers can be coated with superparamagnetic nanoparticles, making them
responsive to a low magnetic field in the range of 1-10 mT [83]. Accordingly, nickel
coated fibers may be utilized because of their excellent magnetic properties and
improved electrical and thermal conductivities [182-184]. So far, most of the work in
this area has been directed toward controlling the orientation of short fibers in
unreinforced polymers, whereas studies on controlling the orientation of fibers in
structural laminates are rare.

In recent years, considerable research has been devoted to the development of
three-phase multifunctional materials through the addition of reinforcements into
traditional composite laminates. The reason is that traditional fiber reinforced polymers
(FRP) have high specific strength and modulus but generally exhibit low conductivities
[185-188]. However, the multifunctional materials may possess high electrical and
thermal conductivities, good magnetic properties, or novel optical responses in addition
to excellent specific strength and modulus of FRP composites [189, 190]. A common
approach to prepare this type of three-phase composites is the distribution of

reinforcements on the fabric surface using one of the deposition methods such as
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chemical vapor deposition (CVD) [36, 78, 79], electrophoretic deposition [59, 191,
192], and spray-coating [193]. Then, resin is infused into the deposited fabric using
vacuum assisted resin transfer molding (VARTM). For obtaining planar alignment of
reinforcements, an available approach is to shear press the vertically grown
reinforcement films and then inserting the films between the prepreg plies [80, 194].
However, this approach does not allow precise control of planar orientation of
reinforcements in the desired direction. Therefore, a new method which facilitates
controlling the orientation of fibers while obtaining good dispersion and uniform spatial
distribution of fibers in the three-phase composites is highly desirable.

In chapter 3 of this dissertation, the cascaded suspension deposition method is
introduced which enables uniform deposition of short fibers a fibrous fabric surface in
an aqueous environment [195]. The deposited fabric was successfully used in VARTM
to fabricate a structural laminate with tailored surface microstructure. Also, the
guantitative assessment of the microstructure showed fibers were well-dispersed and
randomly-oriented throughout the laminate surface. Thus, alignment of fibers in three-
phase composites may be possible by integrating one of the methods for inducing
alignment of fibers into cascaded deposition method.

In the second part of chapter 4, a new magnetic-field assisted composite
processing is presented to tailor the surface anisotropy in composite laminates. Towards
this goal, magnetic field generated by permanent magnets is utilized for controlling the
orientation of short nickel coated carbon (NiC) fibers on the surface of NiC/glass/epoxy
laminates. To achieve good dispersion and uniform distribution of fibers on the fabric

surface, our recently developed cascaded suspension deposition is used. The alignment
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behavior of NiC fibers is evaluated by applying an appropriate level of magnetic field in
three ways: (i) during deposition, (ii) after mold filling in VARTM, and (iii) during
deposition, mold filling and after mold filling. The microstructure of fabricated
laminates is quantitively characterized to assess their degree of alignment and
dispersion and uniformity of fiber volume fraction. To assess the influence of physical
properties of fibers on the surface anisotropy of composite, fibers with various aspect
ratios and nickel coatings are considered.
4.2.2. Materials and methods
4.2.2.1. Materials

Three-phase composites are fabricated using nickel coated carbon (NiC) fibers,
chopped strand, glass fiber mat, and INF-114/ INF-211 epoxy resin. The NiC fibers,
produced by the CVD method, are obtained from Conductive Composites Company.
The following three types of NiC fibers with different coatings and lengths are selected:
NiC1 (20%Ni-0.25mm), NiC2 (40%Ni-0.25mm), and NiC3 (20%Ni-0.1mm). Figs.
39(a) and (b) show the scanning electron micrographs of NiC1 and NiC2 fibers, where
nickel is 20 and 40 wt. % of the coated fiber, respectively. The average diameter of
fibers is 7 um and the coating thicknesses are in the order of 50-80 nm and 270-430 nm,
respectively for NiC1 and NiC2 fibers. Also, there is no significant variation in the
diameter of the fibers. Fig. 39(c) shows that some fibers are bare or not coated properly,
thus they may not be aligned under the low magnetic field. Also, the length distribution
of NiC1 (20%Ni-0.25mm) and NiC3 (20%Ni-0.1mm) fibers are determined and
presented in Fig. 40. The actual average fiber length is measured to be 169.6 £ 61.2 um

and 134.9 £+ 69.6 um, which give the aspect ratio (o=fiber length/fiber diameter) of
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a=24 and 19, respectively for NiC1 and NiC3. The density of fibers is measured by a
nitrogen pycnometer to be 2.144 + 0.008 and 2.596 + 0.004 g/cm?, respectively for
fibers with 20% (i.e. NiC1 and NiC3) and 40% coatings (i.e. NiC2). Randomly
oriented, chopped strand glass mat with a planar density of 0.458 kg/m? (Fiberglast,
part#250) is used as the fabric. The resin system, INF-114/INF-211 (PRO-SET), is
chosen for its low viscosity of 0.245 Pa-s at room temperature, which makes it suitable
for infusion processes. Moreover, the long resin pot life of 76-94 min allows the time
required for the rotation of fibers under the magnetic field before the resin gelation

occurs.

Figure 39. SEM image of: (a) a single carbon fiber with 20% nickel coating, NiC1
(20%Ni-0.25mm), (b) a single carbon fiber with 40% nickel coating, NiC2 (40%Ni-
0.25mm), and (c) examples of uncoated and coated fibers.
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Figure 40. Distributions in fibers length for NiC1 (20%Ni-0.25mm) and NiC3
(20%Ni-0.1mm) fibers. The corresponding mean values are 169.6 + 61.2 um for
NiC1l and 134.9 £ 69.6 um for NiC3 fibers.
4.2.2.2. Magnetic field

Twelve N52 Neodymium Iron Boron (NdFeB) magnets, the strongest permanent
magnets commercially available, are used to generate magnetic field. For this purpose,
N52 NdFeB-2.54 (length) x 2.54 (width) x 5.08 cm? (thickness) magnets (KJ
Magnetics), magnetized through-the-thickness, with a surface magnetic field of 700 mT
are selected. Fig. 41(a) shows the two sets of parallel-positioned magnet assembly

which are used for inducing the alignment. Each set includes six magnets placed side by

side, with like poles adjacent to each other, and the poles of one set face opposite poles
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of the other set. The arrangement of magnets is secured in place by aluminum and
wooden holders screwed to the wooden supports, as can be seen in Fig. 41(a). The
distance between the two sets of magnets can be varied depending on the required
magnetic field for inducing alignment. The appropriate level of magnetic field is
selected based on the results in chapter 4.1, demonstrating that a magnetic field of 30
mT induces a preferred orientation and the formation of aligned NiC fiber networks
[196]. At a higher magnetic field of 50 mT, pronounced migration of fibers towards the
magnetic poles was observed due to the increased magnetic field gradient. Hence, two
sets of magnets are spaced 24 cm apart to produce a magnetic field of ~20-30mT,
measured by a Gaussmeter (Alphalab, model GM1-ST), at the center 12.7 x 12.7 cm?
section of the laminate (dashed boxed in Fig. 41(a)).

Fig. 41(b) shows the 2D map of magnetic field calculated using the FEMM
software (Finite Element Method Magnetics). The direction of magnetic flux lines
shown by the solid lines in Fig. 41(b), are from north to south (NS) and south to north
(SN) poles. It can be seen in Fig. 41(b) that there is almost no change in magnetic flux
density in the dashed boxed region, thus making the migration of fibers negligible.
Also, in this area, the magnetic flux lines are almost horizontal (along the x-direction),
near the corner, however, the direction of the lines changes slightly. To avoid the effect
of curved magnetic field, the small region near the corners are not considered for the

orientation analyses.
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Figure 41. (a) Configuration of twelve N52-NdFeB 2.54 x 2.54 x 5.08 cm® magnets
used to induce alignment in the dashed rectangle region (b) Magnetic flux density
distribution generated by the magnets with the same configuration shown in Fig.

3(a). The magnetic flux density generated in the dashed rectangle is between 20-30

mT.

4.2.2.3. Preparation of aligned NiC fibers-deposited fabric

In the second part of chapter 4, to achieve a uniform distribution of short fibers

on the fabric surface, cascaded suspension deposition, is adopted (see chapter 3). A

comprehensive microstructural analysis demonstrated that after the NiC fibers are

deposited on random glass mats, a uniform fiber volume fraction, excellent dispersion,

and isotropic orientation of NiC fibers are obtained without the magnetic field. To

achieve a desired level of anisotropy on the fabric while maintaining a uniform volume
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fraction and well-dispersion of NiC fibers, a new magnetic-field assisted composite
processing is developed. The glass mat prepared with this method can then be utilized
for the fabrication of laminates with tailored anisotropy. For this purpose, the cascaded
suspension deposition is performed in the presence of magnetic field, generated by two
sets of parallel-positioned permanent magnets (see Fig. 42). As the fibers are

sedimented on the fabric surface during deposition, the entire assembly is placed in an

external magnetic field (§), which tends to align the fibers in the same direction of the
magnetic field. Thus, the direction of magnetic field determines the preferential
orientation of fibers. However, the degree of alignment of fibers depends on the strength
of magnetic field and the physical as well as the magnetic properties of fibers (aspect
ratios and nickel coatings).

Fig. 42 depicts the preparation of a glass mat with aligned NiC fibers deposited
on its surface. Briefly, two cascaded trays are used: suspension and deposition tray. The
suspension tray contains a well-dispersed suspension of fibers in water while the
deposition tray contains the fabric immersed in a few-inch deep water bath. The
suspension tray has perforations for water/fiber suspension drainage which are covered
prior to the deposition stage. The suspension tray is placed at a short distance above the
deposition tray, its perforations are uncovered, cascading fibers/water suspension into
the deposition tray. At the deposition tray, the fibers are sedimented on the fabric
surface under gravity. After the sedimentation is complete, water is slowly drained from
the bottom of the deposition tray and the deposited fabric is dried. The fibers prepared
with this method are uniformly distributed and randomly oriented on the fabric.

However, to achieve alignment of fibers on the fabric in a particular direction, after
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sedimentation of fibers on the fabric, the deposition tray is placed in the middle of the
magnet assembly, where the magnetic field is applied. Afterward, water is drained, the
field is removed, and glass mat with aligned NiC fibers is dried. It should be noted that
after the magnetic field is removed, the magnetic field-induced alignment of NiC fibers
remains unchanged on the glass mat surface.
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Figure 42. Schematic of the cascaded suspension deposition in the presence of
magnetic field to prepare aligned NiC fibers-deposited fabric. After fibers are
sedimented on fabric, alignment is induced by applied magnetic field using twelve
N52-NdFeB 2.54 x 2.54 x 5.08 cm® magnets.
4.2.2.4. Fabrication of aligned NiC fibers in three-phase composites

To obtain the desired surface anisotropy, the magnetic field is utilized in three

different approaches: (i) only during deposition in cascaded suspension deposition; (ii)

only after resin infusion in VARTM, and (iii) throughout the process (i.e. during
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deposition and infusion, as well as after infusion). These approaches give the flexibility
in fabrication of three-phase composite laminates with unique microstructure
morphology. For instance, the first approach may allow fabrication of engineered
composite laminates comprised of multiple plies of deposited fabric, where on each ply
fibers are aligned in a specified direction. In addition, for large composite laminates,
inducing alignment at the desired location may be possible with the second approach by
local application of magnetic field after infusion.

Fig. 43 schematically illustrates the application of magnetic field in the
fabrication of composite parts by VARTM. Briefly, VARTM lay-up, shown in Fig. 43,
consisted of deposited fabric placed on a non-magnetic tool plate, inlet and vacuum
lines, a release film, and a vacuum bag to seal the assembly. The resin is infused into
the deposited fabric under vacuum. It should be noted that both inlet and outlet tubings
are clamped 5 mins after completion of the mold filling in all experiments. In cases with
magnetic field in VARTM, as illustrated in Fig. 43, field direction is parallel to the resin

flow direction, at an angle of 0°.
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Figure 43. Schematic illustration of applying magnetic field during the fabrication
of three-phase composite parts by VARTM. Magnetic field is applied parallel to
the resin flow at an angle of 0°.

In this work, three-phase NiC fibers/glass fabric/epoxy laminates (12.7 x 12.7
cm?) are fabricated under eight scenarios as listed in Table 4. These scenarios are
labeled according to: NiC fiber type, deposition process, and fabrication process. For
the NiC fiber type, “NiC1”, and “NiC2”, and “NiC3” stands for “NiC1 (20%Ni-
0.25mm)”, “NiC2 (40%Ni-0.25mm)”, and “NiC3 (20%Ni-0.1mm)”. For the deposition
process, “D” and “MD” stands for cascaded suspension deposition without and with
magnetic field, respectively. Finally, “V” represents the conventional VARTM, “M1V”
is for VARTM with magnetic field applied after mold filling, and “M2V” refers to
VARTM with magnetic field applied during and after mold filling. In this work, NiC1-
D-V, corresponds to using cascaded suspension deposition and conventional VARTM
without applying magnetic field. This case is used as a reference to compare the other
seven fabrication scenarios. In scenarios NiC1-MD-V, NiC1-D-M1V, and NiC1-MD-
M2V, magnetic field is utilized under three different approaches described earlier. In

addition, nickel coating and aspect ratio of fibers are two important parameters affecting
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the response of fibers to the magnetic field, leading to different degree of anisotropy.
Therefore, in addition to NiC1 fibers, the second types of fibers with a thicker coating

layer, NiC2, and the third type of fibers with a lower aspect ratio, NiC3, are used in the

last four scenarios.
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Table 4. Eight scenarios for the fabrication of three-phase NiC fibers/glass
fabric/epoxy composite laminates with aligned and random NiC short fibers.

NiC fiber type- NiC fiber type Deposition Fabrication
deposition process- process process
fabrication process

NiC1l-D-V NiC1l D Vv
(20% Ni-0.25 mm) (Deposition (VARTM without
without magnetic field)
magnetic field)
NiC1-MD-V NiCl MD Vv
(20% Ni-0.25 mm) (Deposition (VARTM without
with magnetic magnetic field)
field)
NiCl-D-M1V NiCl D M1V
(20% Ni-0.25 mm) (Deposition (VARTM with
without magnetic field
magnetic field) | applied after mold
filling)
NiC1l-MD-M2V NiC1 MD M2V
(20% Ni-0.25 mm) (Deposition (VARTM with
with magnetic magnetic field
field) applied during and
after mold filling)
NiC2-MD-V NiC2 MD Vv
(40% Ni-0.25 mm) (Deposition (VARTM without
with magnetic magnetic field)
field)
NiC2-D-M1V NiC2 D M1V
(40% Ni-0.25 mm) (Deposition (VARTM with
without magnetic field
magnetic field) | applied after mold
filling)

NiC2-MD-M2V NiC2 MD M2V

(40% Ni-0.25 mm) (Deposition (VARTM with
with magnetic magnetic field

field) applied during and

after mold filling)

NiC3-MD-M2V NiC3 MD M2V

(20% Ni-0.1 mm) (Deposition (VARTM with
with magnetic magnetic field
field) applied during and

after mold filling)
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4.2.2.5. Comprehensive analysis of magnetic field-induced microstructure of three-
phase laminates

To establish magnetic-field assisted composite processing as a viable method,
the microstructure of laminates fabricated with applying magnetic field under different
scenarios are compared to the laminate made without magnetic field. Thus, a
comprehensive microstructural characterization of composite laminates is carried out by
assessing: (i) spatial uniformity of fiber volume fraction, (ii) degree of dispersion, and
(iii) preferred orientation and degree of alignment of fibers. Fig. 44 illustrates examples
of four different microstructural patterns with different spatial uniformity, degree of
dispersion, and alignment. These images schematically demonstrate how the three
microstructural parameters can convey distinct yet complementary information about
the microstructure. For example, Figs. 44(a) and (b) both illustrate uniform volume
fraction and well-dispersion of fibers, with a preferred orientation at 0°. However,
unlike a relatively low degree of alignment in Fig. 44(a), Fig. 44(b) demonstrate a
higher degree of alignment. Similarly, well-dispersed fibers with a relatively high
degree of alignment are exhibited in Figs. 44(b) and (c). However, Fig. 44(b) depicts a
uniform fiber volume fraction, unlike a non-uniform fiber volume fraction with a low
fiber content region at the middle in Fig. 44(c). Fig. 44(d) is an example of poorly-
dispersed, non-uniform volume fraction fibers with a preferred angle at 0°. The
guantitative assessment of each one of these microstructural parameters is necessary

which are described in detail in subsequent subsections.
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Figure 44. Schematic representation of discontinuous fibers forming different
microstructural patterns: (a) uniform fiber volume fraction/well-
dispersed/preferred angle at 0° with a relatively low degree of alignment; (b)
uniform fiber volume fraction/well-dispersed/preferred angle at 0° with a
relatively high degree of alignment; (c) non-uniform fiber volume fraction/well-
dispersed/preferred angles at 0°; and (d) non-uniform fiber volume
fraction/poorly-dispersed/preferred angles at 0°.

P

4.2.2.5.1. Spatial uniformity of fiber volume fraction
A homogenous composite microstructure, especially uniform distribution of
fibers, is an important parameter to be considered for the composite laminates. To
assess the spatial uniformity of fiber volume fraction, a high-resolution optical scanning

(Epson Perfection VV550) and image processing (ImageJ software) are used. For this
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purpose, the entire surface of each composite is scanned at a resolution of 4800 dpi,
which results in a pixel size of ~5.3 um. From each resulting image, a 100 x 100 mm?
region is extracted and the background light-scatter caused by the surface roughness of
the laminate is filtered. The resulting images, such as the one shown in Fig. 45, are
binarized and inverted, as shown in Figs. 45(a) and (b), respectively. The inversion
makes the pixels corresponding to NiC fibers white (gray value of 255) and those of
background black (gray value of 0), helping to identify the location and orientation of
NiC fibers better. In this work, the variation of fiber volume fraction is quantified based
on the grayscale values of the pixels within the scanned images. Thus, a spatially
uniform fiber volume fraction gives rise to images with almost constant grey value
throughout the scanned image, whereas images of composites with non-uniform fiber
volume fraction contain regions with ‘high’ and ‘low’ grey values. To quantify the
variation of fiber volume fraction along parallel (x) and transverse (y) to the resin flow
direction, each processed image is divided into 18700 overlapping windows of 100-mm
long x 1-mm wide along each direction. This window size is determined based on the
size of fibers, measurement accuracy, and the noise levels in the scanned images. The
spacing between consecutive windows is 5.3 um, which is the same as the resolution of
the image. The average gray value within each window is used as a representative
measure of fiber presence at the center point location (x) of that window. Then, the
variation in the gray value is plotted along the x- and y-direction, an indication of

uniformity of fiber volume fraction parallel and transverse to the resin flow.
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¢ field direction (0°)

Figure 45. Example of a scanned image of NiC2-MD-M2V laminate: (a) grayscale
image after removing light scattering and (b) binarized and inverted image. The
ability to identify each NiC fiber deposited on the laminate surface is clearly
enhanced by image processing.

4.2.2.5.2. Degree of dispersion of fibers

A good dispersion of short fibers in the composite typically leads to their
enhanced thermo-mechanical properties, while a poor dispersion as a result of
agglomeration or phase separation leads to a dramatic reduction of these properties. The
degree of dispersion of fibers deposited on the glass mat and the fabricated laminates is
quantified by measuring the Area Disorder (ADgel) value [154]. From the 2 mm x 2 mm
optical images of the deposited glass mats and the composite laminates, similar to the
one shown in Fig. 46(a), the individual fibers are selected. The coordinates (x, y) of the
centroids of all fibers are determined (see Fig. 46(b)). The periodic boundary condition
is imposed to all four sides of the image in order to generate a Delaunay network over
the whole image, as demonstrated in Fig. 46(c). A Delaunay network of the fibers is

constructed with the centroids of fibers at the vertices of the triangles (see Fig. 46(d)).
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The ADgel provides a measure of order or disorder in a microstructure and is calculated
from the mean and standard deviation of the areas of the triangles in a Delaunay
network:

ADge=1 — (1 + so/Q)* 9)
where Q and s, are the average and standard deviation of the areas of the triangles in
the Delaunay network, respectively. For calculation of ADgel, the Delaunay triangles
whose centers fall outside the boundaries of the image, i.e. the solid black rectangle in
Fig. 46(d), are not considered. The value of the Area Disorder lies between 0 and 1, and
a high Area Disorder value indicates a low degree of dispersion (or poor dispersion) of
fibers. For reference of comparison, the position of 300 fibers (the same number of
fibers in an actual image) is randomly generated in a 2x2 mm? area and the
ADgel(ref.) is calculated to be 0.466 + 0.004 with 95% confidence interval. Therefore,
having an ADgel equal or close to the reference value of 0.466 ADgei(ref.), implies a
good dispersion of fibers, while the larger values of ADgel Suggests a clustered

distribution.
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Figure 46. Image processing for quantitative assessment of dispersion: (a) optical
image of NiC/glass/epoxy laminate, (b) selection of individual fibers and specifying
their centers, (c) applying periodic boundary condition, and (e) construction of
Delaunay network, determination of center of triangles, and identifying triangles
whose centers lie inside the image (i.e. solid black rectangle), and determination of
area disorder, ADdel.

4.2.2.5.3. Preferred orientation and degree of alignment
The importance of fibers orientation in final composite properties is emphasized

in Refs. [159, 197]. Even a slight anisotropy evidenced by a low degree of alignment of

fibers along a particular direction significantly alters the thermal and electrical
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conductivities of composites along the alignment direction. Thus, the effect of applying
magnetic field during deposition and fabrication of composites on the preferential in-
plane orientation as well as degree of alignment of fibers are quantitatively studied.
From the 2 mm x2 mm optical images of the glass mat with deposited NiC fibers and
the composite laminates, the angle (0) between each fiber principal axis and the
horizontal axis (magnetic field direction) is measured. A histogram of the frequencies of
the orientation angles is calculated, with nine orientation bins evenly spaced from -90°
to 90°. The principal fiber orientation direction, referred to as the “preferential
orientation” or “preferred angle”, can be determined by the peak(s) in the histogram.
Also, the probability density function of fibers with respect to orientation angle of fibers
is estimated using kernel density estimation (KDE). KDE is a nonparametric density
estimation technique applicable to problems where the functional form or mathematical
expression of the underlying density distribution is not known. Given a set of n data
samples, u;, 1 <i<n, the kernel density estimator, f;, (w), is computed as:

fuw) = %Z K (% ;lui) (10)

i=1

where h is the bandwidth which controls the smoothness of the kernel estimator. A large
h results in an over-smoothed estimator, while a small h results in an under-smoothed
estimator containing too much noise. Thus, the bandwidth, h, is estimated by
minimizing the asymptotic mean squared error [155]. K(u) is a fiber orientation kernel
density function and here the Gaussian kernel is adopted:

1 L.
K(u) = \/T_T[e 2 (11)
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The degree of alignment of fibers under different fabrication scenarios can be

compared through their kernel density estimates.
4.2.3. Results and discussion
4.2.3.1. Magnetic field-induced microstructure of fibers-deposited fabric

To determine the effect of magnetic field on the microstructural changes induced
during deposition, representative optical images of NiC1 (20% Ni-0.25 mm) fibers
deposited on random mat fabric without and with magnetic field are presented in Figs.
47(a) and (b), respectively. In Fig. 47(a), fibers are randomly deposited on the fabric
surface without the presence of magnetic field. However, with magnetic field, both
alignment of fibers and formation of fibers networks along the magnetic field are clearly
visible. To clarify the effect of applying magnetic field during deposition on the degree
of dispersion of fibers, the Delaunay network is constructed. The corresponding area
disorder, ADgel, is obtained and the results are presented in Figs. 47(c) and (d). Without
applying magnetic field, the ADgel is found to be 0.473. Since the area disorder for a
random distribution of fibers is ADgei(ref.)=0.466, the ADgel Of 0.473 indicates an
excellent dispersion level is achieved with the cascaded suspension deposition
technique. With applying magnetic field in deposition, ADge increases slightly to 0.488,
suggesting a slightly lower degree of dispersion than that without magnetic field. This
slight reduction can be as a result of fibers alignment and network formation in the
presence of magnetic field. Figs. 47(e) and (f) show the frequency distribution of
orientation angle of fibers deposited on fabric without and with magnetic field,
respectively. In Fig. 47(e), fibers are distributed in a random orientation on the fabric

surface, indicating that the cascaded suspension deposition does not induce any
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preferential alignment. Upon applying magnetic field during the deposition phase, the
orientation of NiC fibers indicates strong preferential alignment of fibers along the
magnetic field direction, i.e. 0° (Fig. 47(f)). Thus, with applying magnetic field in
deposition, fibers can be aligned in a specified angle on the fabric surface while
maintaining an excellent dispersion. The aligned fibers-deposited fabric plies can be
then used in liquid composite molding processes to make functionally engineered

materials.

125



(;0) TONOAIP PIoLy ONAUTEIN

[ ‘M‘tﬁqgﬂs%§ﬂ§%éiib S
WS iz
SR M

NN
AN
WA, BSEDORK S
NS NSO

] V7B 3
SRR

'> A /
IR

s SOV SN /

X

2 \X %
SN

S AN\
RN

AN N/
/X ,1"'\‘“»
<7 \?&\&V‘_"'E

VAN

i

AD,,=0.473 AD,,=0.488
35 —— : —— 35 :
() (H
30 + 130+
gzs - 125+
520t 120t
5
S, 15+ 115+¢
=
= 10 10 |
5 5

0 0
-90-70-50-30 0 30 50 70 90 -90-70-50-30 0
Orientation angle (°)

30 50 70 90
Orientation angle (°)

Figure 47. Comparison of optical images from the NiC1 (20% Ni-0.25 mm) fibers
deposited on random mat fabric: (a) without and (b) with magnetic field.
Construction of generated Delaunay triangles from fibers position: (c) without and
(d) with magnetic field. Distribution frequencies of the orientation angle of fibers
deposited on fabric: (e) without and (f) with magnetic field.
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4.2.3.2. Process-induced microstructure of three-phase composite laminates
4.2.3.2.1. Degree of alignment and dispersion of fibers under magnetic field
To understand the level of anisotropy at the laminate surface, the orientation

angle of fibers and their dispersion in the laminates made with and without magnetic
fields are compared. Thus, optical images are captured from the laminate surface at five
locations (near inlet, between inlet and center, center, between center and outlet, and
close to outlet) and the orientation angle of all fibers are determined. Fig. 48 presents
the frequency histogram of orientation angle of fibers in the laminates made under
different scenarios: (a) NiC1-D-V, without magnetic field, (b) NiC1-MD-V, with
magnetic field during deposition, (c) NiC1-D-M1V, with magnetic field after mold
filling, and (d) NiC1-MD-M2V, with magnetic field during deposition and during and
after mold filling. Fig. 48(a) shows random orientation of fibers in NiC1-D-V,
indicating that resin flow does not induce alignment of fibers. However, Figs. 48(b)-(d)
present a preferential orientation of fibers that peaks between -10° and 10°, suggesting
anisotropy in the surface microstructure of the laminates along the magnetic field
direction (0°). The degree of alignment of fibers under different scenarios is compared
by their kernel density estimates, as presented in Fig. 48(e). It is found that the highest
degree of alignment of fibers is obtained with applying magnetic field throughout the
fabrication process, as in scenario NiC1-MD-M2V. Next, the degree of alignment of
fibers in NiC1-D-M1V, where magnetic field is applied after mold filling, is slightly
higher than that obtained in NiC1-MD-V, where magnetic field is applied during

deposition. In the absence of magnetic field, in NiC1-D-V, no alignment is observed, as
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expected. In general, a higher degree of alignment is more advantageous since it results
in higher properties, such as electrical conductivity, along the alignment direction due to
the combined effects of the alignment and formation of conductive networks of fibers
[198, 199]. However, the ability to obtain microstructure anisotropy with applying
magnetic field only during deposition and then making the composite laminate opens

future possibilities for multilayer engineered materials.
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Figure 48. Frequency histogram of orientation angle of NiC1 (20% Ni-0.25 mm)
fibers on the laminates made under different scenarios of: (a) NiC1-D-V, without
magnetic field, (b) NiC1-MD-V, with magnetic field during deposition, (c) NiC1-D-
M1V, with magnetic field after mold filling, (d) NiC1-MD-M2V, with magnetic
field during deposition and during and after mold filling, and (e) their kernel
density estimates (KDE). Note that magnetic field direction is applied at an angle
of 0°.
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To evaluate the degree of dispersion of fibers on the laminate, the area disorder
ADyge of fibers at five locations (near inlet, between inlet and center, center, between
center and outlet, and close to outlet) is calculated and then averaged over all locations
(ADge). Fig. 49 depicts the overall normalized area disorder of fibers (AD4¢;/
ADge (ref.)) on the laminates made under different scenarios: (a) NiC1-D-V, without
magnetic field, (b) NiC1-MD-V, with magnetic field during deposition, (c) NiC1-D-
M1V, with magnetic field after mold filling, and (d) NiC1-MD-M2V, with magnetic
field during deposition and during and after mold filling. The closer the normalized area
disorder is to 1, the higher the degree of dispersion. Fig. 49 clearly demonstrates that in
all scenarios, the normalized area disorder ranges between 1.10-1.15, illustrating that
fibers are well-dispersed on the laminate surface with and without magnetic field.
Among all scenarios, in NiC1-MD-M2V, applying magnetic field during deposition and
during and after mold filling resulted in a slightly better degree of dispersion (i.e.
ADg4e1/ADge (ref.) = 1.10), indicating that the presence of a magnetic field restricted
the movements of the fibers during the resin flow. However, in NiC1-D-M1V, applying
magnetic field after mold filling resulted in a slightly lower degree of dispersion (i.e.
ADge1/ADge (ref.) = 1.15) compared to other scenarios. The reason can be that the
position of fibers is disturbed two times after deposition, one due to the resin flow and

then as a result of applying magnetic field.
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Figure 49. Normalized area disorder of NiC1 (20% Ni-0.25 mm) fibers on the
laminates made under different scenarios of: (a) NiC1-D-V, without magnetic field,
(b) NiC1-MD-V, with magnetic field during deposition, (c) NiC1-D-M1V, with
magnetic field after mold filling, (d) NiC1-MD-M2V, with magnetic field during
deposition and during and after mold filling. Note: the closer the normalized area
disorder to 1, the higher is the degree of dispersion.
4.2.3.2.2. Spatial uniformity of fibers under magnetic field

To evaluate the spatial uniformity of fiber deposition along the fill and
transverse directions, the local gray value of pixels is normalized with respect to gray
value of NiC fiber (i.e. 255). Figs. 50(a) and (b) show the fiber occurrence (i.e.,
normalized gray value) in the laminates fabricated under four different scenarios (NiC1-
D-V, NiC1-MD-V, NiC1-D-M1V, and NiC1-MD-M2V) parallel and transverse to the
resin flow direction, respectively. The average gray value of pixels, in the 100 x 100

mm? images of all of these laminates is measured to be almost the same, within the

range of 109-112. This similar value of the average gray value or fiber occurrence
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implies that regardless of whether the magnetic field is applied during deposition or
fabrication or if it is not applied at all, the final fiber content of the laminate remains the
same. Overall, Fig. 50 indicates a uniform spatial distribution of fibers throughout the
surface of laminates, regardless of their fabrication process. Comparing Figs. 50(a) and
(b), it is seen that the fiber occurrence is more uniform in the transverse direction than
fill direction, which might be due to slight movement of fibers during infusion along the
flow. However, it is observed that having the magnetic field throughout the fabrication
process (i.e. NiC1-MD-M2V), slightly reduces the variation of fiber distribution in the
fill direction (Fig. 50(a)). This can be explained by the fact that the magnetic dipolar
interaction between the NiC fibers induces the formation of chain-like structures, which
may keep the NiC fibers in place, preventing the disruption of the fibers’ distribution
due to resin flow.

Overall, it is noted that the presence of magnetic field induces surface anisotropy
without adversely affecting the almost perfect uniform distribution of fibers. This gives
the flexibility of tailoring the surface anisotropy in the composite microstructure, thus
manipulating the desired functionality of the entire composite part in a specific

direction.
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Figure 50. Variation of fiber occurrence (i.e. normalized gray value) indicating the
uniformity of fiber distribution in: (a) resin flow direction and (b) transverse
direction of random mat laminate for laminates made without magnetic field

(NiC1-D-V), with magnetic field during deposition (NiC1-MD-V), with magnetic

field after mold filling (NiC1-D-M1V), and with magnetic field during deposition

and during and after mold filling (NiC1-MD-M2V). The local gray value of pixels
is normalized with respect to 255, which is the gray value of the NiC fiber.
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4.2.3.2.3. Degree of alignment and dispersion of fibers at different nickel coatings
Magnetic field-induced alignment of fibers with a thicker nickel coating (NiC2,
40% Ni-0.25 mm) is investigated by comparing the frequency histogram of orientation
angle of all fibers in the laminates fabricated under different scenarios: (a) NiC2-MD-V,
(b) NiC2-D-M1V, and (c) NiC2-MD-M2V (see Fig. 51). Figs. 51(a)-(c) clearly
demonstrate that in all the laminates fabricated in the presence of magnetic field, there
is a preferred orientation angle close to 0°, along the magnetic field direction. To
compare the degree of alignment of fibers in the laminates made by NiC2 fibers under
different scenarios and NiC1 fibers under NiC2-MD-M2V scenario, their kernel density
functions are shown in Fig. 51(e). Similar to the laminates made by NiC1 fibers (20%
Ni), the highest degree of alignment among the parts made by NiC2 fibers is obtained in
NiC2-MD-M2V laminates, where magnetic field is applied throughout the process (see
Fig. 51(d)). Fig. 51 (d) also depicts that under the same fabrication scenario, i.e.
applying magnetic field throughout the process, MD-M2V, the degree of alignment of
NiC2 fibers is higher than that of NiC1 fibers. The reason is that by increasing the
nickel coating from 20% in NiC1 to 40% in NiC2, the fibers become more responsive to
the magnetic field and thus, the microstructure morphology of laminates shows a higher
anisotropy toward the field direction. However, with a lower nickel coating, the
resulting composite is lighter. Thus, one can benefit from this lighter weight composite

and reach the same level of anisotropy with applying a higher magnetic field.
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Figure 51. Frequency histogram of orientation angle of NiC2 (40% Ni-0.25 mm)
fibers on the laminates made under different scenarios of: (a) NiC2-MD-V, with
magnetic field during deposition, (b) NiC2-D-M1V, with magnetic field after mold
filling, (c) NiC2-MD-M2V, with magnetic field during deposition and during and
after mold filling, and (d) their kernel density estimates (KDE) compared to that of
NiC1-MD-M2V, with magnetic field during deposition and during and after mold
filling. Note that magnetic field direction is applied at an angle of 0°.
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Fig. 52 depicts the degree of dispersion of fibers, i.e. the normalized area
disorder of fibers with respect to reference area disorder (i.e. ADgel(ref.)=0.466), for the
laminates made using NiC1 and NiC2 fibers under different fabrication scenarios. As
mentioned earlier, the normalized area disorder (ADq¢1/ADge; (ref.)) close to 1
corresponds to the excellent dispersion of the short fibers. The normalized area disorder
of 1.10-1.15 obtained for all the laminates indicates that short NiC fibers are well
dispersed throughout the surface of laminates, regardless of the amount of nickel
coating and when magnetic field is applied. Fig. 52 also clearly presents that when
infusion is performed in the presence of magnetic field, the value of normalized area
disorder slightly decreases. This may suggest that the presence of a magnetic field not
only does not disturb the distribution of fibers, but also counteracts the flow-induced

microstructure morphology of laminates.
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Figure 52. Comparison of normalized area disorder of NiC2 (40% Ni-0.25 mm)
and NiC1 (20% Ni-0.25 mm) fibers on the laminates made under different
scenarios of: (a) MD-V, with magnetic field during deposition, (b) D-M1V, with
magnetic field after mold filling, (c) MD-M2V, with magnetic field during
deposition and during and after mold filling. A lower value of normalized area
disorder (i.e. values closer to 1) is indicative of well dispersion.
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4.2.3.2.4. Degree of alignment and dispersion of fibers at different aspect ratios
To investigate the effect of fibers aspect ratio on degree of alignment and

dispersion of fibers, NiC fibers with two different aspect ratios (i.e. =19 and 24) are
used in the fabrication of three-phase laminates under the same level of magnetic field.
Fig. 53 presents the optical images of NiC3-MD-M2V and NiC1-MD-M2V laminates,
as well as the kernel density estimates of orientation angles and normalized area
disorder of NiC3 (20% Ni-0.1 mm) and NiC1 (20% Ni-0.25 mm) fibers. Optical images
in Figs. 53(a) and (b) show that there is a considerable difference in the aspect ratio of
the fibers. However, under the same magnetic field of ~20-30mT, both NiC1 and NiC3
fibers are aligned along the direction of magnetic field (0°). In addition, the fibers
interact easily with each other and build NiC fiber networks. Fig. 53(c) demonstrates
that the degree of alignment of fibers with a higher aspect ratio (NiC1, a=24) is
considerably higher than that of NiC3 fibers with an aspect ratio of 14. Thus, fibers with
higher aspect ratios are more responsive to the magnetic field and their orientation can
be controlled at a higher degree under a lower magnetic field strength. This provides the
flexibility for fabrication of large composite parts where generating higher level of
magnetic field may be difficult. Fig. 53(d) shows that the degree of dispersion of shorter
fibers (i.e. NiC3) is slightly better than longer fibers (i.e. NiC1). This can be explained
by the fact that the possibility of making chains and migration of longer fibers, NiC1,
under the same level of magnetic field, is slightly higher than that of shorter fibers, thus

leading to a marginally lower degree of dispersion.
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Figure 53. Optical image from the (a) NiC3 (20% Ni-0.1 mm) and (b) NiC1 (20%
Ni-0.25 mm) fibers on the laminates made with applying magnetic field throughout
the process, MD-M2V, (c) comparison of kernel density estimate of their
orientation angle, and (d) comparison of their normalized area disorder.
4.2.3.2.5. Spatial uniformity of distribution of fibers with different nickel coatings and
aspect ratios

Fig. 54 demonstrates the variation of fiber occurrence in flow direction for
laminates made with NiC1 (20% Ni, 0.25 mm), NiC2 (40% Ni, 0.25 mm), and NiC3
(20% Ni, 0.1 mm) fibers. These laminates are all fabricated in the presence of magnetic
field throughout the process (i.e. MD-M2V). Fig. 54 indicates that the fiber distribution

along the flow direction is almost uniform for all the laminates. However, the results

show that higher amount of coating in NiC2 fibers (i.e. 40%) leads to a slightly more
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uniform fiber volume fraction in NiC2-MD-M2V laminate compared to the laminates
made by NiC1 and NiC3 fibers with 20% nickel coating. The reason can be that the
attraction force between the magnets and the NiC fibers enhances with increasing the

thickness of Ni coating which prevents the movement of fibers due to resin flow during

infusion.
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Figure 54. Variation of fiber occurrence (i.e. normalized gray value) indicating the
uniformity of fiber distribution in flow direction for laminates made with NiC1
(20% Ni, 0.25 mm), NiC2 (40% Ni, 0.25 mm), and NiC3 (20% Ni, 0.1 mm) fibers in
the presence of magnetic field throughout the process. The local gray value of
pixels is normalized with respect to 255, which is the gray value of the NiC fiber.
4.2.4. Concluding remarks
In the second part of chapter 4, a novel magnetic-field assisted composite

processing is introduced as a viable manufacturing technique for tailoring the surface
anisotropy and thus improving the functionalities of structural composites. This process
uses a set of permanent magnets to generate the appropriate level of magnetic field for

inducing alignment of nickel coated carbon (NiC) fibers on the surface of three-phase

laminates. For this purpose, magnetic field is applied: (i) during deposition of fibers on
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the fabric surface, (ii) after mold filling in VARTM on fibers-deposited fabric, and (iii)
during deposition, mold filling, and after mold filling. The effectiveness of this
processing technique is investigated by comparing the microstructure morphology of
laminates fabricated in the presence of magnetic field with that made without magnetic
field. In addition, the effects of two important physical properties of fibers, fibers aspect
ratio and nickel coating, on the microstructural morphology of laminates are studied.
The comprehensive microstructural characterization revealed that this technique
enables the fabrication of both fibers-deposited fabric and the three-phase laminate with
surface anisotropy while maintaining the uniformity of microstructure and well
dispersion of fibers. The results suggested that applying magnetic field throughout the
entire process (i.e. deposition mold filling, and after mold filling) results in the highest
degree of alignment of NiC fibers. Moreover, having a higher nickel coating is
beneficial for obtaining a higher degree of alignment and more uniform fiber
distribution. In addition, fibers with higher aspect ratio led to the laminates with higher
degree of alignment since they experience higher dipole moment under the same level

of magnetic field.
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Chapter 5. Conclusions and Recommendations
5.1. Conclusions

The primary objectives of the current dissertation were threefold. First, a novel
fabrication method, magnet assisted composite manufacturing (MACM), was
introduced as a viable OOA method for fabrication of structural composite laminates. In
the MACM technique, a set of high-temperature Neodymium permanent magnets were
placed on the vacuum bag to generate sufficiently high magnetic compressive pressure
during cure of laminates. The effect of applying magnetic compressive pressure on the
prepreg lay-up was investigated to enhance mechanical properties and overall quality of
composite laminates. For this purpose, eight-ply, woven carbon/epoxy laminates were
fabricated in an oven by MACM and compared with those made in an autoclave using
the same thermal cycle. It was shown that with MACM an effective consolidation
pressure of 0.29 MPa (42 psi) can be generated which is high enough for fabricating 8-
ply laminates with high fiber volume fraction (60%) and low void volume fraction
(<3%). Moreover, with applying magnetic compressive pressure at the minimum
viscosity of resin, even a lower void volume fraction (<1%) was obtained. Accordingly,
a substantial improvement (=21%) in flexural properties was observed with applying
magnets during cure in an oven, matching or exceeding the properties obtained in an
autoclave. These results indicate that, in some cases, MACM technique enables
manufacturing of structural composite laminates at relatively low cost compared to
autoclave curing.

Second, a novel cascaded suspension deposition method was proposed to

incorporate well-dispersed short fibers into the molded laminates, which allows
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controlling the surface properties of the resulting composite. This technique was
successfully implemented to deposit short nickel coated carbon (NiC) fibers on the
surface of glass fabric. The resin was then infused into the deposited fabric to
manufacture three-phase NiC/glass/epoxy composite laminates. Spatial uniformity of
fiber volume fraction, as well as the degree of dispersion and alignment of short fibers
were quantitatively assessed both on the deposited fabric surface and on the three-phase
laminate surface after fabrication. To demonstrate the flexibility of the proposed
method, different fiber concentrations and fabric architectures were considered. A
detailed microstructural analysis suggested that the proposed technique is capable of
depositing short fibers on the fabric surface with a uniform fiber volume fraction and
excellent dispersion with random orientation. This indicates that it is possible to
produce structural composites with controlled surface morphology using the proposed
cascaded suspension deposition method.

Third, the alignment of NiC fibers in polymer composites under the magnetic
field was studied, and the appropriate level of magnetic field to induce anisotropy in the
composites was determined. Furthermore, a new magnetic-field assisted composite
processing method was developed for controlling the orientation of conductive fibers in
structural laminates, thus tailoring the surface anisotropy in the resulting composite. To
demonstrate the feasibility of the proposed method, alignment of NiC fibers on the
surface of three-phase NiC/glass/epoxy composite laminates was studied. To deposit
fibers uniformly on the fabric surface, cascaded suspension deposition method was
adopted. Different degrees of alignment were induced in the fibers using an appropriate

level of magnetic field in three ways: (i) during deposition, (ii) after mold filling in
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VARTM, and (iii) during deposition, mold filling, and after mold filling. The influences
of physical properties of fibers (i.e. fibers aspect ratio and nickel coating) were assessed
on the microstructure morphology of composites. The results revealed that NiC fibers
were aligned with the highest anisotropy toward the magnetic field direction while
maintaining the uniform fiber volume fraction and good dispersion throughout the
surface of the laminate. Tailoring surface anisotropy in structural laminates by magnetic
field-induced alignment may lead to the development of new materials, which will
expand the application range of fiber reinforced polymer (FRP) composites.
5.2. Recommendations for future work

The various studies presented in this dissertation are open for further
development. One area that can be developed is the MACM manufacturing process. In
this dissertation, the MACM process was used to apply sufficiently high consolidation
pressure during cure of structural laminates. It would be advantageous, to further
develop the process so that it could be utilized in additive manufacturing (AM). One of
the problems associated with AM is the bonding between adjacent layers, which
significantly affects the mechanical properties of the final part. Thus, applying sufficient
magnetic consolidation pressure in AM may help to improve interlayer bonding, thus
enhancing the strength of AM parts. Therefore, fabrication of AM parts with improved
properties will lead to increased use of the AM process in high performance and other
critical applications.

Traditional FRP composites typically possess poor through-the-thickness
structural and conductivity properties. Thus, a second area available for future work is

the use of magnetic-field assisted composite processing method for improving the
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interlaminar shear strength and through-the-thickness conductivity of traditional FRP
composites. For this purpose, an appropriate level of the through-the-thickness magnetic
field may be used to orient short fibers between the fabric layers in three-phase
composites during cure. For obtaining a uniform deposition of short fibers on the fabric
surface, cascaded suspension deposition method can be adopted. Moreover, for
fabrication of three-phase composites, the resin can be infused into deposited fabric by
VARTM. To assess the effectiveness of this method, the microstructure morphology, as
well as short beam shear and conductivity properties of the fabricated laminates can be
assessed. It is expected that this work could contribute to the development of new

materials with enhanced properties, thus expanding the applications of FRP composites.
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